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The controlled transport of liquid on a smart material surface has important applications in the fields of
microreactors, mass and heat transfer, water collection, microfluidic devices and so on. Porous
membranes with special wettability have attracted extensive attention due to their unique unidirectional
transport behavior, that is, liquid can easily penetrate in one direction while reverse transport is
prevented, which shows great potential in functional textiles, fog collection, oil/water separation,
sensors, etc. However, many porous membranes are synthesized from multilayer structural materials
with poor mechanical properties and are currently prone to delamination, which limits their stability.
While a monolayered porous membrane, especially for gradient structure, is an efficient, stable and
durable material owing to its good durability and difficult stratification. Therefore, it is of great
significance to fabricate a monolayered porous membrane for controllable liquid manipulation. In this

minireview, we briefly introduce the classification and fabrication of typical monolayered porous
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Accepted 21st July 2022 membranes. An e applications of monolayered porous membranes in unidirectional penetration,

selective separation and intelligent response are further emphasized and discussed. Finally, the

DOI: 10.1039/d2na00421f controllable preparation and potential applications of porous membranes are featured and their
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1. Introduction

Nature is an important source of inspiration for many scien-
tists. Learning from nature, humans have designed and
prepared many materials with excellent properties, promoting
the progress of social civilization."® Directional liquid transport
on a surface has important applications in microreactors,
lubrication, inkjet printing, self-cleaning surfaces, micro-
fluidics and so on, which already exists in nature and has been
used by numerous organisms to perform a variety of func-
tions.”™ For example, nepenthes plants can obtain water
droplets on their gradient surfaces,” and the ratcheting scales
of a butterfly's wings can move a water droplet away from its
body in a directional manner.* All these phenomena are due to
the existence of gradient anisotropic structures oriented on the
biological surface, resulting in directional wetting or adhe-
sion.* Therefore, it is of great significance to fabricate a micro-
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prospects discussed on the basis of their current development.

nano surface with gradient wettability for liquid transport with
controllable direction, which will bring about broad applica-
tions in the fields of materials, energy, biology, medicine, the
environment, non-dynamic liquid transportation and the
preparation of unidirectional devices, etc. In recent years, many
porous membranes with special wetting properties have
attracted a lot of attention because of their unique unidirec-
tional transport behaviours.'*” These membranes can be
divided into two main types: multilayer porous membranes
containing two closely connected layers with opposite wetta-
bility or different pore sizes and monolayered porous
membranes with a morphology gradient or asymmetric modi-
fication.”?* Due to the poor mechanical properties and weak
interfacial bonding of a multilayer porous structure, the
membrane is prone to delamination, which limits its stability.>
The monolayered porous membrane has been widely favored as
a kind of efficient, stable and durable material owing to its
structural integrity and unicity, which are of great significance
in fabricating a monolayered porous membrane for controllable
liquid manipulation. Therefore, summarizing the research
progress on monolayered porous membranes in recent years
will boost the development of this significant research area.

In this minireview, the classification and fabrication of
typical monolayered porous membranes are briefly introduced
and discussed (Fig. 1). The next part focuses on the application
of monolayered porous membrane in unidirectional transport,
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Fig. 1 Summary of gradient structures and their corresponding
applications of gradient monolayered porous membranes.

intelligent response, selective separation, biomedical devices
and smart textiles. Finally, we summarize the current chal-
lenges for gradient monolayered porous membranes and their
device applications with their future perspectives.

2. Classification of monolayered
porous membranes

Two important components of monolayered porous
membranes are their gradient porous morphology and asym-
metric surface chemical modification, which work together to
create unique, dynamic and multifunctional membrane mate-
rials.>® Therefore, this section introduces the basic design
strategy of monolayered porous membranes, focusing on
monolayered matrix design and functional chemical modifica-
tion. Firstly, the homogeneous porous membranes are intro-
duced.”?® Then, the effects of spatial dimension, continuity,
size effects and other properties on monolayered porous
membrane structures are introduced from the perspective of
morphology gradients.” Finally, monolayered porous
membranes with chemical and chemical-morphology
compound gradients are discussed in Fig. 2.%°%*

