Made available for a limited time for personal research and study only License.
ACS Partner Journal

pubs.acs.org/amrcda

Article

Durable Super-repellent Surfaces: From Solid−Liquid Interaction to
Applications
Fanfei Yu, Dehui Wang, Jinlong Yang, Wenluan Zhang, and Xu Deng*
Cite This: Acc. Mater. Res. 2021, 2, 920−932

Downloaded via 69.174.157.32 on November 7, 2021 at 18:11:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Read Online

Metrics & More

Article Recommendations

CONSPECTUS: A super-repellent surface is a type of liquid-repellency material that allows for various liquid drops to bead up, roll
oﬀ, or even bounce back. Known for its ability to remain dry, perform self-cleaning, and have a low adhesion, a super-repellent
surface presents great advantages in a number of applications. These include antifogging, anti-icing, oil/water separation, and ﬂuid
drag reduction. To fend oﬀ the liquids or drops, super-repellent surfaces combine the merits of surface chemistry and physical
structure. By taking advantage of a low surface energy to prevent liquid from spreading, the super-repellent surfaces utilize the
micronano structure to provide a framework that conﬁnes the solid−liquid interactions. Compared to beading up the drop of water,
the repellence of liquid with low surface tension requires the subtle design of surface structure to resist the wetting of liquids.
However, the inherent instabilities of the fragile micronano structure of super-repellent surfaces and solid−liquid interactions further
make the fabrication of super-repellent surfaces complex to withstand dynamic environments (friction or wear) during application.
In addition, the transparency and thermal stability of super-repellent surfaces are also the restrictive factors in some special
application scenarios. To solve these challenges, durable super-repellent surfaces that can repel various liquids, possess robust
mechanical and thermal stability, and show high transparency have been explored extensively in recent years.
In this Account, we systematically review our recent eﬀorts to promote the super-repellent surfaces for real-world applications.
Super-repellent surfaces that exhibit excellent resistance to various liquids, including liquids with low surface tension or high
viscosity, were subtly designed and fabricated in some manner. Considering the stability of the wetting state at the solid−liquid
interface, we established an evaluation system that includes highly curved surfaces and high Laplace-pressure conditions. To further
perfect the wetting mechanism at the solid−liquid interactions, the dynamic wettability of super-repellent surfaces regulated by
surface charge enrichment that was generated from solid−liquid interface separation was investigated. To resolve the bottleneck
problem of the mechanical stability of super-repellent surfaces in real-world applications, a new decoupling material design
mechanism was proposed, with a nanostructure that maintains water repellency and a microstructure providing durability. On the
basis of the performance of the liquid-repellency, transparency, and mechanical and thermal stability of the super-repellent surfaces, a
series of applications were demonstrated, such as microsphere synthesis, drop transportation and manipulation, and self-cleaning
solar panels. Finally, a concise summary of this Account, including challenges and opportunities in super-repellent materials, has
been provided. This research provides important guidance on solid−liquid interactions for the design of functional super-repellent
surfaces and plays an important role in promoting large-scale industrial applications.

1. INTRODUCTION
When liquids or drops touch a surface, they generate solid−
liquid interfaces, where surface wetting phenomena, i.e., liquid
spreading and repellency, occur. The wettability, which is a
unique feature of the material surface, controls the surface
performance, such as self-cleaning,1,2 antifogging,3 anti-icing,4,5
oil/water separation,6 and ﬂuid drag reduction.7,8 An under© 2021 Accounts of Materials Research.
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standing and regulation of the solid−liquid interaction for the
development of functional surfaces with special wettability,
which can withstand the challenges of complex application
environments, has become a key issue in surface science and
engineering.9
Since the self-cleaning eﬀect of the lotus leaf was revealed,10
biological surfaces with liquid repellency have attracted
extensive attention.11,12 These super-repellent surfaces obtain
their properties from their ﬁne texture. Super-repellent surfaces
have been reported that incorporate the principle of wetting,
such as superhydrophobic and superoleophobic surfaces.13−19
However, challenges arise when these artiﬁcial super-repellent
surfaces are used to repel, for example, sewage or oil−water
mixtures. For such liquids, superamphiphobic surfaces,20
namely, surfaces that repel both water and low-surface-tension
liquids, are desired. Nonaqueous liquids introduce complications into the liquid−solid interactions, which require systematic
studies from the wetting mechanism to real-world applications.
For example, evaluation standards for the wetting state stability
and especially for surfaces with highly curved structures or under
a high liquid impacting pressure are required; the inﬂuence of
the surface charge enrichment eﬀect on the surface wetting
behavior during solid−liquid interface contact and the
separation process must be understood. The instability of
super-repellent materials and the solid−liquid interaction
further complicate applications in terms of wear resistance,
water impact resistance, mechanical stability, and chemical and
thermal durability.14,21 Of these stabilities, the mechanical
stability of the surface mirco/nanostructure is the biggest
obstacle to the widespread application of super-repellent
surfaces.
In recent years, our group has focused on an exploration of the
basic physical and chemical principles as related to solid−liquid
interfaces. We have targeted the aforementioned problems of
super-repellent surfaces, carried out research on the wetting
mechanism and functional stability of super-repellent materials,
and aimed to address the practical applications, as shown in
Figure 1. We started with the wetting mechanism of superrepellent surfaces. In this part, we discuss the design principle
and fabrication of the super-repellent surface, the static and

