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1. Introduction

Wettability is a fundamental property of a solid surface
and is currently a hot topic and plays a key role in addressing
the problems related to energy, environment, resources, and
health. Research on the interface between solid materials and
liquids or fluids was initiated in 1805 and resulted in the
Young’s equation which provided a basis for further study of
wettability.[1] Since then, different models and principles have
been developed, of which several are now widely accepted
and used to direct current practice. In 1907, Ollivier first
reported a super-antiwetting surface by coating a substrate
with soot, the resulting contact angle was nearly 1808,[2] while
the concept of superhydrophobic surfaces received gradual
interest until 1997, when the explanation of the origin of the
“lotus effect” in nature was provided by Barthlott and
Neinhuis.[3] They thought the self-cleaning effect related to
the micrometer-scale papillae and the epicuticular wax. Five
years later, an more accurate mechanism of the function of
such a superhydrophobic surface, which incorporates chem-
ical compositions and the surface geometrical structures was
reported based on studying the lotus leaf.[4] Other biological
surfaces have been found to display super-wettability, includ-
ing the rice leaf,[4] desert beetle’s back,[5] water strider’s leg,[6]

spider silks,[7] and fish scales.[8] These surfaces provide
inspiration for the design, fabrication, and application of
super-wettability surfaces. From a global research report of
materials science and technology published in 2011 (Fig-
ure 1A),[9] the total citation of superhydrophobic surfaces was
ranked seventh among 438 current activities which in chemis-
try, physics, engineering, and biological sciences. This evalua-
tion confirms that superhydrophobicity in air is a major topic
but also has potential applications related to the material
surfaces. Notably, if the superhydrophobic surfaces in air were
extended to the water and oil systems, more achievements will
be obtained in the future.

Furthermore, by searching in ISI Web of Science for the
topic of super-wettability, an accelerating increase in the
number of papers published each year is found (Figure 1B).
Besides superhydrophobicity in air, super-wettability also
covers: superhydrophilicity, superoleophobicity, and super-
oleophilicity in air (see middle part in Figure 2); under-oil
superhydrophobicity, superhydrophilicity, superaerophobic-
ity and superaerophilicity (see right part in Figure 2); under-
water superoleophobicity, superoleophilicity, superaeropho-

bicity and superaerophilicity (see left part in Figure 2).[10]

Although many achievements have been made involving
superhydrophobic surfaces, from the fundamental research to
practical applications,[11–15] further efforts should be made to
extend the applications of other super-wettability surface
systems (Figure 2).

2. Theoretical Basis

Wettability is influenced by the chemical composition and
the topographical structure of surfaces,[16, 17] thus super-wett-
ability surfaces can be constructed by changing these two
factors. For a static and flat substrate, the wettability is
determined by the surface free energy which is given by the
Young’s equation [Eq. (1)].[1]

gsv ¼ gsl þ glvcosq ð1Þ

Herein, q is the contact angle in the Young’s mode, and gsv,
gsl, and glv are the different surface tensions (solid/vapor, solid/
liquid, and liquid/vapor) involved in the system. In reality, few
solid surfaces are truly flat; therefore, the surface roughness
factor should also be considered when evaluating the surface
wettability. The theoretical models that are commonly used in
roughness surfaces are the Wenzel model,[18] the Cassie
model,[19] and the transition between the Wenzel and Cassie
model.[20] In the Wenzel model (Figure 3A), the difference in
the measured q* is a little different from the contact angle
measured on flat surfaces [Eq. (2)].

cosq* ¼ Rcosq ð2Þ

where R is the roughness of the actual surface whose value is
always larger than 1, which means the introduction of R will
always provide enhanced surface wettability. In this model,
surface roughness can promote either wettability (qCA< 658 ;
CA = contact angle) or non-wettability (qCA> 658), depend-
ing on the chemical composition of the material.[21, 22] On the
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basis of superhydrophobicity, the Wenzel model can also be
extended to other super-wettability systems, such as super-
oleophobicity in air, underwater superoleophobicity and
superaerophobicity, and under-oil superhydrophobicity and
superaerophobicity.

However, if the surface is composed of small protrusions
that cannot be filled by the liquid and are thus filled with air
(i.e., trapping of air underneath the liquid droplet), the
wetting phenomenon can be described by the so-called
Cassie–Baxter model [Eq. (3)] (Figure 3 B; also called Cas-
sie�s mode):

cosq* ¼ f 1cosq1 þ f 2cosq2 ð3Þ

Where q1 and q2 are the apparent contact angles of the liquid
droplet upon the surface 1 and surface 2, respectively. f1 and f2

are the apparent area ratios of surface 1 and surface 2 (f1 +

f2 = 1). Clearly, the corresponding q* is always higher than
that of a flat surface made from the same material because the
pores are filled with air, which is used by the Cassie model to
describe the contact angle in a liquid/gas/solid system. Such
a model can also describe the situation in the oil/water/solid
system. In this case, the rough surface is composed of solid
and water, and the Cassie model can be expressed as follows
(Figure 3C):