2.1 Monolayered porous membrane with a homogeneous
structure

Usually, prepared monolayered porous membranes exhibit
a homogeneous distribution of porous structures in their
microstructure. The isotropic structure provides monolayered
porous membranes with stable properties to meet different
needs. The design and modification of homogeneous mono-
layered porous membranes is the main direction of research to
meet more complex and stable functions at present. Shen's
group prepared polystyrene (PS) membranes with a uniform
pore size distribution by the electric breath figure (EBF)
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Fig.2 Models and examples of monolayered porous membranes with
different structures (D: pore size, v: interface energy). (a) Schematic
diagrams and FESEM of a monolayered porous PS membrane with
a homogeneous structure** Adapted with permission from ref. 34.
Copyright 2014, Royal Society of Chemistry. (b) Schematic diagrams of
a monolayered porous E/W-PES-70% membrane with a morphology
gradient, indicating that the membrane has different pore sizes on two
surfaces.?® Adapted with permission from ref. 26. Copyright 2020,
American Chemical Society. (c) Schematic diagrams and SEM images
of a monolayered porous membrane with a chemical gradient.*®
Adapted with permission from ref. 49. Copyright 2021, Wiley-VCH. (d)
Schematic diagrams of a monolayered porous textile with
a compound gradient, indicating that the two surfaces have different
pore sizes and wettability.*” Adapted with permission from ref. 47.
Copyright 2019, Wiley-VCH.

method, and also realized the wettability of the membranes by
varying the pore size (Fig. 2a).** Kazemi's group experimentally
designed a removable monolayered porous graphene
membrane for tunable salt retention and water permeability.
The combination of initial support (a fine grid) and secondary
support (a fine grid) limited the adverse effects of defects and
pores on graphene.” Equally importantly, Shen's group
prepared monolayered porous graphene membranes by elec-
trospinning on different polymer carriers with high porosity for
effective diffusion and pressure-driven separation.?® The highly
porous membranes obtained exhibited good dialysis and
organic solvent nanofiltration performance by defect closure
and oxygen plasma treatment.

2.2 Monolayered porous membrane with a morphology
gradient

The morphological gradient structure provides more function-
alization to porous membrane materials. So far, learning from
the anisotropic structure of natural creatures, such as spider
silk** and cactus needles,*® porous membrane materials with
morphology gradients (including transverse and longitudinal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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gradients) have been designed and fabricated, which can be
widely used in liquid transport, liquid collection, condensation,
and anti-fogging/icing surfaces.

Generally speaking, morphology gradient monolayered
porous membranes have asymmetric wetting properties due to
the anisotropic structure of the surface. Our group designed
and constructed a superhydrophilic-hydrophilic  self-
supporting monolayered porous polyethersulfone (PES)
membrane with a longitudinal gradient structure that allows
liquid transport along the selected direction (Fig. 2b).?* Besides,
our group combined an electric field with a polystyrene (PS)
porous membrane to directionally drive underwater oil droplet
transport.*” The transverse gradient microstructure results in an
asymmetric droplet shape, causing unbalanced pressure on the
droplet, which achieves directional manipulation of underwater
oil droplets.

Vascular plants have a hierarchical structure composed of
multi-branched porous networks following Murray's law, whose
transpiration is characterized by anti-gravity-directed water
transport and ultra-fast evaporation. Inspired by the structure
of vascular plants, Wang's group created bionic micron-nano-
fiber membranes with anti-gravity-directed water transport and
fast-drying properties by combining multi-branched porous
structures and surface energy gradients. The multibranched
macro-, micron-, and sub-micron-sized structures played
a dominant role in ultra-fast water transport and evaporation,
while the construction of surface energy gradients, leading to
asymmetric wettability and anisotropic breakthrough pressure,
can completely remove water from the hydrophobic layer in
contact with the skin.