dynamic wetting state of the solid−liquid interface, and the
inﬂuence of the surface charge enrichment eﬀect on the
wettability at the solid−liquid interface. On the basis of the
functional stability of super-repellent materials in practical
applications, we provide a perspective on super-repellent
materials: how to divide the liquid repellency and mechanical
properties of the material into two diﬀerent length scales to
strengthen the super-repellent properties and stabilities
simultaneously. We demonstrated the application of superrepellent surfaces in microsphere synthesis, drop transportation,
and self-cleaning solar cells. Meanwhile, at the end of this
Account, we consider the opportunities and challenges faced by
super-repellent materials.
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2. WETTING MECHANISM AT THE SOLID−LIQUID
INTERFACE
2.1. Key Concepts for the Wetting State on Material
Surfaces

The contact angle (CA) at the solid−liquid−gas three-phase
contact line has been used as a key parameter to characterize the
wettability of material surfaces. Pioneering works have explained
such solid−liquid interactions by a wetting equation. On a
smooth ideal solid surface (Figure 2a), the equilibrium wetting
state of a drop is described by Young’s equation22
γlv cos θY = γsv − γls

(1)

where γlv, γsv, and γls are the surface tensions for the liquid−
vapor, solid−vapor, and liquid−solid interfaces, respectively,
and θY represents the intrinsic contact angle. The surface
roughness changes the measured contact angles in contrast to
the smooth surfaces. In later developments, two distinct wetting
modes were established for an improved understanding of
nonideal surfaces. When a drop forms a continuous solid−liquid
interface (Figure 2b), the apparent contact angle (θ*) is
described by the Wenzel equation23
* = r cos θY
cos θ W

(2)

where r is the roughness factor of the surface, which is deﬁned as
the ratio of the actual surface area to the projected surface area of
the solid surface. When the drop is suspended on a composite
interface that is composed of a surface structure and a trapped air
cushion in global thermodynamic equilibrium (Figure 2c), θ* is
described by the Cassie−Baxter equation24
cos θC* = φS(cos θY + 1) − 1

(3)

where φs is the solid−liquid contact area of the surface. A high
θ* indicates that drops exist on a solid surface with a low solid−
liquid interface adhesion because of the small solid−liquid
contact area, which is a featured characteristic of super-repellent
surfaces. It should be noted that the apparent contact angle θ*
by itself does not determine the rolling or moving behavior of a
drop on the surface. A drop sitting on a rough surface exhibits
diﬀerent contact angles in two extreme ranges caused by
pinning. The maximum observed angle is the advancing contact
angle θadv, and the minimum corresponding angle is the receding
contact angle θrec. For a moving drop, the mobility also depends
on the variation in dynamic contact angle, i.e., the contact angle
hysteresis Δθ = θadv − θrec, as shown in Figure 2d. A surface with
a high static θ* and a low Δθ enables liquid drops to roll oﬀ
easily. When the θ* for water or oils exceeds 150° and Δθ ≤ 10°,
we describe the super-repellent surface as superhydrophobic or
superoleophobic, respectively. When the super-repellent surface

Figure 1. Overview of our recent progress in super-repellent surfaces.
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Figure 2. Wetting modes at the solid−liquid interface. (a) A drop deposited on an ideal solid surface, showing the intrinsic contact angle (CA) of the
drop (θY). (b, c) A drop sitting on a rough solid surface, showing the apparent CA (θ*) in the Wenzel state and the Cassie−Baxter state, respectively.
(d) Contact angle hysteresis Δθ, which is deﬁned as the diﬀerence between θadv and θrec, and the roll-oﬀ angle (θroll‑off).

Figure 3. Design and fabrication of superamphiphobic surfaces for repelling various liquids. (a) Deposition method and scanning electron microscope
(SEM) morphology of the candle-soot layer. The inset is a high-resolution SEM image showing the details of the soot composed of carbon particles.
(b) SEM images of the hollow nanomicro composite structure of silica spheres. The insets show the high-resolution SEM and TEM images. (c) Superrepellency performance of the candle-soot-templated nanomicro structure. (d) Design strategy of the micro/nano re-entrant-coordinated
superamphiphobic surface. (e) SEM images showing the micro re-entrant, the nano re-entrant, and the micro/nano re-entrant-coordinated structure.
(f) Optical transparency and repellency performance of the nano re-entrant surface and the micro/nano re-entrant-coordinated surface. (a−c)
Reproduced with permission from ref 20. Copyright 2012 American Association for Advancement Science. (d−f) Reproduced with permission from
ref 27. Copyright 2019 American Chemical Society.