cosqo0 ¼ f cosqo þ f < M- > 1 ð4Þ

where f is the surface fraction of solid, qo is the contact angle
of an oil droplet on a flat surface in water, and qo’ is the
contact angle of an oil droplet on a rough surface in water. In
the water/oil/solid system, the wettability of a solid surface by
an oil droplet can be commonly evaluated through the above
modified Young’s equation (Equation (1)). Therefore, surface
roughness can still be considered by a revised Cassie model. If
a spherical liquid droplet in Cassie mode is pressed physically,
the solid/liquid contact mode will change from the Cassie to
the Wenzel state. This change indicates that in addition to
coexisting, a transition between these two super hydrophobic
states can also occur (Figure 3D). In the dynamic case,
however, this wettability is characterized by the advancing
contact angle (qAdv) and the receding contact angle (qRec).
Both of them are dependent on the adhesion of the materials
(Figure 3E). In general, superhydrophobicity means a high
qCA with a low contact-angle hysteresis which is characterized
by qAdv/qRec or the sliding angle qSA (Figure 3F).

3. Application of Super-Wettability Surfaces

3.1. Application of Two-Dimensional Super-Wettability Surfaces
3.1.1. Anti-Wetting

With the increasing demand for smart surfaces, much
research is focusing on the development of water-repellent
surfaces which can display many properties, such as self-
cleaning (Figure 4A),[23,24] anti-fogging (Figure 4B),[25, 26] anti-
reflection,[27, 28] anti-corrosion (Figure 4C),[29, 30] and biological
applications.[31] The commonly used materials for these
applications contain textiles,[32–34] glass,[35–38] metal and their
alloys[39–41] whose surfaces can be protected from being
wetted, contaminated, or fouled by water and oil pollutants.
To date, many materials have been used to fabricate these
self-cleaning textiles, these include water-repellent silicone,[23]

polydimethylsiloxane,[42] sol–gel materials,[43] and photocata-
lytic titania nanoparticles.[44]

In addition to introducing low-surface-energy coatings,
another way to prepare water-repellent surfaces is by
increasing surface roughness which can be realized by
plasma etching. Our group previously developed a two-step
technique including plasma treatment and chemical modifi-
cation of fluorocarbons to obtain self-cleaning super-amphi-
phobic (superhydrophobic and superoleophobic) textiles
(Figure 4A).[24] To date, many commercial products consisting
of self-cleaning textile fabrics have been developed, however
endowing these textiles with good durability for washing,
sunlight, and high- or low-temperature exposure would be
advantageous and also remains a challenge.

Apart from the self-cleaning property used in textiles, the
anti-wetting property could also be used as anti-fogging[23,24]

and anti-reflective[27, 28] materials which could be used in
buildings and optical materials, such as windows for high
buildings, electronic devices, eyeglasses, optical mirrors and
lenses. The most commonly used technique is to coat titanium
dioxide onto the outer surfaces, which can give not only a self-
cleaning but also an anti-fogging effect (Figure 4B).[35–38] To
prepare optical transparency or antireflective surfaces, the
key step is to increase the surface roughness. For example,
Nakajima et al. developed a transparent surface with self-
cleaning properties by controlling the surface roughness in
the range of approximately 30–100 nm.[25] The anti-wetting
surface can prevent moisture and dirt accumulation and make
the surface slippery and abrasion-resistant, thus it is an
effective way to increase the device efficiency. Furthermore,
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making metal surfaces anti-wetting can also prevent their
oxidation and corrosion (Figure 4C).[29] However, for some
heavily polluted environments, these self-cleaning materials
are inefficient, therefore, multi-functional, antipollution self-
cleaning products need to be developed to meet future
demands.

3.1.2. Anti-Icing

Creating anti-icing surfaces (Figure 4D) has long been
a technological challenge and freezing is well known to cause
serious problems in aviation, space flight, radar, and trans-
port. Adherent ice can even result in problems that can lead
to the destruction of transport vehicles. For example, the cold
vapor in the upper-air layers can easily condense and
subsequently freeze on the surfaces of a wing, which results,
in the worst case, in a dramatic decrease of the lifting force
and may lead to a disaster. Thus a water-repellent and self-
cleaning superhydrophobic surface could reduce ice adhesion
or delayed freezing, and would have great potential to address
the icing challenge. Qu�r� and co-workers reported that
freezing of water droplets could be remarkably delayed on
cold microtextured superhydrophobic surfaces.[51] Conversely,
water drops on a flat surface spread more quickly forming
a film which can freeze immediately. Recently, Song and co-
workers developed a micro-/nanoporous superhydrophobic
surface which could efficiently control microdroplet self-
removal.[52] They thought that the air sublayer in a super-
hydrophobic surface could provide substantial thermal insu-
lation and thus delay the freezing process on cold super-
hydrophobic materials. Clearly, the induced multi-hierarchy
structure will be of significance for designing new materials
for applications, particularly in anti-icing, heat exchange,
water harvesting, and antifogging.