2.3 Monolayered porous membrane with chemical gradient
and compound gradient

In addition to the morphology gradient, in recent years, many
researchers have carried out further chemical modification on
the porous membrane surface, and successfully prepared
monolayered porous membranes with a chemical gradient or
a physical-chemical compound gradient, which makes the
membrane promising for a wide range of applications, such as
fog collection,**** sensors,* oil-water separation,**** switch-
able ion transport,*® and functional textiles.*

Previously, Zhao's group proposed two construction strate-
gies for a wettable anisotropic membrane. One method is to
treat the monolayered porous membrane by chemical modifi-
cation or UV irradiation.**° For instance, inspired by mussels,
Xin's group designed a cationic-t hydrophilic agent (CPHA) to
transform the chemically modified Janus fabric into a hydro-
phobic/superhydrophilic structure via spraying and curing,
enabling unidirectional sweat transport (Fig. 2¢).*

Another approach is to combine a lyophobic (LO) layer with
a lyophilic (LI) layer to form a Janus membrane (JM).** For
example, Hou's group constructed a Janus membrane with an
interpenetrating overlapping structures of an LI nanoneedle
layer and an LO nanofiber layer by changing the wettability of
both sides of the membrane.** The membranes had opposite
wettability and a special interpenetrating interfacial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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microstructure, thus exhibiting the “diode” property of unidi-
rectional liquid permeation. Dai's group designed a Janus
polyester/nitrocellulose (PE/NC) fabric and introduced asym-
metric hydrophilic tapered micropores with pore sizes ranging
from large to small on both sides with different wettability
through laser perforation,” thus achieving an ultra-highly
directional water transport capacity (Fig. 2d).

3. Fabrication of a monolayered
porous membrane

Generally speaking, there are two ways to make monolayered
porous membranes: asymmetric fabrication and asymmetric
decoration.***>>* In the former case, the monolayered porous
membranes are formed by chemical or physical processing.>*’
The asymmetric decoration surface is achieved by post-
modification, which causes different wettability, morphology
or composition.***" This section focuses on the fabrication of
several commonly used monolayered porous membranes,
which lays a foundation for the design of new porous structures.

3.1 Phase inversion method

The phase inversion method is often used to prepare asym-
metric monolayered porous membranes.*® Our group prepared
a micro/nanoporous PES membrane by the phase inversion
method.”® The membrane can achieve an antigravity unidirec-
tional liquid which can ascend at a large range of pH values.
Tsuru's group prepared a ceramic membrane with high
porosity,* which can be applied to the separation of oil/water
Munirasu's group fabricated porous super-
hydrophobic membranes by the phase inversion method using
alcohols (ethanol and methanol) as nonsolvents.®® Further-
more, Cai's group prepared an underwater superoleophobic/
superhydrophilic membrane by steam-induced phase
inversion.**

mixtures.

3.2 Hydrothermal method

The hydrothermal method is used to prepare inorganic/organic
hybrid membranes. The hydrothermal method includes phase
equilibrium, crystal growth and the formation of nanocrystals.®
Zheng's group prepared a Janus membrane coated conical spine
by the hydrothermal method,* which can be used for water
collection. Niu's group prepared a multiscale dendritic biomi-
metic monolayered copper membrane (BMCM) on steel mesh
by chemical modification.> The experimental results demon-
strate that BMCM has excellent separation efficiency for oil/
water separation. And Huang's group used a hydrothermal
reaction and blow-spinning to prepare zinc oxide/polyaniline/
polyacrylonitrile membranes with needle-like shapes,** which
could be used in oil/water separation. Wang's group developed
a hybrid membrane by hydrothermally assembling FeOOH
nanorods on polyvinylidene fluoride (PVDF) membranes.*® It
can be seen that the hydrothermal method is a common
method for preparing a monolayered porous membrane.

Nanoscale Adv, 2022, 4, 3495-3503 | 3497
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3.3 Breath figure method

The breath figure (BF) method has been widely used to prepare
a monolayered porous membrane.’”**7 Our group prepared
polystyrene membrane coated copper by the breath figure
method.” Without a voltage, the PS membrane can retain an oil
droplet under water. With an increase in the applied voltage,
the oil droplet can move downward/upward underwater on the
membrane surface at a higher voltage. For the preparation of
the honeycomb-like polylactic acid (PLLA), You's group
employed the BF method, which uses tiny crystalline and
amorphous networks to represent the shape-fixed phases and
recovery phases.® Ma's group employed star-shaped polyhedral
oligomeric silsesquioxane (POSS)-fluorinated polyacrylates to
prepare porous membranes with hydrophobicity and tunable
surface morphology through the BF method.”