re-entrant template was made from nanospherical carbon
particles, which were generated from the incomplete combustion of low-cost alkane mixtures and self-assembled into a
fractal-like microscale network because of the constrained
diﬀusion during combustion (Figure 3a). To reinforce the
mechanical strength of the as-prepared coating, the candle-soot
layer was covered with a silica shell by employing the chemical
vapor deposition of tetraethoxysilane that is catalyzed by
ammonia. In addition, the surface transparency was achieved
by calcining the carbon core and generating a hollow nanomicro
composite silicon sphere structure (Figure 3b). After dealing
with a low-surface-energy substance, the resulting porous
structure exhibited excellent repellency to water and lowsurface-energy liquid drops, such as hexadecane (27.5 mN/m)
and peanut oil (34.5 mN/m), as shown in Figure 3c. By taking
advantage of the simple preparation process, such transparent
superamphiphobic surfaces exhibit excellent liquid repellency
and resistance during drop impact at high impacting energy.
This method can be applied to a variety of substrates, such as
silicon wafers, aluminum, stainless steel, and copper.20 Apart

meets the criteria for both water and oils, we use the term
superamphiphobic to describe the surface wettability.
2.2. Design and Fabrication of Surfaces for Repelling
Low-Surface-Tension Liquids

For water repellency, two essential parameters, namely, a low
surface energy and roughness, make the surface superhydrophobic. However, liquids with a low surface tension
spread on a solid surface despite its superhydrophobicity
because of the weak cohesion between liquid molecules,18
which induces surface wetting. To achieve the repellency of lowsurface-energy liquid, the chemical composition and roughened
texture together with a re-entrant surface curvature are all
imperative to maintaining the liquid advancing contact line in a
metastable state with captured air underneath.18,25 The
interaction eﬀect among these three factors complicates the
superamphiphobic surface design and fabrication to repel
liquids. Inspired by the fractal-like candle soot that repels
water drops, we engineered a candle-soot-templated transparent
superamphiphobic material with water and oil repellency.20 The
922
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Figure 4. Stability of the wetting state at the solid−liquid interface. (a) Cassie-to-Wenzel transition of a drop on a micropillar structured surface during
the process of evaporation captured by confocal microscopy. (b) Cassie-to-Wenzel transition in the sagging regime. (c) Cassie−Wenzel transition in
the depinning regime. (d) SEM image of a superamphiphobically coated microsphere. (e) Schematic diagram of the superamphiphobic microsphere
just in contact with the surface of the liquid. (f) Measurement of the force versus distance curves during a superamphiphobic microsphere interacting
with a liquid drop. (g) Design of a slippery stable Cassie state by a Salvinia-like slippery surface (SSS). (h) Lateral mobility: confocal image showing the
vertical cross-section on the receding side of a water drop during the moving process. (i) Vertical stability of the Cassie state on the SSS during
evaporation: confocal image of the reﬂection from the water/air interface when a drop is deposited on the surface. (d−f) Reproduced with permission
from ref 30. Copyright 2014 American Physical Society.

from the superamphiphobic surface relying on stringed
nanoparticles to make re-entrant geometries, recent research
also showed a new type of superamphiphobic surface composed
of hedgehog microparticles.26 Such a hedgehog surface exhibits
high superamphiphobicity by combining the micro re-entrant
textures surrounded by nanoneedle structures.
Generally, the existence of the surface texture inﬂuences the
light absorption, reﬂection, and scattering. High surface
transparency is often achieved at the expense of nanostructures.
To further optimize the surface liquid repellency and transparency, a model design of the hierarchical structure was
proposed by combining the nano and micro re-entrant
structures,27 as shown in Figure 3d. The nano re-entrant
structure contributed to reducing the solid−liquid adhesion, and
the micro re-entrant structure was responsible for structuring
homogeneousness to ensure the high transparency of the
surface. By introducing the optimized micropillar pattern
structure and aggregated candle-soot-templated silica nanostructures (Figure 3e), the obtained micronano re-entrantcoordinated superamphiphobic surface attained a nano and
micro re-entrant structure without losing its original character in
liquid repellency and structure uniformity. Compared with the
candle-soot-templated silica nanostructure, the existence of an
optimized micropillar pattern structure reduced the solid−liquid
contact fraction and ensured the microscale uniformity of the

structure. The resulting surface presented an ultralow solid−
liquid adhesion to low-surface-energy or high-viscosity liquids
and excellent transparency, as shown in Figure 3f. Besides, it
should be noted that although the re-entrant structures are well
adopted to maintain super-repellency, the wetting robustness is
still poor. Recent research has also shown that one elegant
approach to further maintaining the robust wetting property is
to introduce multiple-layered re-entrant structures to resist
wetting in a stepwise mode.28
2.3. Stability of the Wetting State at the Solid−Liquid
Interface