3.1.3. Patterned Crystallization

New strategies for materials fabrication are of fundamen-
tal importance in the advancement of science and technology.
Many methods and techniques have been used to construct
nanomaterials. As an alternative to commonly used methods,
exploiting patterns of contrasting wettability on 2D substrates
has been demonstrated to be a simple and convenient method
to prepare aligned nanomaterials.[53–55] The key for this

patterning method are the carrier phases that can perform
wetting or dewetting of the lyophilic/lyophobic patterned
substrate which can selectively locate the carrying materials.
For instance, Whitesides and co-workers demonstrated the
fabrication of ordered 2D arrays of micro- and nanoparticles
by using patterned self-assembled monolayer (SAM) tem-
plates. Such a pattern affords control over the density, size,
and orientations of the growing crystals..[53] The crystals
grown are based on inorganic salts, such as CaCl2, CuSO4, and
KNO3. Using a similar method, Bao and co-workers devel-
oped preparations of metallic nanorods and organic semi-
conducting single crystals, the orientation and assembly of
which are directed by surfaces which have patterned wett-
ability.[54] Recently, by using super-wettability surfaces to
direct the preparation, we have fabricated many kinds, sizes,
and orientations of patterned nanocrystals. The materials
include small organic molecules, nanoparticles (Figure 4E),
inorganic salts (Figure 4F), and polymers.[56] These well
aligned nanostructures have potential for use in solar cells,
light-emitting diodes, field-effect transistors, and highly
sensitive sensors, logic computations, microcircuits and
other fields.

3.1.4. Chemical Reactions

Traditional chemical reactions have been performed in
test tubes, flasks, or other glass containers since the establish-
ment of modern chemistry by Lavoisier in 1775. However,
demands for the effective use of valuable reagents and
solvents, precisely controlled reaction conditions, safe fabri-
cation of explosives and the ability to integrate reactions into
a digital chip require the miniaturization of chemical reaction
systems. Over the past years, microreactor techniques, such as
microemulsions,[57] array-based microreactors,[58] or micro-
fluidic systems,[59] have attracted great interest since they
enable the miniaturization of reactions by compartmentaliz-
ing reactions in droplets of nanoliter to microliter volumes. By
restricting processes in a microscale compartment, miniature
reaction system (MRS) might find promising applications,
such as drug discovery, DNA analysis, and synthesis of
molecules or particles, and in high-throughput analyses.
Thereby, MRSs based on various principles have been
gradually developed. The most effective technique utilizes
superhydrophobic material to accomplish many chemical
reactions, such as combination reactions, decomposition
reactions, and etherification.[60, 61] For example, aqueous
droplets in oil provide a confined space inside the coalesced
droplet reactor in which to perform a miniature reaction
which requires a long reaction time and heating.[61] Beside the
reactions between different aqueous droplets, some super-
hydrophobicity-mediated electrochemical reactions generate
gold dendritic microflower arrays by using a superhydropho-
bic pillar-structured electrode (Figure 4G).[48] Compared with
traditionally hydrophilic metal/semiconductor electrodes, this
anti-wetting reaction surface allows restrictive contact
between electrolyte and pillar tops owing to trapped air
pockets inside structural gaps. Such a system could realize all
kinds of chemical reactions know in electrochemistry.
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3.1.5. Patterning and Printing

Patterning of controllable surface wettability has attracted
wide scientific attention owing to its importance in both
fundamental research and practical applications, in particular

for those in printing or related
fields.[14] During the printing
process, controlled wettability is
one of the most important issues.
Currently, the patterning of the
controllable wettability of the
printing-plate surface is crucial
to form clear image areas and
non-image areas in printing
techniques based on wetting
and dewetting. With the devel-
opment of nanotechnology,
many new micro/nano-structure
processing techniques are con-
stantly emerging, and a variety
of different structures have been
designed and prepared. Accord-
ingly, a series of new techniques
appeared offering special print-
ing process. For instance, Song
and co-workers developed
a green printing-plate-making
technology based on nanomate-
rials (Figure 4J; in this case
green means this technique
only use the changes of wettabil-
ity, but not chemicals).[62–64] The
detail was a specific transfer
material was first printed pre-
cisely onto the superhydrophilic
plate, then control of transfer
materials and the interface prop-
erties between transfer-printing
materials and the plate with the
opposite wettability was formed
on the inkjet printing plate,
which could be used as the
plate for printing. The oleophilic
ink selectively adsorbs on the
image areas, and the spreading
of the ink microdroplets is well
controlled. The printing plate
promises to deliver printing
with fine resolution, and could
also be used to obtain color
images through the “overprint-
ing” technique, with high reso-
lution. Recently, we developed
an approach to precisely control
patterned wettability transition
(that is, the changes from hydro-
phobicity to hydrophilicity, and
vice versa.) for liquid reprogra-
phy by a photoelectric coopera-

tive wetting process on a superhydrophobic surface of ZnO
nanorod array.[65] This electro wetting is activated only at the
position that is illuminated by light. Liquid will spread along
the nanorod arrays but be confined by the surrounding
superhydrophobic areas, indicating a type of anisotropic

