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Fog collection from atmosphere is an effective way to solve the water resource crisis in arid or semi-arid
areas.
superamphiphobic coating by adding silicon carbide particles to nano-SiO, superamphiphobic coating in
proportion, which shows excellent superamphiphobic performance, high nucleation rate, efficient drop

Inspired by the bumpy surface of the desert beetle, this work provides a beetle-like

removal efficiency and recommendable fog collection effect. In this work, drop removal is facilitated by
the collisions of water droplets between the array sheets, and when the as-prepared samples are placed
parallel to each other and with a space of ~2 mm, the jumping drop collisions between two sample
surfaces could promote the departure of droplets, and the water collection rate of the collision surface
increased by ~217% compared to that of the non-collision surface, which provides a new idea to
promote water droplet removal. This work findings are instrumental in water collection and have wide

rsc.li/rsc-advances

1. Introduction

In recent years, reports reveal that about two-thirds of the world's
population suffers from a serious water crisis," and about 10% of
the fresh water resources are stored in the air.> Then, fog
collection from the atmosphere has been widely considered by
researchers,®® and it is an effective way to overcome water scar-
city in arid and semi-arid areas.”*> Hence, various biomimetic fog
collection materials inspired by the Namib desert beetle,**”
Cactus,'*?® Nepenthes*>* and Spider silk®**” have gained
considerable attention recently. For instance, Chen et al*®
provided a superhydrophilic/superhydrophobic hybrid film
inspired by the Namib desert beetle, and this hybrid film coated
with Ag/TiO, nanoparticles exhibited excellent water collecting
ability. Jiang and Zheng's groups prepared diverse biomimetic
materials inspired by Cactus®?® and Spider silk,*' these materials
demonstrated high water collection efficiency, and, their work
has important implications for water collection in arid and semi-
arid areas. Dai et al.** provided a hydrophilic directional slippery
rough surface inspired by pitcher plants and rice leaves, which
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application prospects in desalination, heat transfer, anti-fogging and other fields.

showed high-density nucleation and rapid drops removal, and
exhibited high fog collection efficiency.

However, currently reported biomimetic materials often
prepared by reactive ion etching,'*?** electrochemistry,*** pho-
tocatalysis,** photolithography®” and other high cost means.**°
And, these technologies are relatively expensive and are not
conducive to mass production of materials. Furthermore,
researchers mainly focus on superhydrophobic/superoleophobic
property,** droplets transportation,*™¢ oil/water separation**°
and self-cleaning®*** for the materials surface, and how to realize
both rapid nucleation and droplet removal remains an important
challenge. Previous studies have found that constructing appro-
priate hydrophilic regions on superhydrophobic surface could
promote the nucleation and self-repelled jumping removal of
water droplets,® and selfrepelled jumping has become an
important way to remove water droplets from surface.>*** But,
little attention has been paid to the idea that facilitating drops
removal via the collision of jumping droplets. It is worth noting
that, we have reported a superamphiphobic coating with
polymer-wrapped particles (SAS), which demonstrates excellent
water collection efficiency.® But, it has large drop size and drops
between array sheets tend to form water bridges due to its high
surface adhesion, so it is not suitable to promote drop removal by
jumping drop collisions.

In this paper, a method with low cost and easy preparation is
developed to obtain a beetle-like superamphiphobic coating
(BSC), which with high nucleation rate and rapid droplet
removal performance. In this work, silicon carbide (SiC) parti-
cles with size of 7-12 pm were added into a homogeneous nano-
SiO, superamphiphobic paints, and the hybrid paints are then

This journal is © The Royal Society of Chemistry 2020
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uniformly mixed with a stirrer. Subsequently, the hybrid paints
are pressure-sprayed onto substrate surface, and a BSC is
fabricated after dry. Then, the coatings condensation property,
drop removal efficiency and water collection rate are investi-
gated in detail. The results show that the BSC exhibits excellent
dropwise condensation properties and water collection effect.
And furthermore, when the samples are placed parallel to each
other and perpendicular to the horizontal plane, the jumping
droplets between the array sheets are able to collide with each
other. Then, the drop removal efficiency between these two
opposite surfaces is improved greatly. These studies offer
insight for the design of fog collectors, which is important for
developing materials that can be extended to application in
water collection, desalination, heat transfer and other fields.