The remarkable liquid-repellent property of the materials
originates from the engineered surface structure that entraps
air pockets beneath the drop and yields the Cassie state.
However, the high-energy Cassie state is unstable. It competes
with the Wenzel state in which the liquid wets the substrate fully
at a favorable low-energy state. Such a transition in these two
wetting states develops in two main ways, namely, sagging and
depinning of the liquid at the solid−liquid−vapor three-phase
interface. In the sagging mechanism, the meniscus liquid−vapor
interface suspended between the structural elements droops
continuously and contacts the base, and then the Cassie-toWenzel transition occurs. In the depinning mechanism, a
completely wetting Wenzel state is developed when the threephase contact line unpins from the rim of the structural element
923
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Figure 5. Dynamic wettability of the super-repellent materials during drop impact. (a) Sketch of the wetting state during drop impact on a
superamphiphobic surface. (b) Inﬂuence of liquid surface tension on impacting outcomes and the wetting state. (c) Inﬂuence of liquid viscosity on
impacting outcomes and the wetting state. (d) Threshold impacting velocity Vc for the impacting drop rebound in response to the liquid viscosity μ. (e)
Maximum spreading factors as a function of Re for liquid with diﬀerent viscosities. (f) Prompting splash during drop impact induced by a local viscosity
increase. (g) Phase diagram of impacting velocity v along with the viscosity ratio μh/μl of the drop. (a−c) Reproduced with permission from ref 35.
Copyright 2013 American Chemical Society. (d, e) Reproduced with permission from ref 36. Copyright 2017 American Chemical Society.

around the particle. This indicates that the superamphiphobicity
is curvature-correlated.30 Research on the curvature-dependent
superamphiphobicity provides guidance on the applications of
super-repellent surfaces on small objects with a high curvature.
To achieve a stable Cassie state of liquid repellency, eﬀorts
have been made to stabilize the three-phase contact line by
optimizing the structure morphology.18,31,32 However, attempts
to stabilize the vertical contact line sacriﬁced the lateral mobility
of the contact line. To optimize the mobility of the contact line
in both directions, a composite structure that is based on the
superhydrophobic Cassie mode and the slippery mode was
proposed.33 It ﬁnally formed a slippery, stable Cassie state
(Figure 4g). The structure stabilizes the contact line in the
vertical direction by the increased energy barrier from the
lubrication to the hydrophobic zone while the mobility of the
contact line in the lateral direction was enhanced by the
lubricant eﬀect. The resultant composite surface presents the
lateral mobility of the microscopic water/air contact line and the
stability of the Cassie−Baxter wetting state, as shown in Figure
4h,i, respectively.
When the superamphiphobic surfaces meet incoming drops,
i.e., the drop impact, the intensive dynamic interaction between
the surface and drop complicates the stability of the wetting
state. After impacting the surface, the drop spreads and retracts,

and slides down along the sidewall. To understand the
underlying process of these two mechanisms, details of the
impalement dynamics, including the temporal evolution of the
thickness of the air cushion and the liquid−air meniscus, which
induced the increment in Laplace pressure from evaporation,
were monitored with suﬃcient spatial resolution by laser
scanning confocal microscopy,29 as shown in Figure 4a−c.
Besides the impalement that is induced by an increase in Laplace
pressure from evaporation, the eﬀect of the curvature of the
substrate on the wetting systems is rarely studied.
To quantify the dependence of wetting behavior on the
curvature of the superamphiphobic surfaces, the adhesion force
of a superamphiphobic coated microsphere and liquid was
detected from colloidal probe spectroscopy by using microspheres with a radius R,30 as shown in Figure 4d,e. The adhesion
of superamphiphobically coated microspheres was read from
force versus distance curves (Figure 4f). By measuring and
analyzing the adhesion force between the microspheres and
diﬀerent liquids, the diﬀerent microscopic and macroscopic
contact angles that caused air entrapment were revealed. The
curvature of the microspheres enlarged the possibility for liquids
to impale the micronano structure of the superamphiphobic
surfaces. Such surface-curvature-induced liquid wetting arises
from the capillary pressure that is related to the liquid cavity
924
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Figure 6. Inﬂuence of the surface charge accumulation eﬀect on the wettability at the solid−liquid interface. (a) Charging process of a
superamphiphobic surface during drop impingement. (b) Schematic diagram of the solid/liquid/vapor three-phase contact line during drop impact
with diﬀerent impact energy (We). (c) Inﬂuence of the We of the impacting drop on the charge density at the impacting area of the superamphiphobic
surface. (d, e) Variation of the contact angle and roll-oﬀ angle for water along with the surface charge density, respectively. (f) Eﬀect of surface charge
generation on the dynamic behavior of the drop impact itself. Surface charge induced microdroplet formation during drop impact on SHPs, while the
impact drop fully rebounded on conduct superhydrophobic surface (CSHPs). (g, h) Variation of the contact diameter and contact angle during drop
impact on SHPs and CSHPs, respectively. (a−e) Reproduced with permission from ref 38. Copyright 2019 Springer Nature. (f, g) Reproduced with
permission from ref 39. Copyright 2020 American Chemical Society.