Figure 1. Super-wettability attracts interest in diverse fields. A) “Superhydrophobic surfaces” were ranked
7th in Top 20 research fronts in materials science during 2006 and 2010 from Essential Science
indicators. Reproduced with permission Ref. [9] . B) Number of the papers indexed in the ISI web of
science by the topic of “super-wettability”.
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wetting. Based on this strategy, we successfully performed the
liquid reprography process, and the wetting error of the
system could be well controlled, making it a suitable strategy
for liquid reprography. The controllable surface wettability of
the printing materials and the combination of different
printing techniques for creating patterned surface wettability
will play a more important role in digital and green printing in
the future.

3.2. Application of Three-Dimensional Super-Wettability Surfaces
3.2.1. Oil/Water Separation

In addition to two dimensional wettability surfaces, three-
dimensional super-wettability surfaces also have important
applications, particularly in the treatment of oily wastewater.
To date, various technologies, such as gravity separation, oil-
absorbing materials, coagulation, and flocculation have been
used to separate oil/water mixtures.[66–68] However, these
methods are either ineffective in treating emulsified oil/water
mixtures, or to demulsify the emulsions require the applica-
tion of an electric field or the addition of chemicals, which
usually involves energy consumption and secondary pollu-
tion.[69, 70]

Superoleophilic materials have gained attention as
a result of their surface energies being similar to that of the
oil drops, which suggests these could be used in oil/water
separation. We first reported an oil/water separation system
that involved coating polytetrafluoroethylene (PTFE) onto
a stainless mesh by a spray-and-dry method.[50, 71] The
prepared membrane shows superoleophilicity, and a diesel
oil droplet could spread and permeate the mesh film
thoroughly and quickly. Thus a mixture of diesel oil and
water can be successfully separated using this mesh film
(Figure 4I). Later, Wu, Cao et al. reported a carbon-nanotube
sponge with high structural flexibility, robustness, and wett-
ability to organics.[72] Such a sponge can absorb a wide range
of solvents and oils with excellent selectivity, recyclability, and
absorption capacities. Recently, we developed a novel super-
hydrophilic and underwater superoleophobic poly(acrylic
acid)-grafted poly(vinylidene fluoride)(PVDF) filtration
membrane using a salt-induced phase-inversion approach.[73]

Such a membrane could separate both surfactant-free and
surfactant-stabilized oil-in-water emulsions under either
a small applied pressure (< 0.3 bar) or gravity, with high
separation efficiency and high flux. Furthermore, various
filtration membranes with super-wettability have also been
developed by blending and surface-modifying techniques, and
most of them have been used in oil/water separation with high
flux, have antifouling performance, and are unaffected by
high transmembrane pressure.

3.2.2. Biological Applications

Surface properties, including composition, topography,
charge, and wettability, are of great importance in both
fundamental research and practical applications. Although
these factors usually work together to have a cooperation
effect, surface wettability, which usually acts as an integrated

Figure 2. Super-wettability system. Inner white circle: Hydrophilicity,
oleophilicity, hydrophobicity, and oleophobicity upon flat substrates in
air. After introducing roughness (white ring), superhydrophilicity,
superoleophilicity, superhydrophobicity, and superoleophobicity states
can be generated in air. Right orange circle: Under-oil superhydropho-
bicity, superhydrophilicity, superaerophobicity, and superaerophilicity
upon rough substrates. Left blue circle: Underwater superoleophobic-
ity, superoleophilicity, superaerophobicity, and superaerophilicity upon
rough substrates. Reproduced with permission from Ref. [10].

Figure 3. Effect of surface structure on the wetting behavior of solid
substrates. A) Wetted contact between the liquid and the rough
substrate (Wenzel’s mode). B) Non-wetted contact between the liquid
and the rough substrate (Cassie’s mode). C) Cassie model: The
extension of superhydrophobic surfaces in air, such as in SOB,
UWSOB, UWSAB, UOSHB, and UOSAB states (see Figure 2).[10]

S =solid phase, the L = liquid phase, and the G =gas phase. L, L1, and
L2 can be regarded as water, polymer, liquid crystalline molecules,
ionic liquids, and others. D) Intermediate state between the Wenzel
and the Cassie modes. E) Advancing qAdv and receding contact angle
qRec. F) Tilt angle, that is, the so-called roll-off angle or sliding angle
qSA.
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factor, is one of the most important parameters affecting their
uses in biological applications, such as enhanced cell adhe-
sion, controlled cell adhesion/detachment, and protein
adsorption. Adhesion is one of the fundamental cell activities.
During the past few decades, several three-dimensional
surface materials have been designed for regulating cell
adhesion. They show enhanced cell adhesion when compared
with the corresponding two-dimensional biointerfaces. For
example, Lampin et al. observed the enhancement of cell

