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Bioinspired materials for water-harvesting:
focusing on microstructure designs and the
improvement of sustainability

*ab

Fan Zhang®® and Zhiguang Guo

In recent years, environmental pollution issues have gradually increased the cost of obtaining clean water for
humans. Inspired by natural creatures, collecting water from the atmosphere has become a hot research
topic. Herein, a theoretical model regarding the transportation behavior of water droplets and the water-
harvesting mechanism of three classic organisms are summarized. Then, the microstructure design methods
of the water-collecting surface are discussed, such as the one-dimensional structure inspired by spider silk
and cactus, the two-dimensional structure inspired by Namib desert beetles, and the composite structure
inspired by multiple creatures. In addition to improving the collection efficiency through microstructure
design, the sustainability of the water-harvesting materials is also crucial, which is rarely reported.
It is meaningful to provide references on how to improve the mechanical stability, chemical stability, and
antibacterial properties. Finally, conclusions are drawn and some prospects for the future development

rsc.li/materials-advances

1. Introduction

In the natural and socio-economic system, the shortage of fresh
water has always restricted the rapid progress and development
of mankind."” Since the 21st century, global climate change,
population growth, river siltation, large-scale water intake,
and rising pollution levels have placed multiple pressures on
water resources, aquatic organisms, and terrestrial ecosystems
worldwide.®'*> With the excessive growth of population and the
continuous enhancement of the greenhouse effect, fewer fresh
water resources can be used directly by humans.” > Globally,
freshwater mainly comes from glaciers, lakes, rainfall, ground-
water, etc."® Although the total amount is sufficient, due to the
imbalance of time and geographical distribution, the distribu-
tion of freshwater in different regions is vastly different,
resulting in serious water shortages in some parts of the world.
According to statistics, 71% (4.3 billion people) of the world’s
population, such as in India, Egypt, and Saudi Arabia, is facing
moderate or even severe water shortages.'” Therefore, obtaining
more clean fresh water resources has become a hot topic that
needs to be urgently solved today.
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of bionic water-collecting materials are proposed.

In recent decades, seawater desalination technology has
been widely used in freshwater collection in arid areas.'®™>?
However, due to the high cost and geographical limitations,
it cannot be widely promoted. It has forced people to develop
a new way of collecting water to address the supply of clean
drinking water for billions of people. Fog is a kind of water
resource present in the air and its total amount accounts for
about 10% of the storage capacity of all freshwater lakes on
Earth.>® Collecting water from fog can greatly alleviate the water
shortage problem for those living in arid areas. Due to the
evaporation of oceans, rivers, and lakes, the air is rich in water
vapor, which flows to arid areas and encounters cold air that
condenses into tiny droplets.>* Scientists have found that in
nature, there are many organisms that can effectively trap the
tiny droplets in the air to survive in arid regions,>>® such as
the Namib desert beetle living in desert areas.”® The back of
this creature has a unique wettable structure and morphology,
consisting of alternating patterns of hydrophobic shell and
hydrophilic bump, which helps to capture moisture from the
air containing fog droplets to meet its daily survival needs.
Inspired by nature, the research on bioinspired materials came
into being and became a hot topic.**™** In the past ten years,
it has made great achievements.”® According to the previous
literature, by imitating the micro-nano structure, morphology,
and wettability of organisms such as spider silk, cactus, and
desert beetles, a variety of design and preparation methods of
bioinspired water collection materials have been produced.**™*°
Exploring and imitating the water collection mechanism of
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different organisms are the best ways to design high-efficiency
bioinspired water collection surfaces. However, sustainability is
a key factor that restricts their development.””*® The existing
water catchment surface is extremely fragile and cannot withstand
the harsh natural environment. Due to the long-term humid
environment, the safety performance of the collected water also
needs to be evaluated. Therefore, it is necessary to discuss how
to extend the service life and improve the safety performance of
the water collection surface.

In this review, the background and historical development
of fog collection are first outlined. In the second part, the
theoretical model regarding the transportation behaviour of
water droplets and the water-harvesting mechanism of three
classic organisms are summarized. Then, according to the
different mechanisms, different microstructure design methods
are classified, including one-dimensional structure, two-dimensional
structure, and composite structure. In addition to improving the
water collection efficiency through the structural design, we have
also paid special attention to the sustainability of the water
collection surface. The methods for improving the mechanical
stability, chemical stability, and antibacterial properties are
discussed for the first time. Finally, the conclusions of this
review are drawn and the future development of biomimetic
water collection materials is put forward.

2. Basic theories and natural
organisms in water harvesting

Water harvesting is the collection and use of small water
droplets floating in the air. The process can be roughly divided
into three parts, namely, the capture, transportation, and storage
of water droplets. The capture and transportation process of
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water droplets is strongly related to the surface wettability, which
is mainly determined by the surface chemical composition and
surface roughness. Many theoretical models related to surface
wettability have been developed, including Young’s contact
equation®® (Fig. 1a), Wenzel model®® (Fig. 1b), and Cassie
model®" (Fig. 1c). They explain how roughness affects the wetting
state of water droplets on solid surfaces. Surface wettability plays
a decisive role in the capture process of droplets. When the solid
surface is hydrophilic, the droplets are in the Wenzel state and
are easier to adhere to the solid surface. However, due to the
pinning effect, it needs to overcome greater resistance to fall off
the surface. On the contrary, liquid droplets in the Cassie state
are relatively difficult to adhere but help to continuously refresh
the mist-collection surface. In the process of droplet transport,
studies have found that small water droplets captured on the
biological surface always spontaneously move from one end to
the other, which is called the directional movement of water
droplets, which is exactly the key to the water harvesting process.
There are two basic theoretical models, namely, surface energy
gradients and Laplace pressures, which explain the water harvesting
mechanism of directional droplet transport.

2.1. Basic theories

2.1.1. Surface energy gradient law. Surface wettability is a
key factor in controlling the contact state between water droplets
and solids.>>* The apparent surface energy of the hydrophilic area
is always higher than the apparent surface energy of the hydro-
phobic area and the liquid always tends to move from the low
surface energy area to the high surface energy area. The law of
surface energy gradient is as follows (Fig. 1d).>*

Ly
F= J y(cos 0, — cosl,)d/ 1)

L,

Water drop

'€ Laplace pressure

Fig. 1 Different wetting behaviours of the solid surface: (a) Young's model, (b) Wenzel's model, (c) Cassie’s model, (d) surface energy gradient, (e)

Laplace pressure. Reproduced with permission.2> Copyright 2010, Nature.
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where 7y is the surface tension of water, cos 0, and cos 0, are the
forward and backward contact angles of water, respectively, and
d/ is an integral variable along the length of the low surface energy
region (hydrophobic region L1) to the high surface energy region
(hydrophilic region L2). When the contact angles at both ends of
the droplet are inconsistent, the difference in the contact angle
drives the droplets to move from the high contact angle area to the
low contact angle area. It should be emphasized that the difference
in the contact angle is only the appearance and the energy gradient
is the essence.

2.1.2. Laplace pressure equation. After observing the water
collection process of natural organisms, scientists found
that the asymmetrical geometric shapes at both the ends can
promote the directional movement of water droplets. The
Laplace pressure equation is as follows (Fig. 1e).>

AP = JQL sin fd 2)
B rl(r + R0)2 -

Here, r is the local radius of the spindle knot or cone, R is the
radius of the droplet, y is the surface tension of water, f is the
half-apex angle of the spindle knot or cone bottom, and z is
the integral variable from the tip to the base. The Laplace
pressure of the water drop at the low curvature part (base, at r2)
is smaller than the Laplace pressure of the high curvature part
(tip, at r1). The water droplets move spontaneously from the tip
to the bottom, driven by the Laplace pressure difference.

The combination of surface energy gradient and Laplace
pressure is the main driving force for the directional movement
of water droplets in the fog collection process, which helps the
droplets to transform from the captured state to a usable state
without additional energy input, thus greatly speeding up the
fog collection efficiency.