pressure goes beyond the antiwetting pressure. At suﬃciently
high We, the rim of the impacting drop breaks up and induces a
splash.
An increase in liquid viscosity decelerates the impact process
itself and induces lifting drops to rebound at a lower height with
a lower frequency.36 As shown in Figure 5d, the impacting
velocity threshold of the full rebound of the drop on the
superamphiphobic surface increases linearly with the increase in
drop viscosity. This is because the kinetic energy of the
impacting drop is dissipated by the internal viscosity of the
liquid. High drop viscosity leads to more viscosity dissipation.
Therefore, the energy available for drop rebound is reduced and
the rebound speed is lowered. The maximum spreading
diameter (Dmax) plays an important role in characterizing the
impacting outcomes. A model of maximum spreading factors
(βmax = Dmax/D0) as a function of Re of the liquid with diﬀerent
viscosities was established (Figure 5e). Despite the uniform
increase in drop viscosity that slows the impact and hinders the
splash, the introduction of a partial high-viscosity phase onto a
drop promotes the splashing during impact.37 As shown in
Figure 5f, when a glycerin drop was imposed on a water drop, the
resulting drop, which was shaped into a Janus drop composed of
a high viscosity part and low viscosity part, encounters splashing
compared to a drop of water at the same impacting velocity. This
is because the viscous stress that is applied by the low-viscosity
water part propels the viscous glycerin part in the reverse

as shown in Figure 5a. During the interaction, a local hydraulic
pressure variation that was associated with the kinetic and
interfacial energy transfer and viscous energy dissipation
inﬂuences the composite solid−liquid−vapor interface
strongly.34 In comparison with a drop of water, the description
of a nonpolar drop impact is more important because its
impalement leads to a permanent failure of the Cassie state.35 As
shown in Figure 5b,c, the transition from complete rebound to
partial pinning to splash was studied systematically by altering
the initial impacting velocity (v), surface tension (γ), and
viscosity (μ) of the impacting drop. The ratio of the drop’s
kinetic to surface energy or viscous energy diﬀusion was
correlated to the dimensionless Weber number (We ≈ ρv2D/γ)
and Reynolds number (Re ≈ ρvD/μ), where ρ is the liquid
density and D is the diameter of the impacting drop. At a low We,
the drops rebound completely. The drop impales the micro/
nanostructure beneath its initial impact position. By increasing
We, the liquid impales the structure more deeply and presents
partial pinning on the surface. In this regime, the wetting
pressure of the impacting drop results in a critical wetting depth
that goes beyond a viscosity and surface-tension-dependent
threshold,35 leading to the partial wetting state. Generally, the
transition from complete rebound to partial pinning in the
wetting state depends on the balance of wetting pressure, i.e.,
liquid entry pressure, and antiwetting pressure, i.e., depinning
pressure. Partial pinning occurs when the critical wetting
925
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Figure 7. Robust superhydrophobic surface with superior mechanical stability. (a) Design principle to reinforce the superhydrophobic surface
mechanical stability by armor. (b, c) Schematic diagrams present the comparison of abrasion damage to discrete and interconnected microstructures,
respectively. (d) SEM images of the inverted-pyramidal interconnected microstructures on silicon, showing excellent mechanical performance
compared to the pillar or pyramidal microstructures. (e, f) Schematic and SEM images of the armored superhydrophobic surface after abrasion. (g)
Confocal microscopy image showing the stable Cassie state of a drop on the armored superhydrophobic surface after abrasion. (h) Snapshot of the
linear abrasion conﬁguration. (i) Linear abrasion cycles as a function of the roll-oﬀ angles for superhydrophobic surfaces with diﬀerent microstructures.
(j) Comparison of the long-term mechanical durability for an armored superhydrophobic surface and conventional surfaces. Reproduced with
permission from ref 41. Copyright 2020 Springer Nature.

orientation. The spreading of the low-viscosity part and its rim
instability were therefore promoted.37 The threshold velocity of
the splash can be regulated by varying the viscosity of the Janus
drop, as shown in Figure 5g.

generation and density of the surface charge inﬂuence the
wettability of the superamphiphobic surface, which is evaluated
by the static CA (Figure 6d) and dynamic roll-oﬀ angle (Figure
6e). This is because the accumulated surface charges leads to a
lower interfacial tension, which lowers the contact angle and
increases the solid−liquid interface adhesion. It should be noted
that since the accumulated surface charge stays on top of the
surface, the stability of the superhydrophobic surface may not be
aﬀected, which can be reﬂected by the erasability of the surface
charge and reversibility of the adhesion. Although the research
on the charging mechanism of the solid−liquid contact is still
limited, it is known that hydrophobic molecules, especially those
with ﬂuorine, are more conducive to the charge-separation
phenomenon at the solid−liquid interface. Teﬂon, for example,
can also be charged through water impact.
The generation of surface charge on the superamphiphobic
surface aﬀects the impacting dynamic behaviors itself due to the
increase in surface adhesion.39 In the contraction phase of the
impacting process, an intense solid−liquid interaction comes
into being between the impacting drop and the surface because
of the generation of surface charge. The strong interaction leads
to the failure of the complete rebound of the impacting drop on
the superamphiphobic surface, while leaves a microdroplet on
the impacting area, as shown in Figure 6f. The eﬀect of surface