adhesion in relation to the degree of
roughness of a poly(methylmethac-
rylate) (PMMA) surface a result of the
corresponding enhanced surface hydro-
phobicity which favored the adsorption
of adhesive proteins.[74] We previously
developed a kind of blood-compatible
nanostructured superhydrophobic sur-
face by dip-coating fluorinated poly(-
carbonate urethane) onto aligned
carbon nanotube films.[75] Recently, we
developed a pH-value and glucose dual-
responsive surface by grafting poly(a-
crylamidophenylboronic acid) (poly-
AAPBA) brushes onto aligned silicon
nanowire (SiNW) arrays.[76] Such a sur-
face can reversibly capture and release
targeted cancer cells by precisely con-
trolling pH value and the glucose con-
centration, exhibiting dual-responsive
AND logic, thus this dual-responsive
surface can significantly impact biomed-
ical and biological applications includ-
ing cell-based diagnostics and in vivo
drug delivery. At the same time, a ther-
moresponsive nanostructured surface-
poly(N-isopropylacrylamide) (PNI-
PAAm) coated silicon nanopillar array
that can reversibly capture and release
targeted cancer cells by combining
hydrophobic interactions with topo-
graphic interactions has been devel-
oped. (Figure 4H).[49] Such a system
provides a new method in the design of
bio-interfacial materials and offers
a general strategy to fabricate next-
generation artificial smart surfaces,
which would be useful for reversible
capture/release of targeted cells, bacte-
ria, and viruses.[77]

In addition to the above mentioned
3D interfacial materials, slippery liquid-
infused porous surfaces are another
important class of novel and functional
interfacial material which could be used
in marine antibiofouling,[78] anti-icing,[79]

self-repairing,[80] and antibacterial appli-
cations.[81]

3.3. Application of One-Dimensional Super-Wettability Surfaces
3.3.1. Water Collection with Biomimetic-Based Fiber

Efficient water collection from a humid atmosphere is
critical for organisms living in water-limited areas. One
striking example is the Namib desert Stenocara beetle,[5]

which uses the patterned wettability surfaces on its back to
collect water from fog. In addition to such two-dimensional
surfaces in living systems, one-dimensional wettability surfa-

Figure 4. Super-wettability systems, from fundamental research to practical applications. The
middle part: hydrophilicity, oleophilicity, hydrophobicity, and oleophobicity upon flat substrates
in air. After introducing roughness, superhydrophilicity, superoleophilicity, superhydrophobicity,
and superoleophobicity states can be generated in air, water, and oil systems. Representative
applications of super-wettability surfaces. A) superamphiphobic textiles show an excellent self-
cleaning property. Reproduced with permission from Ref. [24]. B) Anti-fogging, the superhydro-
philic coatings can spread the condensed water droplets quickly to form a thin sheet-like film
and dramatically suppress the fogging behavior. Reproduced with permission from Ref. [45].
C) For anti-corrosion, air trapped between the superhydrophobic coating and solution can
provide an effective barrier to prevent the migration of corrosive ions. D) Anti-icing, the
superhydrophobic surfaces can delay and reduce the accumulation/adhesion of wet snow, ice,
and frost. E) Patterning, wafer-scale array of 1D assemblies of silver nanoparticles with precise
orientation and position, prepared through the sandwich-shaped assembly strategy on super-
hydrophobic surfaces. Reproduced with permission from Ref. [46]. F) For crystallization:
patterned NaCl crystal arrays are generated on high-adhesion superhydrophobic substrates.
Reproduced with permission from Ref. [47]; G) For chemical reactions, Au architectures can be
formed using a superhydrophobic pillar structured surface. Reproduced with permission from
Ref. [48]; H) Cancer-cell capture, local topographic interactions between superhydrophilic rough
surfaces and cell extensions have the ability to capture cancer cells. Reproduced with permission
from Ref. [49]; I) For oil/water separation, the combination of superhydrophobicity and super-
oleophilicity can lead to functional coatings which have the capability to separate oil/water
mixtures. Reproduced with permission from Ref. [50]; J) For print and reprography, using
a green printing-plate-making technology colorful images could also be obtained through
“overprinting” with fine resolution.
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ces are now drawing more and more attention. One good
example is spider silks which possess not only outstanding
strength and toughness but also the ability to collect water
from humid air (Figure 5A). Our recent study showed that
the water-collecting ability of capture silk of the cribellate
spider is a result of its unique arrangement of periodic
spindle-knots and the joints, both of which result in surface
energy gradients and Laplace pressure between the spindle-
knots and the joints (Figure 5B).[7] Inspired by this finding, we
designed and fabricated artificial fibers which mimic the
structural features of this spider silk and exhibit its directional
water-collecting ability (Figure 5C).[82, 83] This work could help
in the design of functional fibers for use in water collection
(Figure 5D) and for filtering liquid aerosols in manufacturing
processes.