2. Experimental section
2.1 Reagents and materials

Aluminum sheets (99.95%, ~5 cm x ~5 cm X ~0.3 mm) were
purchased from Shanghai Lianggao Aluminum Co., Ltd
(Shanghai, China) 1H,1H,2H,2H-Perfluorodecyltriethoxysilane
(FAS) was, provided by Quanzhou SICONG New Material
Development Co., Ltd (Quanzhou, China), chained nano-SiO,
sol, deionized water and anhydrous ethanol (EtOH) were
supplied by Nanjing Wangqing Chemical Instrument co., Ltd
(Nanjing, China), tetraethyl orthosilicate (TEOS) and ammo-
nium hydroxide were provided by Sinoharm Chemical Reagent
Co., Ltd (Shanghai, China), and SiC particles (diameter: 7 pm-
12 um, Fig. S1(c)t) were purchased from Hebei Naite Alloy
Welding Rod Factory (Xintai, Hebei).

2.2 Sample preparation

As shown in Fig. 1, the samples were prepared as follows: (1)
chained nano-SiO, superhydrophobic paints were prepared
according to previous reports.*** 80 mL of ethanol and 4 mL of
ammonia hydroxide were added into a beaker, and 1.2 mL of
chained nano-SiO, sol (Fig. S1(a)f) was added to the beaker drop
by drop. Then, 0.6 mL of TEOS was added to the solution, and
0.5 mL of FAS was added to fluoridize the chained nano-SiO,
particles. Then, sealing the beaker and stirring the solution for
24 h to obtain the nano-SiO, superamphiphobic paints
(Fig. S1(b)f). (2) 0.132 g of SiC particles (Fig. S1(c)T) were added to
a beaker with 45 mL of the nano-SiO, superamphiphobic paints.
(3) The mixed paints were stirred with a magnetic stirrer for
~5 min, and then pressure-sprayed onto an aluminum sheet or
glass substrate. After then, a BSC was formed after drying at 80 °C.
After that, the nano-SiO, superamphiphobic paints were sprayed
onto the aluminum sheet or glass substrate (Fig. S21), then dried

Fig. 1 Schematic diagram of sample preparation and fog collection.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

in an oven at 80 °C to obtain nano-SiO, superamphiphobic
coating (Nano), and this sample and the untreated aluminum
sheet (Untreated, Fig. S21) as the control samples in this work.

2.3 Characterization

The surface topographies of different samples were observed via
field emission scanning electron microscopy (SEM, FEI
Company, USA). The water/oil contact angles (for 5 pL deionized
water/oil) and roll angles (for 10 pL deionized water/oil) were
measured using an OCA 15 Pro Contact Angle Meter (Data-
physics Instrument GmbH, Germany). During the condensation
process, pictures of the droplets were captured by a stereo
microscope (Navitar, NY, USA), the schematic diagram of the
condensation test system is shown in Fig. S3.7 In addition,
a Photron FASTCAM Mini UX100 type high-speed camera
(Photron Ltd, Japan) equipped with a Navitar 6000 zoom lens
(Navitar, NY, USA) was used to capture images/movies of the
dynamic droplets. The drop number density and surface
coverage were measured and recorded. During the condensa-
tion process, environmental temperature is 22 £ 3 °C, cooling
stage temperature is 2 °C, and environment relative humidity is
80 £ 5%. The home-made fog collection device is shown in
Fig. 1, and a mimetic fog flow with velocity of ~0.9 m s~ was
produced using a commercial humidifier.

3. Results and discussion
3.1 Morphology and wettability

To explore the surface performance of different coatings, the
microscopic SEM images are shown in Fig. 2. Fig. 2(a) shows the

Fig.2 SEM images of different coatings. (a) SEM image of the Nano. (b)
and (c) are the exist states of SiC particles in the beetle-like super-
amphiphobic coating. (b) Reveals that some SiC particles are exposed
outside the nano-SiO, superamphiphobic coating, and (c) shows that
although some SiC particle are embedded into the nano-SiO, parti-
cles, and partial regions are exposed, which act as the nucleation sites
during the condensation process. (d) Side view of the beetle-like
superamphiphobic coating, and the thickness of the coating is ~21.7
um to ~31.2 um.
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SEM surface morphology of nano-SiO, superamphiphobic
coating, and this image reveals that this coating is a rough
structure with many nanopores. As shown in Fig. 2(b) and (c),
SiC particles exist in two main ways in the coating: Fig. 2(b)
shows that the SiC particles with irregular shape exist on the
surface of nano-SiO, superamphiphobic coating, and the
particle size is 7 um-12 pm. At the same time, Fig. 2(c)
demonstrates that although some of SiC particles embedded in
the nano-SiO, superamphiphobic coating, and partial regions
of SiC particles are exposed. Therefore, the SiC particles are
randomly distributed in the beetle-like superamphiphobic
coating, and the exposed SiC particles (similar to the bumps of
the desert beetle, the element distribution is shown in Fig. S47)
act as random nucleation sites during the condensation
process. Then, fog harvested by these biomimetic spots in high
humidity environment, and forming droplets that grow and
remove quickly. In particular, there are also many nanoporous
in the beetle-like superamphiphobic coating (Fig. 2(c)), thus,
water/oil drops on the coating could form air-cushion between
the solid-liquid interface, which maintains the droplets in
a stable Cassie state®* on the coating and with excellent
superamphiphobic performance. Therefore, this BSC is not only
helpful for improving nucleation efficiency, but also beneficial
to facilitate water droplets departure.