2.4. Inﬂuence of the Surface Charge Enrichment Eﬀect on
Wettability at the Solid−Liquid Interface

Surface charge exists at the solid−liquid or solid−gas interface
and is generated by various physical/chemical processes, such as
ion adsorption, protonation or deprotonation, and polarization.
Our recent research found that surface charge is generated after a
water drop impacts the superamphiphobic surface,38 leaving the
surface with a negative charge and the drop with a positive
charge, as shown in Figure 6a. Although the mechanism of
surface charge separation at the solid−liquid interface remains
an open question, it may be explained by the counterion eﬀect:
counterions in the bare silica patches (Si−OH) with the
superamphiphobic surface during drop impact are removed and
leave SiOx−, whereas the water drop is protonated as H3O+. A
large impacting energy gives rise to a high surface charge density
because of the larger solid−liquid contact area that is available
for surface charge generation (Figure 6b). Therefore, the surface
charge density of the superamphiphobic surface can be regulated
by the impacting energy (We), as shown in Figure 6b,c. The
926
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Figure 8. Synthesis of microspheres based on the high liquid repellency of the superamphiphobic surface. (a) Synthesis of microspheres by radical
polymerization of a methacrylate initiated by UV light on a superamphiphobic watch glass. (b) Generation of the magnetic hybrid microspheres by
heating a thermoplastic polystyrene/iron oxide composite powder on a superamphiphobic surface. (c) Janus microspheres from polystyrene and
poly(methyl methacrylate) (PMMA) on a superamphiphobic surface. (d) Generating process of the gel beads/particles on a superamphiphobic
surface. (e) PMMA microspheres fabricated by microﬁber processing on a superamphiphobic surface. (f) Poly(ethylene oxide) (PEO) microdroplet
formation from a cylindrical column via the Plateau−Rayleigh instability (PRI) on a superamphiphobic surface. (g) Wide variety of polymeric particles
produced via conﬁnement-free PRI. (h) Core−shell (PAAS-core/PEO-shell) particles fabrication. (i) Soft microcapsule (glycerol-core/Ca-Alg-shell)
production. (a−c) Reproduced with permission from ref 45. Copyright 2013 John Wiley and Sons. (d) Reproduced with permission from ref 46.
Copyright 2018 John Wiley and Sons. (e) Reproduced with permission from ref 47. Copyright 2020 Springer Nature. (f−i) Reproduced with
permission from ref 48. Copyright 2021 John Wiley and Sons.

is decreased signiﬁcantly, the texture is bound to bear a higher
local pressure under an external mechanical load, which makes
the structure more prone to damage. This means that
mechanical robustness and liquid repellency are mutually
exclusive surface properties.41,43 Therefore, the mechanical
instability is the primary bottleneck that restricts the development and application of interfacial materials.
To resolve the mechanical stability problem, a design concept
of decoupled superhydrophobic surfaces was recommended.
The robust superhydrophobicity was achieved by structuring the
surfaces at two diﬀerent length scales, with a nanostructure
design to provide water repellency and a microstructure design
to provide durability,41,44 as shown in Figure 7a. Combined with
the wettability theory and an analysis of the mechanical
mechanics principle, the microstructure was designed as an
interconnected surface frame that contained pockets. Such a
successive frame acts as armor to protect the water repellency
and mechanically fragile nanostructures that are housed in the
pockets (Figure 7b,c). For the inverted-pyramidal microstructure as an example, compared with the pillar and pyramidal
discrete microstructures, the inverted-pyramidal microstructure
can resist the highest load tested and experience only minor
damage, as shown in Figure 7d. The resulting armored
superhydrophobic surface can protect the nanostructures from
abrasion and wear eﬀectively and achieve a superhydrophobicity
(Figure 7e−g), high strength, and long-term durability (Figure
7h−j). The robust superhydrophobic surface design concept has
good universality and can be applied to silicon wafers, ceramics,
metals, and glass substrates. The armored superhydrophobic
surface integrates the resistance properties of chemical
corrosion, thermal degradation, high-speed jet impact, and
condensation failure. This design and manufacturing strategy
demonstrates great potential and promotes the application of

charge on the wettability of the superamphiphobic surface was
veriﬁed by the variation curves of the contact line (Figure 6g)
and dynamic CA (Figure 6h) between the liquid and the surface
during the impact process. The printing of the surface charge via
drop impact can be a versatile platform for potential
applications, such as drop transportation and self-assembly.40