In addition to spider silks, cacti are well-known for their
capability to thrive in the extreme water-shortage found in
deserts (Figure 5 E). The cactus can collect and transport
water droplets by its efficient fog collection system.[84] This
unique system is composed of well-distributed clusters of
conical spines and trichomes on the cactus stem (Figure 5F).
Each spine contains three integrated parts that have different
roles in the process of fog collection. The gradient of the
Laplace pressure, the gradient of the surface free energy, and
multi-function integration endow the cactus with an efficient
fog collection system. Investigation of the structure–function
relationship in this system may help us to design novel
materials and devices to collect water from fog with high
efficiencies (Figure 5G). Inspired by the water collecting of
cactus, we developed a novel and efficient continuous fog
collector (Figure 5H).[85,86] Cactus spine-like conical micro-tip
arrays were fabricated through a modified magnetic particle-
assisted molding (MPAM) method using polydimethylsil-
oxane (PDMS) and cobalt magnetic particles (MPs) under an
external magnetic field. Such a system can spontaneously and
continuously collect, transport, and preserve the fog water.
Thus this fog collector has promise for application in regions
in which drinking water is scarce, which provides a potential
avenue to alleviate the growing global water crisis.[13]

3.3.2. Micro-Sized Oil Collection with Biomimetic-Based Fiber

Although great success has been achieved in oil/water
separation by using three-dimensional super-wettability sur-
faces, these surfaces are not collecting micro-sized oil droplet
(this is a problem because the micro-sized oil droplets not
only contaminate the environment but also lost the non-
renewable resource). Also, achieving a high continuity or high
throughput remains a challenge. Because micro-sized oil
droplets in water are similar to micro-sized water droplets in
air, we can move the cactus-inspired system underwater.
Inspired by the directional water collection on cactus spines,
a novel “artificial cactus under water” was developed to
directionally collect micro-sized oil droplets from oil/water
mixtures (Figure 5I).[87] The oleophilic conical needle struc-
ture developed can successfully separate micron-sized oil
droplets from the oil/water mixture and can drive the droplets
towards their base, thus the continuous and effective collec-
tion of micron-sized oil droplets from water is achieved.

Clearly, although much progress toward fabrication and
application of one-dimensional materials used in air, water,
and material surfaces has been achieved, there are numerous
challenges and opportunities ahead for its development in
other super-wettability systems (Figure 2). Therefore, more
applications related to the liquid- or gas-collector and trans-
portation systems need to be designed and fabricated for the
future.

3.3.3. Liquid Transfer on the Outer Surfaces of One-Dimensional
Materials

Droplets sitting on surfaces which have different wetting
states will present different contact areas, contact angles, and
contact angle hysteresis. Hence, it is possible to control
droplet motion and liquid transfer by tuning surface wett-
ability. A Chinese brush, which is made of a bundle of freshly
emergent animal hairs (that is, hairs that have not been
previously cut so the original tip is still intact) in a quasi-
parallel arrangement (Figure 5J), allows the manipulation of
low-viscosity liquid ink in a controlled manner: high-mass ink
loading and steady, uniform, and continuous ink transfer onto
the substrate. However, the mechanism responsible for the
liquid transfer, specifically the critical role of the freshly
emergent hairs (FE-hairs), has yet to be rationalized.
Recently, we reported the mechanism by which the Chinese
brush functions, which is an integrated system which allows
the dynamic balance of large mass liquid and consequent
controllability of liquid transfer.[88] This unique liquid manip-
ulation behavior is attributable to the anisotropic multi-scale
structural feature of FE-hairs (Figure 5K). Meanwhile,
inspired by the fascinating ability of FE-hairs to offer
controllable liquid transfer, a model device has been designed
and fabricated by us in which two FE-hairs were fixed in
parallel and were connected with an artificial-made liquid
reservoir for continuous liquid supply (Figure 5L). Upon
deforming the hair tips, the balance of the liquid that was held
by this model device would be perturbed and the liquid would
be steadily, uniformly and continuously transferred onto
substrates in a controllable manner. Such a model device
enables one-dimensional micro-lines to be deposited on
diverse substrates through the direct writing of liquid-phase
materials and thus provides a new simple alternative for the
preparation micro-lines.

3.4. Application of Biomimetic-Based Nanochannel or Nanopore

Water’s behavior in confined spaces is quite different from
that in the bulk, and plays an important role in a wide variety
of life activities, such as water transport,[89] protein folding,[90]

and gating of ion channels.[91–93] The transport of water
molecules through these biological nanopores is of great
importance in many physiological processes. Up to now,
different techniques including simulation and artificial nano-
channels have been used to study biological ion channels (see
middle part in Figure 6).[94] To develop a more concise model
for confined water, researchers study the wetting behavior of
water in artificial nanopores.[95, 96] Based on molecular dynam-
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ics simulations, Hummer et al. reported pulse-like trans-
mission of water through a nonpolar carbon nanotube (see
middle part in Figure 6).[97] They found the transmission
bursts result from the tight hydrogen-bonding network inside
the tube which ensures that density fluctuations in the
surrounding bath lead to concerted and rapid motion along

the tube axis. With the development of experimental and
computational methods, rapid progress has been made in the
study of water transportation across artificial nanopores,
which has important biological implications and shows
promising applications in designing novel molecular sensors,
energy conversion system, and nanofluidic devices.