2.2. Natural organisms

2.2.1. Namib desert beetle. In nature, many organisms
have the ability to collect water from air.>®*” In 2001, Parker
and Lawrence discovered a species of beetle that lives in the
Namib Desert.”® This beetle collects drinking water from winds
containing fog. When the beetle collects water, it tilts its body
forward, spreads its wings, and exposes the dorsal shell with
many bumps to the wind (Fig. 1a). After chemical tests, it was
proved that these uneven surfaces are composed of a waxy
region of a hydrophilic portion and a non-waxy region of a
hydrophobic portion (Fig. 1b and c). The diameter of the small
water droplets in the air is about 1-40 mm,>* which are
captured by the hydrophilic bumps on the back of the desert
beetle under the action of wind. Then, lots of water droplets
gather and grow until they cover the entire bump. When the
ratio of the mass of the water drop to the surface contact area
increases rapidly, the capillary action is not enough to support
the weight of the water droplet. Under the effect of gravity of the
water droplet, it departs from the hydrophilic protrusion and
rolls onto the back hydrophobic channel, and continues along
the hydrophobic channel, sliding down and falling into the
mouth of the desert beetle.
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The temperature of the Namib Desert is close to 40 °C in
sunlight. At this temperature, the water droplets on the back of
the desert beetle are successfully collected instead of being
vaporized, which proves that the rate of collecting water on the
back of the beetle is greater than the rate of gasification.
It shows that the strategy of preparing bioinspired water
collection materials by imitating the alternate wettability model
on the back of the desert beetle is successful. Nowadays, more
and more researchers are focusing on alternating wetting
surfaces and have produced many artificial water-collecting
materials based on desert beetles.>®*°

2.2.2. Spider silk. Spider silk has excellent mechanical and
chemical properties. Every morning, the surface of spider silk is
stained with water droplets and distributed evenly, which has
inspired people to develop new water collection materials.
In 2010, Zheng et al.>® completely revealed the mechanism of
water collection on the spider silk surface by analysing the
surface morphology (Fig. 2d-f). The puff with a certain periodi-
city is separated by two main axes, which are composed of
spider silk nanofibrils. These nanofibrils exhibit a high degree
of hydrophilicity, which are conducive for capturing small
water droplets in the air. The hydrophilic puff gradually bulges
with the increase in the mass of water droplets, forming a
periodic spindle knot (Fig. 2d), which is an important reason
for the moistened spider silk to be able to collect water
directionally. Subsequently, the main function of the spindle
knot is no longer to condense water but to collect water and the
joints become the main condensation point. The enlarged
images of the spindle knot and joint images are shown in
Fig. 2e and f, respectively, showing highly random nanofibrils.
The water droplets condensed on the joint spontaneously move
to the spindle knot under the action of surface energy gradient
and Laplace pressure. Water collected in this way cannot
eventually be collected in the same place but is evenly distri-
buted on the spindle knot of the spider silk, causing the entire
spider web to get wet.

2.2.3. Cactus. The desert cactus lives in arid areas that
lack groundwater (Fig. 2g), which survives on its unique water
collection function. In 2012, Ju et al.* revealed a new way of
natural water collection by observing cactus in the Chihuahua
Desert. The enlarged view of the cactus under a scanning
electron microscope shows that its structure is mainly divided
into three parts, namely, the barbed tip, the spine with gradual
grooves, and the trichomes (Fig. 2h). The water droplets
condense and grow at the tips of the spines and barbs, then
move to the bottom under the influence of Laplace pressure,
and are finally absorbed by the hydrophilic trichomes. There
are many gradual grooves on the spine of the cactus (Fig. 2i and j),
which cause the surface free energy to gradually increase from the
tip to the bottom of the spine. It is another directional driving
force on the surface of the spine. The water droplets collected at
the bottom of the barb (Fig. 2k) move directionally from
the spine tip to the bottom under the combination of surface
energy gradient and Laplace pressure. The highly hydrophilic
trichomes quickly absorb and store water droplets from the
spine. It promotes the continuous transportation of water

This journal is © The Royal Society of Chemistry 2020
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(a) Image of the back of the Namib Desert Beetle. (b) SEM image of the depressed areas are marked by the staining (waxy, colored), while the

peaks of the bumps remain unstained (wax-free, black). (c) The SEM image of the textured surface of the depressed areas. Reproduced with permission.?®
Copyright 2001, Nature. (d) The periodic spindle-knots linking with the joints. (e and f) Enlarged image of the spindle knots and joints. Reproduced with
permission.2> Copyright 2010, Nature. (g) The optical image of cactus. (h) The SEM image of the spine divided into three regions, the tip with oriented
barbs, the middle with gradient grooves, and the bottom with belt-structured trichomes. (i and j) Gradient grooves. (k) The barbs. Reproduced with

permission.*> Copyright 2012, Nature Communications.

droplets and reduces evaporation. The unique asymmetric struc-
ture and gradient wettability of the cactus spines are important
reasons for the efficient water collection ability of the cactus,
which provides inspiration to researchers for preparing water
collection materials.

3. The microstructure designs

Inspired by nature, bioinspired materials are widely used in
the field of water harvesting. For example, by imitating
the microstructure of spider silk, cactus spines, and desert
beetles, the corresponding bionic one-dimensional surface,
two-dimensional surface, and three-dimensional composite
structure are designed. Here, we briefly review some strategies
for designing biomimetic water collection materials.

This journal is © The Royal Society of Chemistry 2020

3.1. Bionic one-dimensional surface

3.1.1. Bionic fibers. The periodic spindle knot possessed
by moist spider silk is a key factor in its ability to successfully
collect water. By imitating spider silk, scientists success-
fully prepared a series of bioinspired artificial spider silk
(BAS).>*°1%2 Bai et al.®® used the dip coating method to produce
a series of BASs with spindle junctions, in which the chemical
composition and surface nanostructure were cleverly designed.
When nylon fiber was immersed in the polymer solution and
pulled out horizontally, due to Rayleigh instability, a string of
polymer droplets fell on the fiber and became spindle knots
after drying (Fig. 3a). Bai first produced fibers with rough
PMMA (intrinsic contact angle of 68.4°) spindle junctions and
smooth PMMA joints. It was observed that tiny water droplets
randomly coagulated and were driven towards the spindle knot

Mater. Adv., 2020, 1, 2592-2613 | 2595
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Fig. 3 (a) Artificial fibre manufacturing process with spindle structure. Reproduced with permission.®’ Copyright 2011, Wiley-VCH. (b) The preparation
method of ASPF. Reproduced with permission.”® Copyright 2020, Wiley-VCH. (c) Relationship between the droplet size and velocity on the fibres with
rough PMMA spindle knots. Reproduced with permission.® Copyright 2010, Wiley-VCH. (d and e) Relationship between the size of the spindle knot on
the BAS and the volume of water collected. Reproduced with permission.®* Copyright 2011, Wiley-VCH.

until larger droplets were combined. Then, the same method
was used to produce hydrophobic rough PS spindle knots.
Unexpectedly, the droplets generated on the hydrophilic PMMA
fibers were also driven towards the hydrophobic PS spindle
knots. In order to eliminate the effect of roughness, the fibers
were treated in a solvent atmosphere and the movement of
water droplets on the smooth hydrophobic PS spindle knots
and hydrophilic PMMA spindle knots were observed. The
results showed that the water droplets were still driven
towards the spindle knots. At the same time, they also proved
that the size of the droplet was proportional to its moving
velocity (Fig. 3c¢). This work compared the force of surface
energy gradient and Laplace pressure. The water droplets
overcame the force of surface energy gradient and moved
from hydrophilic area to hydrophobic area under the action
of Laplace pressure. But the data seemed worthy of further
discussion. The Laplace pressure was controlled by the size
and curvature of the spindle knots, and the force of the
surface energy gradient was controlled by the difference in
the water contact angle between the spindle knots and fibers.
These factors should be used as single variables to observe the
motion state of water droplets on the bionic fibers so as to

2596 | Mater. Adv., 2020, 1, 2592-2613

compare the strength of surface energy gradient and Laplace
pressure.

In addition, in order to study the effect of spindle knot
geometry on the water collection capacity, Bai®* used different
solution viscosities, solution surface tensions, and fiber extrac-
tion speeds to produce four different sizes of BAS. All BASs had
the same length and contained four main shaft knots, which
were at a similar distance from each other (Fig. 3d). These BASs
were placed under the same conditions for the water collection
test and it was found that BAS with large spindle knots would
collect more water than BAS with small spindle knots (Fig. 3e).
Hou et al.® further studied the effect of the periodicity of
spindle knots on the suspension performance. They found that
BAS had a higher water collection capacity than ordinary fibers
so that the collected tiny droplets were quickly transported to
form larger water droplets at a given location. In addition, due
to the greater length of the three-phase contact line (TCL), the
BAS with two spindle knots had greater suspension capacity than
the BAS with a single spindle knot. Huang et al.®® proposed new
models of capillary adhesion based on the roughness and
curvature characteristics of the wetted spider silk spindle knots,
which was conducive for the adhesion of larger pearl-like water

This journal is © The Royal Society of Chemistry 2020
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droplets. The force of capillary adhesion could be improved by
changing the roughness and curvature of the spindle knot.
In addition, in the work of Tian, Wang, Chen, Hou et al.,®>*" "%
different coating polymers, fiber fineness, hump diameter, and
distance between the knots was studied to determine the water
collection performance. They found that increasing the fiber
diameter, spindle knot size, and periodicity all extended the length
of TCL, resulting in higher volume thresholds to promote greater
water droplet aggregation.