3. FUNCTIONAL STABILITY OF SUPER-REPELLENT
SURFACES TOWARD APPLICATIONS
Super-repellent surfaces have displayed various potential
applications because of their outstanding performance in liquid
repulsion. However, their minimized contact area leads to a
fragile surface property that hinders its application in real-world
problems. Various approaches have been investigated to address
the stability of liquid-repellent surfaces, including mechanical
stability, chemical stability, and thermal stability.20,41,42 Among
them, the chemical and thermal stabilities of the super-repellent
surface can be addressed by altering the substrate materials and
preparation processes. However, the mechanical stability is
determined by the inherent fragility of the micronanostructure.
Therefore, the mechanical stability is the most important factor
that restricts the long-term material usage. In practical
application scenarios, potential friction and wear commonly
exist during transportation, installation, and use of the material
surfaces. The design of a super-repellent surface that withstands
abrasion is a major challenge because of the fragile surface
textures (essential characteristic) that exist in the rough superrepellent surface, which is highly susceptible to abrasion.
Abrasion will destroy the micronano structure, expose underlying materials, and therefore lead to a failure of the liquid
repellency. In line with the Cassie−Baxter equation, the solid−
liquid contact area minimization contributes to the surface
super-repellency. However, when the solid−liquid contact area
927
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Figure 9. Drop transportation and manipulation based on the surface charge accumulation eﬀect of the superamphiphobic surface. (a) Schematic
diagram showing the mechanism of drop transportation on a superamphiphobic surface with a surface charge density gradient. (b) Drop selfpropulsion on a superamphiphobic surface including climbing and upward movement. (c) The circular arc drop transportation for a particular path
decorated with the surface charge density gradient. (d) Drop manipulation by a charged superamphiphobic-surface-based pipet. (e) Transfer of various
liquid with extremely low mass loss by the charged surface-based pipet. (f−h) Fast transportation of condensation droplet driven by the charge density
gradient. (a−e) Reproduced with permission from ref 38. Copyright 2019 Springer Nature. (f−h) Reproduced with permission from ref 52. Copyright
2021 American Chemical Society.

or processing liquid. A superamphiphobic surface, which
possesses an ultralow solid−liquid fraction when in contact
with low-surface-energy organic liquids and high-viscosity
polymer solution, turns into a promising candidate to ball the
polymer drop. As shown Figure 8a, microspheres were produced
by solvent-free radical polymerization on the candle-soottemplated superamphiphobic surface.45 Such a strategy can be
extended to produce microspheres by melting a thermoplastic
polymer powder because of the thermal stability of the candlesoot-templated superamphiphobic surface (Figure 8b). In a
similar way, Janus microspheres from a polystyrene and
poly(methyl methacrylate) blend were produced by annealing
at 160 °C on the superamphiphobic surfaces (Figure 8c).
Surfactant-free and shape-controllable hydrogel beads can be
prepared on the superamphiphobic layer by simple drop
deposition on the surface, which makes use of the nearly
contact-free solid−liquid interface (Figure 8d).46
By combining the excellent liquid-repellency performance of
the superamphiphobic surface with interfacial engineering, a
multifunctional synthesis platform of polymer microspheres was
established.47 Polymer microspheres with uniform size,
composition, and surface properties can be produced readily
from microﬁbers on superamphiphobic surfaces by a deposit−

superhydrophobic surfaces to a wide range of practical
applications.

4. APPLICATIONS
With the increasing demand for functional materials with
excellent liquid repellency, the development of super-repellent
surfaces with wide application prospects has become the focus of
scientists. Some applications of super-repellent surfaces, such as
the synthesis of microspheres, droplet transport and control, and
self-cleaning solar cells, will be discussed in the following
sections. These applications generally require us to integrate the
robust low-adhesion property and functional stability of superrepellent surfaces.
4.1. Polymer Microsphere Synthesis

Polymer microspheres are promising candidates for a variety of
applications, such as drug delivery, photonics, and smart
displays, and have stimulated a number of synthesis strategies
including dispersion, emulsion, and microﬂuidics. However, the
solvent dependence or processing liquid in these methods limits
the fabrication of polymer microspheres, such as yield, size
control, environmental reasons, and energy consumption. A
better solution may be a template-free method without solvent
928
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cut−anneal process (Figure 8e). By taking advantage of the
microﬂuidic spinning and laser cutting, patterned microﬁbers
with a controlled length were obtained on superamphiphobic
surfaces ﬁrst. Then the microﬁbers were shaped into microspheres because of the interfacial tension during annealing. The
resulting polymer microsphere size is uniform and changes from
10 μm to the capillary length of the polymer melt. On this basis, a
strategy that uses a spontaneous conﬁnement-free Rayleigh
instability of polymer solution columns on the superamphiphobic surface was developed (Figure 8f).48 Ultrafast polymer
microdroplets can be formed in this way at ambient temperature,
which is friendly to thermally intolerable materials. The polymer
microdroplets were evolved into polymer microspheres via in
situ evaporation or cross-linking. This method can be applied to
obtain a variety of polymer microspheres from 1 μm to 1 mm
(Figure 8g). Composite/structured micromaterials can be
produced through a simple modiﬁcation of the feed solution
conﬁguration, for example, the core−shell particles and
microcapsules, as shown in Figure 8h,i, respectively.

chemical eﬀects in a direct or indirect way. Sunlight transmittance determines the energy conversion eﬃciency of solar
cells. However, the dust and dirt in an air environment restrict
the transmittance of sunlight signiﬁcantly. The excellent selfcleaning property of the superhydrophobic surface has become a
promising choice for maintaining the high light transmittance of
solar panels.53 Additionally, the self-cleaning surface also needs
to be transparent to ensure good light transmission. Generally,
the transmittance declines with an increase in surface roughness,
especially when the roughness scale goes beyond the light
wavelength. Therefore, the surface texture should be ﬁnely
regulated. Figure 10a,b shows the transmittance and current
density as a solar panel of a transparent superhydrophobic
coating that is composed of porous silica capsules.53 The
transparent coating can be applied to the solar panels and ensure
the energy eﬃciency meanwhile. The armored superhydrophobic glass surface enables a high energy-conversion eﬃciency to