Figure 5. Super-wettability-based controllable droplet motion and collection. A) Optical image and B) environmental SEM observation of a spider
silk with periodic spindle-knots, which can drive the water droplet movement in a controlled direction. Reproduced with permission from Ref. [7];
C,D) Optical image of artificial spider silks and their application in fog collection. E) An O. microdasys stem consisting of sharp spines and
trichomes. Reproduced with permission from Ref. [84]. F) SEM image of a spine from the O. microdasys stem and the directional droplet motion
along the spine. The smaller droplets first condensed randomly upon the spine, then coalesced and moved towards the wider part as a result of
the Laplace pressure. G) Optical image of artificial cactus used for water collection (H). Reproduced with permission from Ref. [86]. I) Schematic
representation of the oil collection process. Micron-sized oil droplets deposit on the needle. The collected oil droplet grows and is then driven
upwards. Reproduced with permission from Ref. [87]. J) Optical image of fresh emergent-hair (FE-hair). K) SEM images of a single FE-hair and the
mechanism of the dynamic balance of a drop on “two parallel hairs”. L) Direct writing of micro-lines by a simple template-free printing model
device based on “two parallel FE-hairs”. Reproduced with permission from Ref. [88]. M) A famous drawing made by Baishi Qi, whose drawings
have been finished by Chinese brush made by FE-hair.
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3.4.1. Biomimetic Nanochannels with Tunable Wettability

Biological nanochannels can use their unique protein
complex to selectively transport ions. Inspired by living
systems, researchers have fabricated a series of smart nano-
channels with tunable wettability (Figure 6B). We and others
attached thermo-responsive polymer brushes (poly(N-isopro-
pylacrylamide), PNIPAAm) onto the polyethylene tereph-
thalate (PET) nanopores to control the wettability.[100,105] Such
a system could be used as a thermally driven ionic gate
controlling the ion transportation through the nanopores.
Below the lower critical solution temperature (LCST), the
PNIPAAm brushes are hydrophilic and in a swollen state;

above the LCST they are hydrophobic and in a collapsed
state. With controlled temperature change, the PNIPAAm-
modified nanopore switches from a low-conducting state to
a high-conducting state as a temperature-triggered ionic gate.
Besides the thermo-controllable ionic gate, Smirnov et al. and
our group developed photo-induced ionic gates by attaching
photochromic spiropyran isomers to the inner surface of
a nanopore.[101, 106] With visible irradiation, the spiropyran is
thermally stable and exhibits a hydrophobic form, so that the
nanopores are unwetted by an aqueous solution. Under UV
irradiation, the spiropyran converts into a more polar
merocyanine form, and the nanopores allow the permeation
of water. Meanwhile, the nanofluidic transport induced by the

Figure 6. Biomimetic-based nanochannel from fundamental researches to practical applications. The middle part: Fundamental research of
biological nanochannels, simulate nanochannels and the artificial nanochannels. Reproduced with permission from Ref. [98]; A) Basic researches
of biomimetic nanochannels. Reproduced with permission from Ref. [99]; B) Biomimetic nanochannels with tunable wettability. Reproduced with
permission from Ref. [100,101]; C) Bioinspired energy conversion systems. Reproduced with permission from Ref. [102,103]; D) Biomimetic
nanochannels used in filtration and sensing systems. Reproduced with permission from Ref. [104].
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axial wettability gradient has also been shown by modifying
PNIPAAm and poly (acrylic acid)PAA on the opposing
chambers of an hourglass-shaped single-nanopore.[107] The
wettability of the attached molecular layer on the pore wall
can be regulated by changing the temperature and pH value.
This wettability difference results in distinct ionic rectifying
properties compared with the unmodified nanopores. There-
fore, wettability-controllable nanochannels can help us to
understand the characteristics of confined water or of ion
transport in nanoscale environments.[108]