In a recent study, Hu et al.”® used an all silk protein fiber
(ASPF) with periodic knots as the main fiber of BAS. ASPF was
lighter than synthetic polymer and the corresponding water
collection performance reached the highest level than the
bionic fibers reported before. The degummed silk fibers were
highly water-absorbent. After surface modification, the formed
spindle knots helped them to collect water directionally. During
the preparation process, the fibers were immersed horizontally
in the eMaSp2 Spidroin solution with a concentration of
10% and then pulled out steadily, which formed a film
(Fig. 3b). Due to Rayleigh instability, the film split into tiny
droplets distributed along the fiber. It was placed in a con-
trolled environment for methanol vapor treatment and the
ASPF with eMaSp2 bionic spindle knots was obtained. Signifi-
cant surface energy gradient was produced between the eMaSp2
knots with porous surface and fibers, which helped to enhance
the stability of TCL. In the water collection test, compared with
the maximum volume threshold of 2.2 pL reached by the
degummed silk fibers at 250 s, ASPF reached 6.6 pL at 690 s,
which was three times that of degummed silk fibers. The water
collection efficiency was expressed by the volume mass index
(vIMI) of the fiber mass and the ASPF was found to be
100 times higher than the highest reported water collection
efficiency. The weight of the PVDF-coated nylon fibers were
252 times than ASPF** but it could only collect twice the volume
of water (13.1 pL). It is worth mentioning that the water
collection efficiency of ASPF is relatively high in the initial
stage but it cannot achieve a continuous spontaneous process.
After reaching the maximum water collection capacity, the
water droplets hang on spindle knots and can only be removed
slowly by gravity, which affects the subsequent water collection
process.

Bionic fiber is a one-dimensional water-collecting material
that is easy to prepare. By optimizing the curvature of the
spindles on the fibers, chemical gradients, and roughness
gradients, tiny water droplets can be captured and pushed in
a controlled direction. When the amount of water reaches
saturation, the strength of the fibers is also a factor that has
to be considered. However, the arrangement of the spindles on
the bionic fibers is relatively scattered and the collected water
droplets are distributed on the entire fiber, making it difficult
to obtain continuous water flows. The cactus thorn with conical
structure is another highly efficient one-dimensional water
collection material, which inspired new design ideas to achieve
continuous water collection.

3.1.2. Conical structure. The unique structure of the cactus
(such as the spines with gradient grooves and barbs at the tips)

This journal is © The Royal Society of Chemistry 2020
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and the coordination between the spines and the trichomes are
the keys to its successful water collection.*® The droplets deposit
on the barbs and spine tips, gather under Laplace pressure, and
move towards the middle of the spine. There is a gradient groove
in the middle of the spine, which causes the water droplets to be
simultaneously subjected to the force generated by the surface
energy gradient along the ridge. These two forces together drive
the water droplets to move directionally towards the trichomes.
In order to achieve the same water collection function, scientists
have prepared a series of cactus-inspired conical structures.”"””?
Cao et al.”* have developed an improved organic solvent-free
magnetic particle-assisted molding (MPAM) technology that can
mass produce cactus-like microtips in a short period of time.
The array of hydrophobic conical tips composed of PDMS and
MP, together with the hydrophilic cotton fabric, constitutes a
mist collection system. The tiny droplets are deposited on the
conical tip and move to the hydrophilic bottom under the action
of Laplace pressure. During the atomization process, the fusion
of tiny droplets will release their surface energy, which is also
conducive for the movement of the water droplets on the
hydrophobic surface. Heng et al.”> prepared a ZnO wire with
many branches to simulate the directional micro barbs on the
spine of the cactus. All wires have a conical shape and their
diameter gradually increases from the tip to the root. In the
water collection test, the average amount of water collected by
the artificial structure is 1.4-5.0 times that of the cactus, showing
good water collection efficiency.

Ju et al.”® manufactured a conical copper wire (CCW) with
gradient wettability through gradient chemical etching and
subsequent gradient chemical modification. By comparing
the movement of the droplets on the hydrophilic CCW and
the hydrophobic CCW, it was found that the CCW with gradient
wettability has a higher droplet collection rate. For hydrophilic
surfaces, droplets have a faster transport rate. But after removing
the previously collected water droplets, the surface is easily
covered by a liquid film. Compared with the dry surface, the
water droplets in the mist flow are more likely to rebound when
colliding with the liquid film, which results in a slow droplet
growth rate.”” In contrast, the hydrophobic surface has a faster
droplet growth rate and a slow transport rate (Fig. 4c). Gradient
wettability CCW has a gradually decreasing wettability from the
base to the tip, which makes it possible to combine the above
two advantages to create an efficient water collection device.
In the follow-up work, in order to study the impact of the
arrangement of the cone array on the water collection efficiency,
Ju made PDMS cone arrays with different arrangements (Fig. 4b).”®
Among them, the hexagonal cone array has a larger deposition
area and tiny water droplets will not only deposit on the windward
side of the cone but also on the upwind side (Fig. 4a), which makes
it more efficient than the quadrilateral cone array (Fig. 4d). These
works discussed in detail the influence of the wettability of the
conical structure on the water collection capacity. The conical
structure with gradient wettability gave the water droplets extra
driving force and accelerated the transportation speed, which
was a huge improvement and provided a new direction for
future defogging tasks.
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Fig. 4

(a) Fog flow route around the conical array with hexagonal arrangement. (b) Hexagonal and quadrilateral PDMS conical arrays. Reproduced with

permission.”® Copyright 2014, Wiley-VCH. (c) The effect of the apex angles of three different CCWs on the fog collection behaviour. The dotted and solid
lines represent the droplet growth rate and movement rate, respectively. Reproduced with permission.”® Copyright 2013, Wiley-VCH. (d) Under the same
conditions, the comparison of the mass of water collected on four different surfaces. The surface with hexagonally-arranged cones shape has the highest
fog collection efficiency. Reproduced with permission.”® Copyright 2014, Wiley-VCH.

In fact, manufacturing a controllable multi-spine array is
challenging and traditional methods are difficult to meet the
requirements for preparing high-performance fog collection
materials. In recent research, based on 3D printing technology,
Li et al.”® manufactured a water collector with miniature bionic
branch spines and controllable wettability, and developed
composite materials to post-process it, resulting in excellent
water collection performance. By observing the performance of
the spine at different tip angles (10°, 20°, 30°, 40°, 50°) during
the water collection process, it was found that the spiny spine
with a sharp angle of 10° had the highest water collection
efficiency (Fig. 5c). At the same time, the superhydrophobic
nanomaterials were sputtered on the surface and it was found
that the water-collecting efficiency of the cactus-simulated
thorn with a superhydrophobic coating is much higher than
that of the 3D printed cactus-simulated thorn without a coating.
The reason is that the directional transport of the collected
water droplets on the superhydrophobic nano-coating is bene-
ficial for refresh the water droplets at the deposition site,
thereby achieving continuous movement. After studying the

2598 | Mater. Adv., 2020, 1, 2592-2613

number and arrangement of the branch clusters of the cactus-
simulated spiny array, it was found that the surface with four
branch cluster arrays had the best water collection efficiency
after rotating and moving (Fig. 5a, b, d). This design, based
on 3D printing technology, has high efficiency and low cost,
and the device can be easily expanded for large-scale water
collection in the future. Benefitting from chemical corrosion or
3D printing technology, bioinspired materials with conical
structures have been manufactured by a fog-harvesting method
similar to that of the cactus, which is attributed to the surface
energy gradients and Laplace pressure. Among them, metal
wires and polymers are both optional materials. However, these
conical shapes are easy to break. The water collection perfor-
mance of the equipment will be greatly reduced as the surface
coating falls. In the future preparation processes, attention
should be paid to maintaining the mechanical durability and
chemical durability.