3.4 Surface modification and other methods

Surface wettability can be realized by adjusting surface modifi-
cation and other methods.””” Heng's group prepared a poly(3-
hexylthiophene-2,5-diyl)/[6,6]-phenyl-Ce,-butyric  acid methyl
ester (P3HT/PCBM) porous membrane by using an interface-
directed freezing technique (Fig. 3a)”* The P3HT/PCBM
membrane has significant anisotropic wettability. When a light
is turned on and off alternately, the smooth surface of the P3HT/
PCBM membrane under an applied voltage provides photoelec-
tric cooperative control over droplets. Wu's group prepared
a hydrophobic/hydrophilic JM by femtosecond laser drilling and
modification with 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PFDTES) (Fig. 3b).**> Due to the surface energy and Laplace
pressure, the droplet can automatically pass through the micro-
pores of the J]M. Compared with a superhydrophilic membrane,
the water collection efficiency value of the JM is 209%. Liu's
group prepared a liquid-assisted monolayered JM by chemical
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Fig. 3 (a) Illustration showing the fabrication of ladder-like P3HT/
PCBM porous membranes with parallel ridges by an interfacial direc-
tional freezing technique using long-chain P3HT and short-chain
PCBM components.”* Adapted with permission from ref. 71. Copyright
2018, Wiley-VCH. (b) Illustration showing the fabrication of a dual
gradient conical porous Janus aluminum membrane by laser drilling
and PFDTES modification.®® Adapted with permission from ref. 32.
Copyright 2017, Royal Society of Chemistry. (c) Illustration showing the
fabrication of a liquid-assisted Janus mesh with straight pores by
introducing a water layer on the needle-like hydrophilic side of
a conventional Janus mesh.*” Adapted with permission from ref. 57.
Copyright 2022, Wiley-VCH.
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etching and surface modification (Fig. 3¢).”” The monolayered JM
has unidirectional water permeation characteristics with a high
hydraulic pressure difference. Zeng's group prepared a separa-
tion membrane by a dip-coating method.”” The experimental
results showed that the separation membrane can separate
incompatible light oil/water mixtures. Tang's group prepared an
oil/water separation membrane by the 3D printing of poly-
dimethylsiloxane inks.” The ordered porous membrane with
a pore diameter of 0.37 mm can achieve oil/water separation
efficiency of 96%. Zeng's group prepared polymer/polydopamine-
coated membranes by a dip-coating method for oil/water sepa-
ration.” Lin's group prepared oriented hydrophobic/hydrophilic
directional-wicking membranes by a two-step electrospinning
method.”® Compared with hydrophobic or hydrophilic
membranes of the same size and structure, the oriented
directional-wicking membranes have a higher water absorption
capacity.

4. Application of a monolayered
porous membrane

In general, the development of monolayered porous
membranes has gone through performance research and
functional exploration. The asymmetric structure of gradient
monolayered porous membranes lays a solid foundation for
their anisotropic transport behaviour and other properties. A
monolayered porous membrane is an efficient, stable and
durable membrane material because of its good durability and
difficult stratification, which plays an important role in selective
liquid separation, water collection, unidirectional penetration
and intelligent controllable wettability.*">*78-

4.1 Unidirectional penetration

Artificial three-dimensional porous membranes with special
wettability show directional transport behavior; that is, liquid
can be transported from one surface of the membrane to the
other, but the reverse transport is blocked.'®*>**** Typically,
unidirectional penetration membranes are composed of porous
structures with an anisotropic surface structure and opposite
wettability owing to the Laplace pressure of the bent liquid itself,
which could drive the directional transport of the liquid through
the porous structure.'>*”** For example, Cao's group fabricated
an integrated mesh with orthogonal anisotropic slippery tracks
(IMOAS), and the unidirectional droplet penetration can be
conveniently switched via the rotation of the IMOAS, showing
highly controllable liquid manipulation (Fig. 4a).”®