To study the wettability of different coatings, water/oil
contact angles for the Nano, BSC ans SiC particles are
measured. As illustrated in Fig. 3, water/oil contact angles for
the Nano and the BSC are both more than 150°, while the water/
oil roll angles are less than 5°. Hence, the results show that
these two samples are both superamphiphobic surface, and the
added SiC particles have little effect on the water/oil wettability
of the coating. In addition, water/oil contact angles of the SiC
particles are ~107.6° and ~29.3°, respectively. And further-
more, according to the elements distribution of the BSC
(Fig. S4t), there is very little fluorine (F) on the SiC particles, but
a lot of fluorine on the silica particles. So the BSC is a hybrid
wetting coating that with wettability difference between the SiC
particles and nano-SiO, particles.

3.2 Condensation behaviors

To study the dynamic behaviors of condensate droplets on
different surfaces, we investigated the condensation properties
of different samples. As illustrated in Fig. 4(a), dynamic pictures
of three samples (BSC, Nano and Untreated) during the
condensation process are captured, and robust dropwise
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Fig. 3 Water/oil wettability of different coatings. (a) Water contact
angles and roll angles on the different coatings. (b) Oil contact angles
and roll angles on the different coatings.
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condensation are observed on the BSC and Nano, and the
distribution of droplets varies over time, which show that
droplets on the BSC could also have excellent departure ability.
At the same time, filmwise condensation occurs on the
untreated aluminum sheet (a hydrophilic surface), and droplets
are difficult to departure from this highly adhesive surface.
Furthermore, drop number density and surface coverage for
different surfaces are recorded in Fig. 4(b) and (c). As shown in
Fig. 4(b), drop number density of the BSC are higher than that of
the Nano, and within 30 min, the average drop number density
for the BSC (~4.62 x 10° m™?) is increased by ~150% compared
to that of the Nano (~1.85 x 10° m™2), which illustrates that the
mixed SiC particles enhanced the nucleation rate for the BSC. As
shown in Fig. 4(c), surface coverage for the BSC is higher than
that of the Nano due to its higher nucleation at the early stage.
Then, after 25 min, surface coverage for the BSC is close to that
of the Nano. The reason is that during the condensation
process, droplets coalescence and self-repelled jumping are
captured (Fig. S51), which is beneficial to drops departure and
reduce the surface coverage. However, drops coverage on the
Untreated surface increases gradually as time goes on, and
then, it approaches 100% after 30 min, which reveals that
hydrophilic surface is not conducive to the removal of water
droplets. Therefore, the BSC not only has high nucleation rate,
but also with excellent dewdrop removal performance, which is
beneficial to water collection by drops departure (Fig. S67).

3.3 Fog collection performance

Water collection rate is an important evaluation index for fog/
water collection.”®*® To evaluate the water collection rate of
different samples, we established the following model:

g
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Fig. 4 The captured condensation images, drop number density and
surface coverage of different surfaces. (a) Dropwise condensation on
the BSC and the Nano, and filmwise condensation on the hydrophilic
surface. (b) Variation of drop number density for different samples with
time. (c) Variation of surface coverage rate for different samples with
time.
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where R. represents the water collection rate (g m > h™"), W, T
and S represent the total weight of the collected water (g), fog/
water collecting time (h) and the area fog/water collecting
surface (m?), respectively.

In order to evaluate the drop removal efficiency for various
surfaces, we define the drop removal efficiency as:

We . 100% 2)

Ri= %
W, + W,

where R, represents the drop removal efficiency (%), W, and W,
represent the weight of the collected water (g) and the weight of
the retained water (g), respectively.