Compared with the bionic fiber, the preparation process of
the bionic cone structure is more complicated. However, it can
realize the continuity of the water collection process. The water

This journal is © The Royal Society of Chemistry 2020
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(a) The water collection process for different arrangements of multi-branched spines with time; optimized 1,2,3 represent the surface with the

rotation of multi-branched spines, the movement of multi-branched spines, and the rotation and movement of multi-branched spines, respectively.
(b) The water collection process for different number of branched-spine structures with time. (c) Water masses collected by cones with different tip
angles with time. (d) The collected water masses for different arrangements of multi-branched spines over time. The surface of optimized 3 with coating
has the highest water collection efficiency. Reproduced with permission.”® Copyright 2020, Wiley-VCH.

droplets are captured at the tip and then spontaneously move
to the substrate, forming a continuous water flow. On the
contrary, the water droplets on bionic fibers just stay on
the spindle knots and cannot be fully utilized. In general, the
bionic one-dimensional surface is fully exposed to the fog
flow, which can maximize the utilization of the structure. After
solving the problem of insufficient strength, the bionic one-
dimensional surface is likely to be applied on a large scale.

3.2. Bionic two-dimensional surface

The study of bionic two-dimensional surfaces was inspired by
Namib Desert beetles. The design of integrating the hydrophobic
area and the hydrophilic area into the same two-dimensional
surface improves the water collection efficiency, which is
referred to as alternating wettability surface in the following.
The water capture,®® water supply,®* and water removal®* are
the three processes on alternating wettability surface, whereas
surface wettability, surface structure, and hydrophilic-hydro-
phobic distribution ratio are three factors that affect the water
collection efficiency.®® According to the distribution of surface

This journal is © The Royal Society of Chemistry 2020

wettability, the bionic two-dimensional surface is divided into
the following four types: hydrophilic-superhydrophobic surface,
superhydrophobic-hydrophilic surface, hydrophilic-superamphi-
phobic surface, and Janus membrane, which will all be explored
below in detail.

3.2.1. Hydrophilic-superhydrophobic surface. The droplets
from the wind may be caught when they collide with the super-
hydrophobic surface. The uniform superhydrophobic surface
allows the droplets to maintain high CAs and spherical shape.
However, these droplets are unstable and randomly roll on
the superhydrophobic surface, which can only be removed by
gravity. Gradient and patterning are two important directions
in the regulation of the wettability of solid surfaces, which is
a common method to realize the directional movement of
droplets.®* Wetting gradient refers to the continuous change
in the wettability of the surface. On the wetting gradient
surface, the contact angles of the front and back of the droplet
are different, pushing the droplet to move in a more hydrophilic
direction. Patterning refers to the construction of a special
shape wettability pattern on a solid surface. The wedge-shaped

Mater. Adv., 2020, 1, 2592-2613 | 2599
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wettability pattern is more commonly used to control the
direction of droplet movement. On the wedge-shaped patterned
surface, the generated Laplace pressure allows the droplet to move
from the wedge-shaped tip to the wedge-shaped wide end.®*"%®
Song et al.®® combined PDMS and graphene (PDMS/G) to
design a smart surface with a sharp shape that could be used
for water collection, proving that the geometric pattern and
wettability coordination were the key to the directional move-
ment of the droplets. They used spin coating to prepare a
superhydrophobic PDMS/G layer on a superhydrophilic glass
substrate. Different templates were covered on PDMS/G and the
blade was used to cut off the hydrophobic surface under the
template to prepare a series of fog collection surfaces with
surface energy gradient and shape gradient. In the fog collec-
tion test on different wettability surfaces, it was found that the
fog droplets collected on the superhydrophilic surface easily
formed a water film, which prevented subsequent droplets
from being collected. In contrast, on the superhydrophobic
surface, individual fog droplets agglomerated into large droplets
and were retained on the surface. In the square, tip-shaped, and
circular pattern surfaces, the water droplets could be clearly
observed to move from the hydrophobic region to the hydrophilic
region (Fig. 6a). Compared to the square and round patterns,
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water droplets moving on the tip-shaped pattern were driven by
additional Laplace pressure, which resulted in the tip-shaped
patterns collecting more water (Fig. 6b). The conclusion was
consistent with what Bai had previously obtained.*® It should be
added that Bai also discussed the effect of the area distribution
ratio of the hydrophilic region to the hydrophobic region on
the water collection efficiency, and concluded that the area and
shape of the hydrophilic pattern would affect the water collection
efficiency.

Apart from engraving hydrophilic patterns on hydrophobic
surfaces, the other solution is to grow hydrophilic protrusions
directly on the hydrophobic surface. According to Aizenberg’s
research, the bulges on the back of the desert beetles optimized
rapid local droplet growth by gathering the vapor diffusion flux
at the apex, proving that the specific topography on a smooth
surface could effectively promote water condensation and
enhance the vapor diffusion flux.*>°*°' Zhong et al.®*® proved
by flow field analysis that these protrusions could change the
dynamic pressure distribution above the surface and concen-
trated the fog flow around the protrusions, which could greatly
increase the growth speed of the droplets. The results clearly
show that a combination of special surface chemistry and
surface morphology can design more effective fog collection
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(a) Fog collection processes on different surfaces (b) fog collection efficiencies of various surfaces. The hydrophilic-superhydrophobic surface

with tip patterns exhibited the highest fog collection efficiency. Reproduced with permission.®® Copyright 2018, Royal Society of Chemistry. (c) The
fabrication process of SC, SSC, and SSTC Fabrics (d) spraying coating TiO, sol onto SSC by controlling the distance between the nozzle and fabrics (e) the
weight of water collected by different fabrics in 1 hour. SSTC-11 showed the highest water collection efficient. (f) The water collection start time of
various fabrics. Reproduced with permission.®? Copyright 2016, American Chemical Society.
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surfaces. Wang et al.”> dip-coated SiO, NPs onto bare cotton (C)
fabric (SC) by controlling the surface roughness and surface
energy, and formed a superhydrophobic SSC fabric after OTES
treatment. Finally, a layer of TiO, nanosol was sprayed. Under
the effect of interfacial tension, the nanosol on the super-
hydrophobic surface produced light-induced superhydrophilic
protrusions, thereby forming the SSTC (Fig. 6c). These TiO,
protrusions with wettability gradient and shape gradient could
accelerate the coalescence and collection of the water droplets.
A series of SSTCs with different spraying distances were manu-
factured, which had different coating amounts and domain
sizes of TiO, (Fig. 6d). Comparing the weight of water collected
by different fabrics after 1 hour and the collection start time,
it was found that SSTC-11 (the spraying distance was 11 cm)
collected the most water (Fig. 6e) and started the collection
process faster (Fig. 6f).

In general, by constructing hydrophilic tip patterns and
protrusions on superhydrophobic surfaces, the droplets are
driven directionally under the influence of surface energy
gradient and Laplace pressure, showing better water collection
efficiency than surfaces without surface chemical gradient.
It should be noted that the area ratio of the hydrophilic region
to the hydrophobic region is also the key to the efficiency of
water collection.

3.2.2. Superhydrophobic-hydrophilic surface. In addition
to constructing hydrophilic-superhydrophobic surfaces, con-
structing superhydrophobic-hydrophilic surfaces is also feasible
for fog harvesting. However, as far as we know, this method is
rarely mentioned. From the perspective of nucleation growth, the
hydrophilic surface is conducive for droplet nucleation growth.
Theoretically, the nucleation density of droplets on a hydrophilic
surface may be an order of magnitude greater than that on a
hydrophobic surface, and this is also confirmed from the data
collected.®>°*** The hydrophilic surface also has a much larger
coalescence rate than the hydrophobic surface, which is reflected
in the rapid growth rate of the droplets. It can be explained by
three reasons:” First, due to the low contact angle, compared to
the hydrophobic surface, the droplets exhibit a larger contact area
in hydrophilicity, which reduces the effective distance between
the droplets and promotes the merging of droplets. Second,
higher nucleation density causes the droplets to coalesce faster.
Third, on some hydrophobic surfaces using lubricants, small
water droplets may form a coating layer at the water-air
interface, which forms non-coalesced droplets. However, as
the coalescence process continues, if not removed in time,
the droplets will easily form a water film on the hydrophilic
surface. Due to the low heat transfer of the water film, it is
difficult for the droplets in the mist to continue to condense.
It even rebounds from the surface of the water film.”” In contrast,
the hydrophobic surface has a higher contact angle and a lower
initial nucleation rate but the sustained steady-state coagulation
rate is higher.’® From the point of view of droplet removal,
it is much easier for a droplet to leave hydrophobic surfaces
than hydrophilic surfaces. Water droplets behave as continual
dropwise condensation on superhydrophobic surfaces. The
surface energy released when the droplets coalesce is another

This journal is © The Royal Society of Chemistry 2020
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force that drives the movement of the droplets except gravity.””>°
In particular, during steam condensation, the force can even
cause the droplets to leave the surface in a jumping form.'°%%*
In addition, the adhesion of the hydrophobic surface is generally
low; the droplets in the form of spheres are less resistant to rolling
on it, which is beneficial for refreshing the water collection
surface."® In the directional movement of droplets, it is impor-
tant to reduce the resistance to movement. On the hydrophilic
surface, water droplets are in the Wenzel state, which strengthens
the pinning effect and is not conducive for the movement of the
droplets.'® The pinning of the rear end of the droplet is the
source of resistance of the droplet movement and is related to
the pinning phenomenon of the contact line. It will cause the
droplets to slow down or even make the contact line completely
pinned to the surface, which can only be spread forward and
cannot be completely moved.