Article

4.2. Drop Transportation and Manipulation

Drop/liquid transportation has been exploited extensively in
industrial ﬁelds from water harvesting to bioanalysis. Conventional methods, such as the creation of topographic, surfacewetting gradients and a photoinduced capillary force to achieve
directional drop transport, face a trade-oﬀ between the transport
velocity and distance.49,50 A long transport distance requires a
relatively small wetting gradient, whereas a large wetting
gradient is desired for a high transport velocity. It remains
challenging to achieve long-distance and rapid drop transportation. By engineering a special superamphiphobic surface
with a surface charge density gradient (Figure 9a), a drop can
move spontaneously and be characterized directionally by a high
transport velocity and an ultralong transport distance (Figure
9b).38 Compared to drop transportation induced by a wetting or
structure gradient and the Leidenfrost eﬀect, the maximum
transport velocity in this unique way is up to 1.1 m/s, which is
more than 10 times higher than those conventional transport
velocities. Such self-drive drops can also climb up a vertically
placed superamphiphobic surface (Figure 9b). By taking
advantage of this facile method to print a surface charge density
gradient, well-programmed drop transportation can be achieved
(Figure 9c). A superamphiphobic surface with a surface charge
density can also be used as an opening platform to manipulate
and transfer various liquid drops with an extremely low mass
loss, as shown in Figure 9d,e. Inspired by the surface charge
separation at the solid−liquid interface on the superamphiphobic surface, a device for obtaining energy from impinging
water drops was developed using the structure of the aluminum
electrode on the indium tin oxide substrate with a polytetrafuoroethylene ﬁlm,51 which made a breakthrough in water
energy harvesting. By creating a more stable charge density
gradient from corona charging (Figure 9f), a heterogeneous
electric ﬁeld that was located immediately above the superamphiphobic surface (Figure 9g) was used to sweep the
condensate with a small size and a high velocity.52 The removal
eﬃciency of the condensation microdroplets was improved
signiﬁcantly on the superamphiphobic surface with a surface
charge density gradient in an ultrafast sweeping manner (Figure
9h).

Figure 10. Solar panel eﬃciency enhancement based on the selfcleaning and transparent robust superamphiphobic surface. (a)
Transmittance and reﬂectance spectra of a transparent superhydrophobic surface composed of hollow raspberry-like silica particles.
(b) Current−voltage curves of organic solar cells prepared on a glass
substrate. The right image shows water drops sitting on the solar cell.
(c) Transmission spectra of an armored superhydrophobic glass (blue)
compared to a ﬂat glass (red). (d) Energy-conversion eﬃciency of the
solar panel with the armored superhydrophobic structures or not. (a, b)
Reproduced with permission from ref 53. Copyright 2011 John Wiley
and Sons. (c, d) Reproduced with permission from ref 41. Copyright
2020 Springer Nature.

4.3. Self-Cleaning Solar Panel

A solar panel is a unit that transforms solar radiation from
sunlight into electric energy through photoelectric or photo929
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be maintained when it serves as the topcoat for solar cells as
shown in Figure 10c,d.41 Meanwhile, from the nonwettability
and optical transparency, such armored surfaces also possess
mechanical robustness, which provides a great advantage in
applications.

Complete contact information is available at:
https://pubs.acs.org/10.1021/accountsmr.1c00147

5. CONCLUSIONS AND PERSPECTIVE
In this Account, we summarized our recent progress in superrepellent surfaces, mainly focusing on the structure design,
wetting mechanism, functional stability, and applications from
the perspective of durability. By elaborating the control of solid−
liquid interaction, we have achieved super-repellent materials
with a highly stable Cassie−Baxter state. We then discussed the
shortage of super-repellent materials in real-world applications
and a resolution to the problem. On this basis, we highlighted
the potential for the application of super-repellent materials in a
broad range of areas, such as microsphere synesis, drop
transportation, and solar panels.
Although there have been excellent achievements in superrepellent functional materials, challenges remain in other key
problems in the applications of the material themselves, such as
the performance to resist failure in long-term condensation and
the ability for antiultraviolet aging and weather resistance
outdoors. The achievement of the large-scale industrial
application of super-repellent materials that is independent of
the substrate and controls research costs is an important future
direction. Problematic large-scale preparation and optimized
processes and technologies should be exploited to control the
cost and extend the liquid-repellent material to a wide range of
applications. On the basis of the complexity of applications in
processing, an enabling of materials with multiple functions is a
promising strategy. Finally, prospective applications of intelligent, regulated, multifunctional liquid-repellent materials, such
as military, biomedical, oceanic, electronics, energy, and other
innovative ﬁelds, should be explored.
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