To compare the water collection performance of different
samples, water collection rate and retained water of different
samples are tested and measured after 5 hours (Fig. 5). The
results show that the BSC with the highest water collection rate
(~3032 ¢ m~? h™"), which is increased by ~67% and ~81%
compared to that of the Nano and the Untreated sample,
respectively. And, furthermore, the calculated water drop removal
efficiency for the BSC, the Nano and the Untreated sample are
~99.08%, ~99.02% and ~92.89%, respectively. Therefore, the
BSC with more excellent water collection rate and praiseworthy
drop removal efficiency than that of the control samples.

In order to explore the impact of jumping droplets collision
on the removal performance, two glass sheets coated with BSC
(both sides of the sample are coated with the BSC, and the
sample size is ~7.6 cm x ~2.5 cm x ~0.1 cm) are selected to
test the water collection rate. Here, the two samples are verti-
cally fixed in a superamphiphobic container (coated with the
nano-SiO, superamphiphobic coating), and they are parallel to
each other (Fig. 6(a)). Then, the weight of collected water as
a function of time is shown in Fig. 6(b), the results show that
when the space (S) between the two parallel samples is ~2 mm,
and the samples could harvest more water than that of the
samples with other spaces, which exhibit excellent water
collection efficiency (Fig. 6(d)).

To further illustrate the drop collision phenomenon visually,
we used a high-speed camera to capture the drop collision
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5 %57 ' 3 2 2000 z
> 201 '// &2 5 2
B 154 "~ / g 1500 °
© @ o
9 104 v S 1000 £
8 5] i % o
G B 500 &

04 ©
. PSR 2 o0
0 1 23 4 5 Untreated Nano BSC
Time (h)

Fig. 5 Water collection effect for different surfaces after 5 hours test.
In this test, the environment temperature was 22 + 3 °C and the fog
flow speed was ~0.9 m s (a) The weight of collected water for
different surfaces varies over time. (b) Water collection rate and
retained water for different surfaces. Compared with the Nano and the
Untreated sample, water collection rate of the BSC is improved by
~67% and ~81%, respectively.
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behavior between two array sheets. As shown in Fig. 6(c), a drop
with diameter of ~500 pm rolls down along the sample surface,
and some tiny droplets are swept by this drop. Then, the big
drop coalesces with another droplet with diameter of ~400 pm
at 21.25 ms, and the coalesced drop releases surface energy (Es)
to induce the self-repelled jumping (the initial jumping velocity
is ~0.14 m s~ '). After then, at 36.25 ms, the coalesced drop
jump toward the opposite surface and collides with a droplet on
this surface. Then, it forms a larger drop with diameter of ~650
pum and removed by gravity. In addition, multiple droplet
collisions between two parallel samples were also captured by
a high-speed camera (Fig. 7(a), Movie S27), and this phenom-
enon is favorable for water droplet removal.

As shown in Fig. 7(e), a coalesced droplet releases the surface
energy of E; to overcome the dissipation of viscosity (Ey;s) and the
work of adhesion (E,,), then, the residual energy is transformed
into initial kinetic energy (Eyo) to drive the droplet to jump.***

Here, E), obtained by the coalescence of two droplets can be
expressed as:*

Evo=E; — Eyis — Ey (3)

Because the droplets collide with each other many times
between two parallel surfaces, we assume that there exist N (N = 1)
times transformations of kinetic energy. So when the jumping
drop collide with the drops on the opposite surface for the first
time, the merged drop releases surface energy of Ey, and the
kinetic energy of Ey, can be described as:

Evi = Exo + Eni + Eq — Euist — Ev1 — Ea (4)
30
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Fig. 6 Water collection via drops collisions between two parallel
opposite surfaces (collision surfaces). In this test, relative humidity is
close to 100%, the fog flow velocity of ~0.6 ms~tto ~0.7 ms~tand it
does not impact on the sample surface, and the environment
temperature is 22 + 3 °C. (a) Schematic diagram of water collecting
device. (b) The weight of collected water as a function of time, and the
space between the two collision surfaces are various from ~1 mm to
~12 mm. (c) Time-lapse images for droplets jump and collide with
each other to removal between two collision surfaces (S = 2 mm).
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f 10 mm

al
Drops jumping and without collisions

Drops adhesion

Drops jumping and collisions

Fig. 7 Drops jumping and collision phenomenon between two array
sheets and the drop removal mechanism. (a) Drops multiple jumping
and collisions between the two BSC array sheets (S = 2 mm). (b) Drops
form water bridges between two parallel BSC sheets (S = 1 mm). (c)
Drops form water bridges between two parallel SAS sheets (S = 2 mm).
(d)=(f) reveals the drop removal mechanism of array sheets with
different spaces. (d) Reveals that water droplets between the two BSC
array sheets tend to form water bridges, and they adhere to the BSC
sheets when S is less than 1 mm, and (e) shows that when S increases
to about 2 mm, drops jumping and collision between the two sheets
are frequent and drop removal is enhanced. Then, (f) shows that when
S is more than 10 mm, the jumping drops are hard to collide the
opposite surface, and the effect of droplet collision on the drop
removal is not obvious. S0 S = 2 mm is an appropriate parallel spacing
for the two samples.