Yin et al.'® solved the problem that the droplets on the
hydrophilic surface could not be refreshed in time by con-
structing a superhydrophobic copper mesh on the hydrophilic
surface. The hydrophobic copper mesh surface with polytetra-
fluoroethylene (PTFE) nanoparticles was deposited by femto-
second laser direct writing technology and then the treated
copper mesh was closely combined with a hydrophilic copper
sheet (Fig. 7a). Compared with other samples (original copper
mesh (hydrophobic), original copper sheet (hydrophilic), treated
copper mesh (superhydrophobic), and original copper mesh
sheet (hydrophobic-hydrophilic)), the treated copper mesh-sheet
exhibited enhanced water collection rate (WCR) (Fig. 7b). At the
same time, changing the mesh number of the copper mesh and
the inclination angle of the substrate, it was found that the
sample using the 40-mesh copper mesh at an inclination angle
of 90° showed the highest WCR and the WCR decreased with the
increase in the mesh number (Fig. 7d). Driven by the wettability
gradient, the droplets deposited on the superhydrophobic copper
mesh moved to the hydrophilic copper plate and grew up. Due to
the high contact angle on the copper mesh, the droplets with a
diameter exceeding the copper mesh would easily fall under the
action of gravity (Fig. 7¢).

The superhydrophobic-hydrophilic hybrid surface effectively
balances the adsorption and removal processes of the droplets,
opening up a new way for constructing hybrid water-collection
surfaces on hydrophilic substrates. However, compared with the
hydrophilic-superhydrophobic surface, the WCR displayed by this
water collection method is not as high as that of the former. One
point that can be improved is to get an optimal wettability
combination by changing the difference in the contact angle
between the hydrophobic copper mesh and the hydrophilic
surfaces. In addition, the timely removal of water on hydrophilic
surfaces will greatly improve the collection efficiency of super-
hydrophobic-hydrophilic surfaces.

3.2.3. Hydrophilic-superamphiphobic surface. Superamphi-
phobic surface refers to a surface with a contact angle of more
than 150° with water and oil.'®® In natural conditions, the fog
collection surface may be contaminated with dust and grease,
which may cause the local wettability of the system to be changed
and the water collection performance will be adversely affected.

Mater. Adv., 2020, 1, 2592-2613 | 2601
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The application of superamphiphobic surface is expected to solve
this problem.'® Wang et al.®” prepared a series of internally
developed chain-shaped nano-SiO, superamphiphobic coatings
mixed with various hydrophilic particles for fog harvesting. The
five different particles were SiO, nanoparticles, hydrophobic
SiC particles, SiC particles wrapped with PAA, SiC particles
wrapped with PVA, and SiC particles wrapped with KH550. The
corresponding water collection surfaces were called SOS, SCS,
SAS, SVS, and SHS. These particles coated with hydrophilic
polymer were composed of hydrophilic and hydrophobic
regions; thus, their water contact angle was higher than that
of the polymer. After spraying these particles on the hybrid
surface, the water/oil contact angle and rolling angle of
different surfaces were measured respectively, as shown in
Fig. 8a and b. The water and oil contact angles of all hybrid
surfaces were greater than 150°, and the rolling angles were less
than 5°, which indicates that the hybrid surface showed
excellent superhydrophobicity and superoleophobicity. When
conducting the condensation test, it was found that the
coated particles had better nucleation ability than the uncoated
particles. This was due to the increased wettability of the
hydrophobic SiC particles when they were coated with the
hydrophilic polymer, which gave the surface enhanced droplet
nucleation ability. In addition, in the water collection test, the
SAS surface showed the highest water collection efficiency
(Fig. 8c). Fig. 8d shows the enhanced droplet nucleation and
droplet removal mechanism on the hybrid surface. The surface

2602 | Mater. Adv., 2020, 1, 2592-2613

energy released by the droplets during the coalescence of the
vertical surface overcomes the dissipation of viscosity (Ey;s) and
work of adhesion (E,). Under the action of gravity, the droplets
easily left the surface in the form of jumping, which greatly
enhanced the droplet removal ability. The combination of high
nucleation and droplet removal efficiency resulted in excellent
water collection rate on the SAS surface.

When discussing the influencing factors of WCR, the rolling
angle (RA) should not be ignored. This work proved that when
RA was less than a special value, WCR and RA were positively
correlated. In addition, compared with the hydrophilic-super-
hydrophobic surface, the hydrophilic-superamphiphobic
surface can effectively resist oil pollution. It provides an impor-
tant reference for the production of oil-proof, self-cleaning
water collection surfaces.

3.2.4. Janus membrane. Both sides of the Janus membrane
have different properties.’”” """ In interface chemistry, the
most commonly used method is to make a Janus membrane
with different wettability, such as a hydrophobic-hydrophilic
Janus membrane. Compared with traditional membranes,
Janus membranes significantly reduce the energy loss of water
droplets during transportation. Due to the surface tension and
hydrophobic effect of water, the water droplets always remain
spherical on the hydrophobic side. Under the capillary force,
water droplets enter the other side of the membrane through
small holes. The water droplets are quickly pulled from the
hydrophobic area to the hydrophilic area under the effect of the

This journal is © The Royal Society of Chemistry 2020
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wetting force gradient, thereby achieving spontaneous direc-
tional transportation.'*® The process is irreversible; thus, the
Janus membrane is also called “liquid diode”,'** which
has important applications in the fields of water collection,'®*
oil-water separation,'**™""” membrane distillation,"*®'"® and
120,121 The preparation of water collection equipment
should meet some requirements: relatively hydrophobic
surfaces, rapid transport of water droplets, rapid surface
refresh, and rapid collection.'*” Due to its unidirectional trans-
mission mechanism, the Janus system helps the water droplets
to quickly transport and release dry surfaces, which greatly
improves the efficiency of fog collection.

Cao et al.'*® made a hydrophobic-hydrophilic cooperative
Janus system by combining hydrophobic copper mesh-modified
with dodecyl mercaptan and hydrophilic cotton. The system
proved that the Janus system could effectively increase the water
transportation speed and reduce the water re-evaporation rate.
In addition, making the system into a 3D cylinder could prevent
the collector from being disturbed by the direction of fog flow
and successfully complete the water collection process at any
location. Zhou et al."*® proposed a micro/nano-conical spine and
Janus membrane-integrated system (MNCS + JM) by combining
the cactus spine and Janus system. In this system, MNCS was
covered with rough micro-nano structures, which imitated the

Sensors.

This journal is © The Royal Society of Chemistry 2020

a high nucleation rate and excellent droplet removal efficiency. Reproduced

cactus to collect the mist droplets, while the Janus membrane
transported the aggregated droplets to the other side. The
droplet collection process could be divided into the following
steps: tip capture, transmission and coalescence on the stem,
and penetration on the JM (Fig. 9a). The fog droplets collided
with the spine and were captured by the tip. Due to the gradient
of curvature, the droplets at the tip of the MNCS were driven by
the Laplace pressure to move to the end and merge (Fig. 9b).
When they touched the hydrophobic surface of the JM, the
hydrophobic force (Fyr) would prevent the droplets from
permeating but the more powerful hydrostatic pressure (Fyp)
generated by the wettability gradient drove them to move
quickly from the hydrophobic side to the hydrophilic side.
In addition, the water droplets released the surface energy
when they reached the JM, which was also conducive for the
efficient penetration of the droplets (Fig. 9c). In the water
collection test, by adjusting the contact angle range of the
hydrophilic surface of JM and the effective length of MNCS, it
was found that the increase in the hydrophilicity of the hydro-
philic side of JM and the decrease in the length of MNCS could
further optimize the water collection efficiency. Comparing the
relationship between the droplet circulation rate and the water
collection rate, the water collection rate was roughly propor-
tional to the droplet circulation rate. The faster the circulation

Mater. Adv., 2020, 1, 2592-2613 | 2603
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speed, the higher the water collection rate. Importantly, the
water collection rate could also be increased by increasing the
number of MNCS spines.