3.4.2. Energy-Conversion System

The global energy demand is growing constantly. Many
different materials and techniques are used for constructing
energy-conversion systems. Recently, much effort has been
focused on constructing the biomimetic nanofluidic energy
conversion devices. For example, Dekker and co-workers first
reported electrokinetic energy conversion with solid-state
nanochannels.[109] Based on artificial nanochannels, we and
others demonstrated some energy-conversion systems whose
inspiration come from retina[102,110] and electric eels (Fig-
ure 6C).[103, 111] Recently, we demonstrated an integrated two-
dimensional nanofluidic generator with a layered graphene
hydrogel membrane (GHM).[112] In wet conditions, two-
dimensional nanocapillaries are formed between adjacent
graphene sheets giving a large-scale interconnected two-
dimensional nanofluidic network. Because the two-dimen-
sional graphene hydrogel membrane is negatively charged it
allows counter-ions to permeate and excludes co-ions. Once
electrolytes flow from the GHM, driven by an external
mechanical force, an electrokinetic phenomenon occurs.
Based on this principle, the integrated two-dimensional
nanofluidic generators convert hydraulic motion into
a streaming ionic current. Such a two-dimensional nanofluidic
generator would be used for harvesting electricity from
footsteps or a stream of body fluid, or monitoring the
heartbeat. Very recently, we developed a ionic diode mem-
brane-based nanofluidic device for harvesting electric power
from a salinity gradient.[111] The meso-/macroporous mem-
brane rectifies the ionic current with a high ratio of
approximately 450 and keeps on rectifying in high-concen-
tration electrolytes, even in saturated solution. By mixing
artificial seawater and river water through the IDM, a high
power density of up to 3.46 W m�2 is generated, which
outperforms some commercial ion-exchange membranes.
Such an asymmetric structure macroscopic nanofluidic
system may have potential application for sustainable power
generation, water purification, and desalination.

3.4.3. Biomimetic Nanochannel-Based Sensor

The sensing of individual molecules has drawn great
interest within modern biochemistry, biophysics, and chemis-
try. Detecting individual molecules can also lead to the
development of next-generation bioanalytical and diagnostic
tools. In nanopore sensing, individual molecules pass through
a nanoscale pore leading to detectable changes in the ionic
current in the pore. The range of analytes that can be detected

with nanopores now spans small molecules,[113] organic
polymers,[114] peptides, enzymes, proteins,[115] and biomolecu-
lar complexes. Indeed, nanopore recording has developed
from a simple sensing tool into a general platform technology
which enables the examination of the physicochemistry,
biophysics, and chemistry of individual molecules. Inspired
by ion-selective biological channels, attempts were made to
prepare nanopores that are selective for simple inorganic ions,
such as potassium,[116] zinc,[117] mercury,[118] and silver ions
(Figure 6D).[119] The mechanisms by which solid-state nano-
pores can achieve ion selectivity are certainly different to
those of biological channels because the inner diameter of
biological channels is less than 1 nm. However, a simple way
of attaining ionic selectivity in solid-state nanopores involves
the introduction of stimuli-responsive molecules, such as G-
quadruplex DNA to detect potassium, zinc responsive
peptide to detect zinc, and thymine–thymine base DNA to
detect mercury. Besides inorganic ions, chiral-molecule rec-
ognition has also been realized by attaching a chiral ligand
onto the synthetic nanochannels. For example, we developed
a chiral analysis based on enantioselective recognition with b-
cyclodextrin-modified single conical nanopores, which detects
enantiomer-specific l-histidine by monitoring the rectified
ionic current.[120] Clearly, if appropriate receptors were
modified, these nanochannel systems may show applications
in many fields, such as drug detection and the analysis of the
real samples.

3.4.4. Other Applications

Smart nanopore/nanochannels with super-wettability
could also be used as molecular filters. Separation of small
organic molecules and large biomolecules is of great impor-
tance in pharmaceutical and biological applications. Molec-
ular recognition with a nanoporous membrane is particularly
attractive because of the advantages associated with molec-
ular interactions in confined spaces. Traditional separations
simply use a difference in the size of analytes relative to pore
size in the membrane. To improve the separation properties of
the size-fixed nanoporous membranes, it is necessary to
functionalize them. For example, Thayumanavan and co-
workers developed a simple approach to functionalize nano-
pores, and these modified nanopores could be used separate
small molecules which transported through the nanopores
based on their size and/or electrostatics (Figure 6D).[104]

4. Summary and Outlook

Although the topic of super-wettability has changed
dramatically in the last decade and will probably change
even more in the next decade, its fundamental character
remains the same. Super-wettability is the most fundamental
property of a solid surface and is closely related to everything
in nature. This property goes beyond superhydrophobicity in
air and applies to many systems on different surfaces
including under water and under oil etc. systems(Figure 3),
as most of the results remain on a theoretical basis, many
problems need to be resolved before practical applications
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are possible. Researchers need to combine diverse super-
wettability features into one surface, such as catalytic electro-
des or direct inkjet computer-to-plate printing techniques.
Only in this way, will unexpected and yet unimagined
functions be discovered. The developed functions would
thus pave the way for applying super-wettability surfaces in
practical applications which could help to guide the future
research and bridge the gap between fundamental research
and practical applications.

As the applications for super-wettability surfaces involve
many fields, such as biology, chemistry, physics, material and
engineering, intensive collaboration from various disciplines
is necessary to vigorously push the study of super-wettability
forward, so as to bring benefits to society. What the expected
developments will be in the next years is, of course, hard to
say, however it can be predicted easily that the super-
wettability will remain a hot topic and will be used exten-
sively. The rate of development in super-wettability-based
materials and devices in the fields surrounding it is rapid and
there is, fortunately, there is no doubt that there will be
unexpected developments, and super-wettability systems will
find use in environmental protection, energy, green industry,
and many other important domains.
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