In recent years, monolayered membranes have attracted a lot
of attention because of the unique unidirectional penetration
property of liquids, which can be widely used in intelligent
moisture absorption and perspiration.”>*® Most moisture
absorption and sweat fabrics are made of synthetic materials,
such as polyester fiber or nylon, and the limited water-carrying
capacity of these fabrics results in the slow evaporation of
sweat. In the process of sweating, there will be a lot of water
retention, so the human body will feel hot and sticky. To address
these limitations, researchers have prepared many intelligent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) An integrated mesh with orthogonal anisotropic slippery
tracks could be used for unidirectional droplet penetration via the
rotation of the IMOAS, showing highly controllable liquid manipula-
tion.*® Adapted with permission from ref. 90. Copyright 2019, Wiley-
VCH. (b) A hydrophobic/superhydrophilic Janus polyester/nitrocellu-
lose textile is prepared to achieve directional liquid transport and
maintain human body temperature.*” Adapted with permission from
ref. 47. Copyright 2019, Wiley-VCH. (c) In combination with conven-
tional dressings, the unidirectional drainage capacity of hydrophobic—
hydrophilic self-priming dressing is fabricated for clinical wound
healing.?® Adapted with permission from ref. 20. Copyright 2018,
Wiley-VCH. (d) The monolayered Janus membrane could prevent
blood backflow at the end of intravenous transfusion.>* Adapted with
permission from ref. 59. Copyright 2022, Wiley-VCH.

moisture fabrics that could drive sweat transport unidirectionally
through surface energy or anisotropic structure gradients.®”***

Wang's group prepared a hydrophobic/superhydrophilic
polyester/nitrocellulose textile that can achieve directional
liquid transport and maintain human body temperature
(Fig. 4b).*” Our group fabricated a monolayered self-supported
porous PES membrane by a phase transformation method.>*
The membrane has a special asymmetrical micro-nano pore
structure on relative surfaces to realize unidirectional droplet
penetration under low pressure, which can be used as a “liquid
diode”. Ding's group proposed a kind of bionic micro-nano
fiber intelligent moisture absorption and sweat drainage fabric
(a porous Murray membrane).*® This porous Murray membrane
shows anti-gravity directional water transport, hygroscopic
performance and fast-drying performance thanks to its advan-
tage of a surface energy gradient, which can be used for
continuous sweat draining to provide comfort for the human
body in motion.

In addition to being applied to smart textiles, unidirectional
liquid penetration also has wide application value in biomed-
ical dressings. It is well known that too much biological fluid
around wounds can cause infections and prevent them from
healing. To solve this problem, Wang's group fabricated a kind
of hydrophobic-hydrophilic self-priming dressing,*® due to the
asymmetric surface wettability, excessive biological fluid can be
transported unidirectionally from the wound, eventually accel-
erating the wound healing process, which lays the foundation
for the development of a new generation of dressings for clinical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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wound healing (Fig. 4c). Liu's group developed a monolayered
Janus membrane, which could prevent blood backflow at the
end of intravenous transfusion (Fig. 4d).”> And Zhao's group
reported a porous polyethylene membrane with anisotropic
wettability, which could possess superior radiative cooling
ability without perspiration.*

4.2 Selective separation

Directional transport of monolayered porous membranes can
also be used in selective separation, and many researchers have
created superhydrophobic-hydrophilic membranes to improve
oil penetration behaviour during oil/water separation, allowing
oil to penetrate quickly.'*>***

Inspired by the cross-flow penetration behaviour of fish gills,
our group proposed a method for oil-water separation through
the hydrophilic gradient membrane (Fig. 5a).’® As the oil-water
mixture flows in parallel on the hydrophilic surface, the water is
gradually filtered through the pores, while the oil is repelled,
transported, and finally collected and stored. This selective
separation behaviour can have a good protective effect on the
gradient membrane, which shows good antifouling performance.

Similarly, Liu's group prepared a Janus film consisting of
hydrophilic (polyamine) and superhydrophobic (PDMS)
surfaces,'™ which can separate oil from oil-in-water emulsions.
And when the oil fills the superhydrophobic porous holes, it can
prevent further water penetration and promote oil transportation,
which plays a great role in promoting the separation of crude oil
and in other fields. In addition to oil/water separation, Alshareef's
group reported a nanoporous membrane with good permeability
and ion selectivity, which could provide a promising approach for
ion exchange, osmotic energy extraction, and other selective
separation applications.'® Li's group demonstrated a covalent
organic framework monolayer porous membrane for selective ion
penetration, which could achieve an extremely low membrane
resistivity and ultrahigh ion conductivity.'*®

4.3 Intelligent response

Up to now, the application of monolayered porous membranes
for gating has also been extensively studied.'*”** Gating is