Zhong et al."** integrated a nano-scale hydrophobic-hydro-
philic alternately wettable surface with the Janus system
through simple liquid line modification to obtain enhanced
water collection capacity. Through the ammonia etching method,
the copper mesh was modified into a superhydrophilic copper
mesh covered with Cu(OH), nanoribbons, which was then
immersed in the 1-octadecanethiol/ethanol mixed solution
(Fig. 9d). By controlling the modification time, the sample
placement position, and the mixed solution concentration, four

2604 | Mater. Adv., 2020, 1, 2592-2613

types of Janus copper mesh with different surface wettabilities
were prepared: SHH/SHH, (HH + HB)/HH, SHB/SHB, and HH/HH,
where SHH, HH, HB, and SHB represent superhydrophilic, hydro-
philic, hydrophobic, and superhydrophobic, respectively. In the
mist collection test, it was found that the (HH + HB)/HH mode JM
had the highest water collection rate. The advantages of HH-HB
alternately wettable surfaces have been discussed previously. The
water droplets deposited and coalesced on the HB point, and
then moved to the HH point and penetrated to the other side
under the action of the asymmetric wetting force. The rapid water
removal method was independent of gravity and more effective.
In summary, the integration of different mechanisms on a copper

This journal is © The Royal Society of Chemistry 2020
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mesh showed enhanced capture, transmission, and removal of
fog. Compared with the amount of water collected by the corres-
ponding superhydrophilic membrane, the enhanced JM’s water
collection rate increased to 800%. Compared with the alternating
wettability surfaces discussed earlier, the water droplets received
an additional driving force on the surface of the Janus membrane.
Hydrostatic pressure and capillary force cooperated with the
asymmetric wetting force to drive water droplets to penetrate from
one side to the other. The method accelerated the transfer process
of the water droplets and helped the fog collection surface to
remain dry, thereby realizing the continuity of the fog collection
process. During the preparation process, it should be noted
that the difference between the thickness of the hydrophobic side
film and the wettability at both ends is the key to the droplet
penetration rate.

In a word, the bionic two-dimensional surface is a mature
microstructure design for fog collection. To improve the WCR,
it is essential to modify the two-dimensional surfaces into
alternating wettability surfaces. In addition, patterning and
structuring help the water droplets to obtain additional Lapla-
cian driving force. First, the WCR of the gradient wetting
surface with special patterns and structures is significantly
higher than that of ordinary hybrid surfaces. Secondly, the area
ratio of the hydrophobic region to the hydrophilic region is an
important factor influencing WCR and the superhydrophobic-
hydrophilic mode should be considered preferentially. Finally,
the timely removal of water adhered to the surface is a key
step for improving the WCR. The unidirectional penetration
of water droplets in the Janus system is conducive for the
continuous refreshing of the fog collection surfaces; thus, great
attention should be paid when manufacturing the bionic two-
dimensional fog collection surface.

3.3. Three-dimensional composite structure

Fog droplets must undergo multiple processes during water
collection and a single mechanism often cannot suit the needs
at the same time. For example, the deposition speed of water
droplets on hydrophilic surfaces is very fast but due to the low
contact angle, it is easy to form a water film and hinder the next
round of water collection.® Water droplets are spherical on the
hydrophobic surface, which are easy to coalesce with the
surrounding droplets to form large droplets but the nucleation
speed is relatively slow. Three-dimensional composite struc-
tures greatly improve the fog collection efficiency by integrating
the advantages of these mechanisms.

Zhang et al.'®® integrated the water collection mechanism
of spider silk and cactus to prepare a three-dimensional fiber
network (N3;D) decorated with nano-cones. The fiber network
was woven from hydrophobic lightweight nylon and then
hydrophilized ZnO nano-cones were grown on the fiber network.
During the water collection process, the water droplets were
captured on the hydrophilic ZnO nano-cones, which were quickly
moved from the tip to the base and fibers under the drive of
the Laplace pressure difference. The continuous process made the
nano-cones covered with a film of water (Fig. 10a). When the
thickness of the water film reached a certain value, due to Rayleigh
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instability, it would automatically decompose into droplets and
most of the droplets formed a rapid continuous water flow on the
hydrophilic nano-cone (Fig. 10b). The water flow gathered on the
fiber network; as the weight increased, water droplets auto-
matically fell off the N;D surface (Fig. 10c). It is a novel water
collection mechanism that speeds up the capture and trans-
portation of fog droplets. Compared with the conventional
intermittent water collection method, the method achieved
an automatic continuous water collection process. Under the
same conditions and time, the water collection of N;D was
2-3 times that of the original net. Within two hours, the mass
of water collected using N3;D reached more than 240 times the
mass of the mesh sample itself and the maximum collection
efficiency reached 865 kg m™2 per day. The result shows that
after integrating multiple mechanisms, the application of N;D
in the water collection equipment can effectively improve the
efficiency.

Hueta combined the asymmetric structure of the cactus
spines and the alternate wetting structure of the desert beetle to
design a hybrid membrane with an asymmetric microscopic
topology and anisotropic wetting. The hybrid membrane was
composed of a hydrophilic nanoneedle layer and a hydrophobic
nanofiber layer (Fig. 10d). Polyvinylidene fluoride-co-hexa-
fluoropropylene (PVDF-HFP) nanofibers (PNFs) were covered
on the copper mesh by electrospinning to form a hydrophobic
nanofiber layer. Then, through electrochemical anodizing
treatment, a layer of hydrophilic Cu(OH), nanoneedles (CNN)
was obtained. By changing the electrospinning time and electro-
chemical anodizing time, the length of CNN and the water
permeability of the hybrid membrane could be controlled. There
were two modes to defog the hybrid membrane (Fig. 10e). One
was that the droplet touched the interweaving area of CNN/PNF.
Due to the hydrophilic and asymmetric shape of the copper
needle, the droplets were transported to the bottom of the CNN
under the influence of Laplace pressure and directly absorbed by
the copper mesh. The other mode was that the droplets were
captured by the hydrophobic PNF and slowly coalesced to grow.
When the edge of the water droplet touched the CNN, it was
quickly absorbed by the CNN grid under the influence of the
hydrophilic capillary force and the Laplace pressure difference.
These two processes were irreversible because the Laplace
pressure and gradient wetting force prevented the collected
water from passing through the PNF grid micropores. In the fog
collection test, the optimal electrospinning time and anodizing
time were 5 minutes and 10 minutes, respectively. The corres-
ponding water collection efficiency was 0.116 g min~* cm ™,
which has been an excellent efficiency value in recent years.

According to Krishnan’s research, water droplets were
simultaneously subjected to the force of capillary and wetting
gradient in the plant microchannel, allowing rapid passage and
transmission.'”” Wang et al.”® combined the water collection
mechanism of cactus and Sarracenia to achieve drop-by-drop
capture and ultra-fast water transmission. Sarracenia has a
layered micron/nano scale structure, which can be applied for
the directional transport of water. Because of its unique layered
microchannel organization of trichomes, the water transfer
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(a) The process of forming a water film on nano-cone clusters. (b) Due to Rayleigh instability, the water film automatically decomposed into

droplets and most of the droplets formed a rapid continuous water flow on the hydrophilic nano-cone. (c) Water flow gathered at the intersection of
fibres, sliding off under the action of gravity. Reproduced with permission.'2> Copyright 2019, American Chemical Society. (d) lllustration of the CNN/PNF
hybrid membrane. (e) Two modes of hybrid membrane defogging. Reproduced with permission.?® Copyright 2019, Royal Society of Chemistry.
(f) Design illustration of the spider web-like fog collector based on 2D SBHC and the alike fog collector based on the 3D SBHC. Reproduced with

permission.”® Copyright 2020, American Chemical Society.

speed is three orders of magnitude faster than that on the
cactus spine and spider silk."*® A series of spine (SBHC) with
barbs and grading channels on the surface of the copper sheet
were created by laser direct construction technology to simulate
the thorns of cactus and Sarracenia (Fig. 10f). Compared with
the spine with barbs and grooves (SBG), the spine with hier-
archical channels (SHC), and the spine with only barbs (SB),
SBHC exhibited the best defogging performance. There were
eight barbs distributed on the spine of each SBHC unit, and
layered microchannels with high and low ribs were distributed
on the surface of the spine and aligned with the barbs. There
were two possible ways to transport water droplets on the
surface of SBHC. One was the transmission along the dry
layered channel and the other was the slip along the wet water
film. The rough surface of the graded microchannel greatly
enhanced the wettability of the microchannel, which resulted
in a strong capillary force on the concave meniscus between
the spine and the barb. The capillary force and the Laplace
pressure together drove the rapid transport of water droplets.
96 SBHC units were integrated with a spider web with a
diameter of 5 cm to form a 2D SBHC mesh water collector.
Due to the ultra-fast water transfer speed, the water droplets

2606 | Mater. Adv., 2020, 1, 2592-2613

deposited on the SBHC unit are quickly transported to the
center of the web and slide down under the action of gravity.
The WCR of 2D spider web-like fog collector reached
0.08 mL min~". Correspondingly, making 96 SBHC units into
a 3D cactus-like fog collector could also achieve spontaneous
rapid water collection; the WCR was 0.09 mL min ™. It indicates
that the SBHC fog collector that integrated the micro/nano
channel and the asymmetric structure of the cactus spine success-
fully obtained fast water transmission speed and excellent WCR.