where Eni, Eyis1, Ew1 and E., represent the change in gravita-
tional potential energy of the merged drop, the dissipation of
viscosity, the work of adhesion and the impact energy
consumption after the jumping drop's first time collision,
respectively. According to eqn (4), we can derive a formula to
express the kinetic energy after N times drops collisions as
follows:

Exn = Exwv—1) t Enn + Esny — Evisy — Egynv — Ecy (5)

Then, the drop jumping velocity of vy can be described as:

3By
= 6
NN 2mRy (6)

Here, Ry and p represent the radius of the merged drop after N
times collisions and the density of water.

Then, our model reveals that the surface energy released by
the coalesced drop can induce droplet jump, and droplets
collisions between the parallel BSC surfaces could promote the
droplet departure, which is beneficial to water collection.

To illustrate the effect of space on water droplet removal,
drop departure behaviors between two parallel BSC sheets with
various spaces were captured, and the drop removal mechanism
is shown in Fig. 7(d)—(f). As shown in Fig. 6(c) and 7(a), when S is
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~2 mm, the collision of water droplets between two array sheets
is obvious, and the water collection rate of the collision surfaces
(~914.7 g m > h™') is increased by ~216% compared to that of
the non-collision surfaces (~288.9 g m > h™'), Fig. 7(e) reveals
that drops multiple jumping and collisions enhanced the water
collection performance. However, it is worth noting that when S
decrease to less than 1 mm, drops between the two array sheets
tend to form water bridges (Fig. 7(b) and Movie S2t), and they
adhere to the inside of the gap due to the surface adhesion (),
which prevents the removal of water droplets (Fig. 7(d)). Next, as
the space between the two array sheets increases (S > 2 mm), the
probability of water drops collision maybe decrease, which
leads to the decrease of drop removal efficiency on the collision
surface. Finally, when S > 10 mm, drops between the two array
sheets rarely collide with the opposite surface (Fig. 7(f) and
Movie S2t), and the water collection rate of the collision
surfaces is close to the non-collision surface. Therefore, an
optimized parameter of S = 2 mm is provided, and our results
show that droplets jumping and collisions between the array
sheets are able to improve the droplet removal efficiency, which
is beneficial to the improvement of water collection efficiency.

In order to compare the removal effect of the BSC sample
with that of the reported coating of SAS,® we further investigated
the drop removal performance between the two SAS samples. As
shown in Fig. 7(c), when S = 2 mm, drops between the two
parallel SAS samples form water bridges due to its high surface
adhesion, which is not conducive to water droplet removal. So
the water collection rate of the collision surface for the SAS
sample is ~542.0 g m~>h ™', and this result is ~41% lower than
that of the collision surface for the BSC sample. Therefore, the
BSC sample is more suitable for drop removal and water
collection by droplets collision, and this finding has a good
application prospect in water collection, desalination and heat
transfer, etc.

4. Conclusions

In conclusion, a simple, low-cost and effective method for
fabricating a beetle-like superamphiphobic coating with effi-
cient fog collection property was presented. The as prepared
sample with excellent superamphiphobic performance, high
nucleation rate, efficient water droplet removal efficiency and
commendable water collection efficiency. Compared to the
nano-SiO, superamphiphobic coating, the average drop
number density of the as-prepared sample was increased by
~150% during 30 min. And furthermore, the water collection
rate for the as-prepared sample was ~67% higher than that of
the nano-SiO, superamphiphobic coating, and ~81% higher
than that of the hydrophilic aluminum surface. In addition,
a novel method to promote the drop removal by the collision of
jumping droplets between two array sheets, and when the
spacing between the two parallel samples was about 2 mm, the
water collection rate of the collision surface was increased by
~216% compared to that of the non-collision surface. There-
fore, we believe that the approach to promote water droplet
removal could be applied in semi-arid deserts and inland areas
for overcoming water shortage problems, and it have wide

This journal is © The Royal Society of Chemistry 2020
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application prospects in fog/water collection, desalination, heat
transfer, anti-fogging and other fields.
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