RRRRRA NI

Open state

LILILIL

Closed state

g=0 111118 8=0 1111158
Fig. 5 (a) Inspired by fish gills, a hydrophilic gradient membrane can
be used for oil-water separation.’®® Adapted with permission from ref.
105. Copyright 2017, American Chemical Society. (b) Controllable
penetration of liquid by a magnetically responsive micro/nano porous
composite membrane.**® Adapted with permission from ref. 118.
Copyright 2022, Royal Society of Chemistry.
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a promising application as a method of simple operation with
high stability."*>™** The synergy between the inherent property
(surface wettability and geometry) and external fields (thermal,
stretch, electric and magnetic field, etc.) enables dynamically
adjustable selective liquid penetration and separation.>**'>*¢

Ferrofluid, a kind of intelligent liquid, can adjust the surface
topography under the action of a magnetic field, which can be
used as intelligent liquid gating to control liquid transport on
demand.?"7"**° For example, our group prepared a magneti-
cally responsive switchable surface. By injecting magnetic
liquid into the micro/nano porous composite membrane, the
pore structure on the membrane surface can be quickly closed
and opened by a magnetic field, meaning the liquid transport
process can be interrupted and restarted (Fig. 5b)."*®

Tian's group reported magnetic nanofluidic gating (MGN)
based on the integration of a superhydrophilic membrane and
a reconfigurable ferrofluid, and realized control over the
nanochannel by adjusting the spatial configuration of the fer-
rofluid, in which the reconfigurable shape of the ferrofluid can
be used to control ion transport.**

Sheng's group created an elastomeric microporous
membrane-based system, in which surface pore size can be
adjusted by stretching, which could be used to dynamically
control and modulate gas/liquid transport (Fig. 6a).'** And
Zhang's group developed a double-sided synergetic Janus textile
for reversible unidirectional water transportation and adjust-
able thermal convection upon temperature change, which could
be used in more smart textiles to address maximum personal
comfort in demanding situations (Fig. 6b)."**

In addition, control by an electric field over the direction of
liquid transport has also been widely studied: for example,
Ryu's group reported electrowettability based on graphene-
coated metal mesh to achieve electrically responsive liquid
transport by adjusting the position of the corresponding voltage
and electric field (Fig. 6¢).**° Therefore, due to the advantages of

Fig. 6 (a) An elastomeric microporous membrane-based system is
created to dynamically control and modulate gas/liquid transport.*®
Adapted with permission from ref. 121. Copyright 2018, Advancement
of Science. (b) A Janus textile for reversible unidirectional water
transportation and adjustable thermal convection upon temperature
change.*?? Adapted with permission from ref. 122. Copyright 2020,
Wiley-VCH. (c) Electrowetting behavior on graphene-coated metal
mesh, which can transport liquid by an electric field.**® Adapted with
permission from ref. 120. Copyright 2016, Springer Nature.
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easy control and high efficiency, the responsive gating tech-
nology is expected to be applied in the fields of new functional
interface materials, such as energy power, biotechnology,
micro-sensors and display technology.

5. Conclusion and outlook

To date, impressive progress has been achieved in the areas of
monolayered porous membranes from materials and methods
to next-generation unidirectional devices. In addition to mate-
rials technology, membrane materials are developing into
mature platforms that serve a wide range of applications, such
as separation and penetration, wearable smart fabric products,
unidirectional transport, responsive gating and other fields.
This article has reviewed research progress into gradient mon-
olayered porous membranes in recent years. The classification
of porous membranes was introduced first, and common
fabrication methods were further featured. Finally, recent
applications of monolayered porous membrane were summa-
rized, which will boost development in this significant research
area. However, as a young and exciting research field, mono-
layered porous membranes still present challenges, such as
spontaneous liquid transport in the positive direction usually
meaning weak penetration resistance in the reverse direc-
tion."**** Therefore, it is urgent to improve the strategy to
fabricate monolayered porous membrane with spontaneous
unidirectional penetration behaviour. And constructing an
anisotropic gradient structure is a promising protocol to further
improve the performance of existing membranes, which will
open up new development opportunities for materials science
and technology. Moreover, gradient monolayered porous
membranes require further advances as a tool for the develop-
ment of functional applications, such as unidirectional ion
regulation, and seawater salinity gradient energy generation.
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