The above data shows that after combining the water
collection mechanism of spider silk, cactus, desert beetle, and
bottle grass, the corresponding WCR was greatly improved.
However, most of the existing water collection surfaces only
combined two mechanisms. To obtain higher WCR, water collec-
tion equipment with more mechanisms should be explored.

In summary, we discussed the water collection mechanism
and design method of bionic one-dimensional surface, bionic
two-dimensional surface, and three-dimensional composite
structure. In the one-dimensional structure, the water collec-
tion mechanism of bionic fibers and asymmetric conical struc-
tures is relatively simple, and the corresponding WCR is low.
The hydrophilic-hydrophobic mode on bionic two-dimensional

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00599a

Open Access Article. Published on 07 September 2020. Downloaded on 7/14/2025 10:04:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

surfaces provides a strong driving force for water droplets,
which is conducive for the directional movement of water
droplets. At the same time, the WCR is also improved due to
the larger fog collection area. The three-dimensional composite
structure integrates a variety of water collection mechanisms,
which results in faster water transportation speeds and higher
WCR. A composite structure is the most potential way to
improve the fog collection efficiency in the future. The working
environment of the water collection equipment is extremely
harsh, requiring high reliability and recyclability. Next, we will
focus on how to improve the sustainability of the water harvesting
surface as it helps to design and prepare water collection equip-
ment with excellent natural tolerance.

4. Sustainability of the water collection
surface

The water collection equipment may be subject to various
challenges from harsh natural environments. It may be con-
taminated by dust in the wind, abraded by sands, corroded by
acid rain, polluted by the proliferation of bacteria, and age due
to long-term ultraviolet radiation. In order to resist these
threats and maintain high water collection efficiency, the water
collection surface must be sustainable. Here, we discussed how
to improve the mechanical stability, chemical stability, and
antibacterial properties of the water collection surface.

4.1. Mechanical stability

The hydrophobic area is an indispensable part of the water
collection surface. It helps the droplets to maintain a spherical
shape on the surface, which is beneficial for the droplet growth
and removal from the surface. However, most of the hydro-
phobic surfaces with microscopic surface morphology show
poor mechanical stability and their fragile surface texture can
be easily removed even by rubbing with fingers.'*® It is very
detrimental to the water collection process because the destruc-
tion of the hydrophobic surface micro-morphology means the
lack of hydrophobicity, which may cause the surface wettability
to change from hydrophobic to hydrophilic and the water
collection efficiency will also be greatly reduced.'®*® The devel-
opment of mechanically durable hydrophobic surfaces is
very important for extending the life of the water collection
equipment. At present, there are a few superhydrophobic
surfaces that exhibit mechanical durability. After experiencing
sand impact,’”""*""'** tape peeling test,"** wiping with a soft
cloth,”*>™"37 and abrasive paper,’**'*° the water droplets
still maintained a high contact angle. Unfortunately, these
stabilities cannot last too long and after a large cycle value,
the hydrophobicity will still decrease.

Wang et al'*' constructed a superhydrophobic surface
with an armored structure through a hierarchical scale. The
superhydrophobicity was provided by the nanostructure and
the microstructure provided the robustness. The microstruc-
ture was a micro-inverted pyramid-shaped cavity fabricated on
a silicon substrate by photolithography and encapsulated
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fluorinated nanoclusters that provided superhydrophobic silica.
When the armored structure was exposed to external forces, the
interconnected microstructures blocked objects larger than the
frame size, thereby protecting the nanostructures (Fig. 11a).
The mechanical stability of the microstructure was determined
by the geometry. Generally, increasing the angle o between the
side wall of the microstructure and the substrate is a method
for improving the structural stability but it also increases the
liquid-solid contact fraction (f™<™), which affects the surface
hydrophobic properties. When « was 120°, the mechanical
stability and hydrophobic performance reached the best balance
point. On repeatedly scraping the surface with a steel knife, the
nanostructure maintained a high degree of integrity. It was worth
noting that abrasion removed the fluorinated silane layer on top
of the microstructure, which changed the local wettability of the
surface from hydrophobic to hydrophilic (Fig. 11b). Overall, the
gas-liquid-solid composite interface was very stable, which was
due to the excellent anti-friction performance and mechanical
stability provided by the microstructure (Fig. 11c). In order to
better evaluate the effect of mechanical wear on superhydropho-
bic surfaces, the static contact angle 6* and rolling angle 6, of
the surface before and after wear were measured successively
under different opening widths 7 and f™™ (Fig. 11d and e). The
data showed that the static contact angle of the surface decreases
slightly and the rolling angle increases slightly after wear but,
overall, the surface still maintained a high degree of hydro-
phobicity. Compared with the Cassie-Baxter model, the results
were highly similar, which illustrated that the hydrophobic
performance was not affected by the size of the inverted pyramid
structure and the armored structure could provide excellent
protection for the nanostructure.

In the literature regarding fog collection, there are a few
tests for mechanical durability. Most of the fog collection
surfaces prepared by chemical etching, spraying, 3D printing,
etc., are relatively fragile and cannot withstand mild friction
experiments. The highly wear-resistant hydrophobic armored
structure is expected to be applied in water collection systems
to protect the equipment from outdoor sand erosion, extend
the service life, and improve the equipment stability. In addition,
using wear-resistant substrates and improving the spraying
process are also considered as methods for improving the
mechanical stability.

4.2. Chemical stability

The working environment of water-collecting materials is full
of uncertainty. Environmental pollution may make rainwater
acidic and corrode the surface of the catchment, causing it to
lose its original chemical properties. Long-term exposure to
high temperature and strong ultraviolet rays is also an important
factor that threatens the chemical stability of the water collection
surface. Therefore, a reliable outdoor water collection surface
should have good chemical stability so as to be able to resist a
certain degree of acid and alkali corrosion, high temperature and
low temperature, and strong ultraviolet radiation.*®

Song et al."** developed a mixed wetted surface combining
PDMS and graphene (PDMS/G) on the copper mesh, where the
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(@) The illustration shows the strategy for enhancing the mechanical stability of superhydrophobic surfaces by accommodating hydrophobic

nanostructures in a protective microstructure “armor”. The topology of interconnected microstructures will block abrasion objects larger than the frame.
(b) The mechanism that the armored superhydrophobic surface repels water, before and after abrasion. (c) The illustration shows that the gas—liquid—
solid composite interface remains stable after abrasion. (d) The contact angle before (square symbols) and after (hexagonal symbols) abrasion compared
with the theoretical model. (e) The rolling angle before (red) and after (blue) abrasion. Reproduced with permission.*** Copyright 2020, Nature.

mass fraction of graphene powder was 3.3%. After the PDMS/G
film was deposited on the copper mesh surface by laser etching,
ultrasonic vibration was performed to obtain a mixed wetted
film with gradient wettability. In the corrosion resistance test,
the mixed wetted copper mesh was immersed in 1 M HCl, 1 M
NaOH, and 1 M Nacl solution for 2 hours (Fig. 12a), and then
the wettability (Fig. 12b) and WCR of the sample after corrosion
were tested. The results showed that the surface of the copper
mesh still maintained hydrophobicity. There was almost no
loss of WCR, which remained at 5.26 g cm > h™". It indicates
that the water collection equipment made of the graphene-
based polymer has high corrosion resistance. Zhou et al.'*®
prepared an alternate nanoscale hydrophobic-hydrophilic sur-
face and Janus copper foam system (HB-HL + JCF) for fog
collection by hydrothermal method and photocatalytic reaction.
ZnO nanorods were uniformly grown into nanowires on Cu(OH),
by the hydrothermal method and then some PDMS with low
concentration was grafted onto ZnO nanorods under ultraviolet
light. The layered structure showed enhanced fog collection
ability. In order to test the weather resistance of HB-HL + JCF,
it was subjected to multiple heating and cooling cycles and long-
term ultraviolet irradiation. HB-HL + JCF was placed at a high

2608 | Mater. Adv., 2020, 1, 2592-2613

temperature of 120 °C for 5 minutes, which was then immediately
immersed in water at 20 °C for 2 minutes. After 10 heating and
cooling cycles, it was found that the amount of water collected
and the contact angle changed little. Because of the covalent
bonds between the zinc atoms, oxygen atoms, and silicon atoms,
the surface chemical stability could be maintained. After placing
the HB-HL + JCF hydrophobic layer under an ultraviolet lamp for
36 hours, it was found that the water contact angle was reduced by
10° and the mass of the collected water was reduced by 8.15%.
It showed that HB-HL + JCF still maintained a high WCA and
WCR after being exposed to ultraviolet rays for a long time,
showing excellent UV resistance.

In general, the use of a coating materials with good chemical
stability is helpful in enhancing the corrosion resistance and
weather resistance of the fog-collection surface. In addition,
during the chemical etching or deposition process, it is neces-
sary to ensure that the coating completely covers the substrate
to reduce the possibility of the substrate being exposed to air.

4.3. Antibacterial

When the water collection equipment is applied in a humid
environment for a long time, it may cause microorganisms to

This journal is © The Royal Society of Chemistry 2020
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(a) SEM images of the sample surface before and after immersion in 1 M HCL, 1 M NaOH, and 1 M NaCl solutions for 2 hours. (b) After soaking in

different solutions, the surface wettability of the water droplets on the prepared mixed wetting surface. Reproduced with permission.**> Copyright 2018,
Royal Society of Chemistry. (c) The illustration of alternate wettability layered bacterial-free fog collection surface. (d) Optical photo of bacteria attached
to bare nickel sheets and CB sheets after co-cultivation with E. coli concentration of 107 cells per mL for 2 hours. (e) SEM images of bacteria attached to
bare nickel sheets and CB sheets after co-cultivation with E. coli concentration of 10° cells per mL for 3 days. Reproduced with permission.**® Copyright

2019, American Chemical Society.

adhere and multiply on the surface of the water collection
equipment, which can seriously affect the safety of water,'*344
So far, various antibacterial strategies with different mechanisms
have been proposed.'*>'*® Studies have shown that superhydro-
philic zwitterionic coating is a material that can effectively inhibit
bacterial adhesion.'*” The water layer is tightly bound to the
superhydrophilic surface, thereby preventing bacteria from directly
interacting with the surface and rapidly proliferating. Wen et al."*®
proposed an alternate wettability layered fog collection interface
based on antibacterial needle array (ABN) and desert beetle
(Fig. 12c). Among them, ABN was coated with zwitterionic
carboxybetaine (CB) brushes, which helped to efficiently
capture fog droplets. The CB layer on the needle could promote
the continuous capture of mist droplets and prevent bacterial
contamination. The collected water droplets quickly separated
from the surface of the hydrophobic sheet under the action
of gravity. By changing the surface inclination angle and the
number of CB needles, the WCR could be adjusted. When the
inclination angle was fixed at 60°, ABN exhibited the highest
WCR. In addition, as the number of CB needles gradually
increased, the specific surface area of the water collection
surface also increased, resulting in higher WCR. In order to

This journal is © The Royal Society of Chemistry 2020

test the antibacterial properties of the CB coating, bacterial
adhesion tests were performed on bare nickel sheets and nickel
sheets coated with CB. At an E. coli concentration of 107 cells
per mL, bare nickel sheets and CB sheets were incubated for
2 hours. Optical photographs showed that approximately
542 bacteria adhered to the bare nickel plate (Fig. 12d). Corre-
spondingly, approximately 78 bacteria adhered to the CB plate.
At the E. coli concentration of 10° cells per mL, the bare nickel
sheet and the CB sheet were co-cultured for 3 days. The SEM
images showed no obvious dirt on the CB plate and the exposed
nickel sheet was seriously contaminated by bacteria (Fig. 12e).
The above results showed that the CB coating could prevent
bacteria from directly contacting the surface of the substrate
due to its strong hydration ability, thus exhibiting excellent
antibacterial ability. The technology provides guidance for the
future preparation of anti-bacterial water collection equipment.

In general, to improve the sustainability of the water collection
surface, the design of structure, the choice of materials, and the
preparation process must be considered. First of all, the armored
structure is the most promising way to improve the wear resistance
of water collection surfaces. Although there is little literature in this
field, it is worth trying. Second, choosing right coating materials is

Mater. Adv., 2020, 1, 2592-2613 | 2609
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a direct and effective way to improve the chemical stability and
antibacterial properties. Finally, the preparation process is often
overlooked. However, in electrochemical corrosion, chemical
etching, spraying, and other processes, different parameters
determine the density and thickness of the coating, which have
a great impact on the performance of the water collection
surface.

5. Conclusion and outlook

With rapid population growth and economic development,
water shortage has become a worldwide problem. Therefore,
it is imperative to develop new ways for obtaining fresh water.
Inspired by nature, bioinspired water harvesting materials
have become a research hot topic in recent years. To improve
the water collection efficiency and performance, excellent
microstructure design and sustainability are essential.

In this review, we focus on the microstructure design and
sustainability of bioinspired water harvesting surfaces. According
to different mechanisms, the water collection surface is roughly
divided into three categories: one-dimensional structure, two-
dimensional structure, and composite structure. Among them,
wettability is the key in the droplet capture process. Droplets
deposit faster on hydrophilic surfaces than on hydrophobic
surfaces but hydrophobic surfaces are more conducive for the
continuous refreshing of the water collection process. Laplace
pressure, chemical gradient force, capillary wetting force, and
gravity are several driving forces that water droplets may receive
during transportation. The composite structure combines a
variety of mechanisms, exhibiting faster water transmission speed
and WCR than the one-dimensional structure and the two-
dimensional structure. This is the direction that should be paid
attention to in the future to improve the WCR. In addition, we
conclude that the sustainability of the water collection surface is
mainly manifested in the mechanical stability, chemical stability,
and antibacterial properties. Herein, we have provided a summary
of some previous works, discussing how to improve the durability
and safety. The multi-scale hierarchical structure may help the
water collection surface to improve the robustness. The use of
chemically stable and bacteria-resistant materials as the coating
can effectively resist acid-base corrosion, high temperature,
strong ultraviolet rays, and bacterial contamination.

At present, the research on water collection surfaces is still
at the laboratory stage. To move towards large-scale industrial
applications, several issues need to be resolved. On the
one hand, it is necessary to explore more water collection
mechanisms of natural organisms and to strengthen the theo-
retical research, which is conducive for the development of
water collection materials that are different from existing
mechanisms. On the other hand, the performance of water
harvesting is affected by many factors so that it should be
explored in more depth to provide references for researchers to
improve the water collection efficiency. Moreover, the water
collection rate test is often conducted in a closed environment
where the humidifier provides more than 80% humidity, which
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is different from air humidity in arid areas. Different standards
lead to different water collection rates; consequently, uniform
testing standards have become particularly important. In addition,
while trying to improve the efficiency, the tolerance of the collection
surface in harsh environments should not be ignored. It is
significant to improve the weather resistance and antibacterial
performance of water-collecting materials to prolong the
service life of the equipment. Finally, the commercialization
of bioinspired water collection materials is very important.
At present, due to the complex preparation process and the
lack of production lines, the size and price of commercial water
collection surfaces limit large-scale industrial applications,
which prevent it from being promoted worldwide. Therefore,
purchasing raw materials uniformly, optimizing the prepara-
tion process, and establishing standard production lines are
the most critical steps for producing water harvesting materials
so as to move towards real life applications.

To sum up, the ultimate purpose of water-collecting materials
is to increase the utilization rate of freshwater resources.
Nowadays, they show great potential in microfluidics, biology,
medicine, and other fields. In the future, there are reasons to
believe that bioinspired water harvesting materials will develop
in the direction of lightness, large size, superior performance,
and cheapness, which can bring great convenience to our lives.
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