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Fog collection on a superhydrophobic/hydrophilic
composite spine surfacet

Qier An, 22 Jinshu Wang, 2 *@ Feng Zhao® and Lei Wang*®

Inspired by numerous plants and animals living in arid conditions, a composite surface with the fog
collection capacity has been fabricated in this study. The surface is composed of polydimethylsiloxane-

based spine-arrays and a ZnO micron structure. Two wetting properties are integrated on the surface of

the spine structure; the tip of spine is processed as hydrophilic and other parts such as the root region

of spine and the base are processed as superhydrophobic. When the surface is in the saturated fog flow

with a specific tilt angle, the fog deposits on spines and forms condensed droplets; then, the droplets fall
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off the surface due to gravity. Further, a new cycle of fog collection begins. In this study, we find that the

percentage of the hydrophilic tip in the overall spine structure length, the distance between two spines
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1. Introduction

To survive in an arid environment, numerous plants and
animals evolved special surface structures, facilitating the
collection of water from the fog."” A cactus spine can collect
water from air due to the gradient of Laplace pressure on its
hydrophilic spine.** Spider silks can also harvest water from
humid air using periodic spindle knots.® Desert beetles utilize
their back, which is equipped with hydrophobic and hydro-
philic patterns to collect water from fog.” Taking inspiration
from these unique creatures, many fog collectors based on
anisotropy structure surfaces and structured fibers have been
developed.®™*

In this study, we prepared a composite surface with clusters
of spines and a ZnO micron structure, which perform fog
collection. The idea of the spine structure comes from cactus,
which can collect water from air with the gradient of Laplace
pressure on its spine.’* In our system, the spine structure is
a simple 3D anisotropy structure made of polydimethylsiloxane
(PDMS) through a soft lithographic method. The ZnO micron
structure is used to modify the spine structure for improving the
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and the tilt angle of surface are the key factors for improving the efficiency of fog collection. Such
a composite surface might be an ideal platform for fog collection from air.

surface roughness.”>*® ZnO is a usual metallic oxide with the
advantages of being low-cost, pollution-free, and higher
stability, and also grows easily on the PDMS surface and forms
a variety of micron structures via a hydrothermal treatment."”'®
The temperature of the hydrothermal treatment was lower than
100 °C, which could not damage the PDMS surface.

Moreover, previous studies have demonstrated that the
composite structures of hydrophobic and hydrophilic play
another significant role in designing a fog collection topog-
raphy, such as in desert beetles. Inspired by the fog collection
performance on the back of a desert beetle,* the tip of spine
was made hydrophilic, while the base part and the surface of
substrate were made superhydrophobic. In the previous studies
on spine structures, fog droplets move to the base of spine due
to the gradient of Laplace pressure, and get collected by the
hydrophilic substrate.”® In our study, we have modified the
spine with two wetting properties. The fog droplets easily fall off
from the spine. Then, the surface of the substrate remains dry,
which induce the circle of fog collection faster. In this way,
a highly efficient fog collection surface with a hydrophilic tip
and a hydrophobic base is achieved.

2. Experimental section
2.1 Fabrication of the spine structure surface

A spine-like tool bit was installed on a 3D machine tool. Then,
the tool bit was pressed on a high-density polyethylene (HDPE)
plate to get an HDPE spine-like opposite structure, as shown in
Fig. 1a. PDMS (C,H0Si),, (Dow Chemical Company, 99.99%)
and the curing agent (Dow Chemical Company, 99.99%) with
a mass ratio of 10: 1 were mixed and poured on the HDPE
spine-like opposite structure. The opposite structure was placed

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Fabrication of the composite spine structure surface (CS-
surface). (a) The tool bit is pressed on an HDPE plate to get an HDPE
spine-like opposite structure. (b) The PDMS and the curing agent with
a mass ratio of 10 : 1 are mixed and poured onto the HDPE opposite
structure. (c) The spine structure surface (S-surface) was achieved. (d)
The superhydrophobic S-surface is achieved via a hydrothermal
treatment. (e) The superhydrophobic S-surface is immobilized on
a lifting platform as the tip of spines pointing down, and the hydrophilic
lacquer was dumped into a Petri dish, moving the lifting platform until
the tip of spines are immersed in the hydrophilic lacquer. (f) The
composite spine structure surface (CS-surface), the tip of spine (black)
was processed as hydrophilic, while the base part and surface (white)
was processed as superhydrophobic.

At
\\\\“

in a vacuum drying oven for 20 min to remove the bubbles.
Further, the sample was heated at the temperature of 80 °C for
1 h. The spine structure surface was achieved after peeling off
from the template (as shown in Fig. 1b and c).

2.2 Fabrication of the liquid metal

45 g of gallium (Sigma-Aldrich, 99.99%) and 5 g of indium
(Sigma-Aldrich, 99.99%) were mixed together in a beaker and
stirred for 1 h at 150 °C. Then, a uniform mixing metal liquid
alloy was obtained. Furthermore, after cooling down to room
temperature, the liquid metal (Galn,, alloy) was synthetized.

2.3 Fabrication of the composite spine structure surface (CS-
surface)

A liquid metal (Galn,, alloy) was painted on the spine structure
surface as the crystal nucleus. In traditional crystal growth
methods, crystal seed solution need to be heated at high
temperature to produce crystal seed on the surface. The liquid
metal oxidation layer formed easily on the spine structure
surface as crystal seed at room temperature, which keeps the
base materials from high temperature in the fabrication of
nano-materials.”>** Also, the liquid metal is a kind of alloy with
outstanding fluidity under room temperature.”** So, it is
conveniently painted on the uneven spine structure surface.
Next, 0.22 g of urea (Sinopharm Chemical Reagent Co., Ltd,
99.99%) and 0.74 g of Zn(NOj3),-6H,0 (Sinopharm Chemical
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Reagent Co., Ltd, 99.99%) were dissolved in 100 mL of deion-
ized water and stirred for 10 min until the solution turned
transparent. The solution and the S-surface were transferred
into a Teflon-lined stainless-steel autoclave and heated at 90 °C
for 12 h. After the hydrothermal treatment, the spine structure
substrate with ZnO nanometer-rods was obtained. The ZnO
surface was moved into in a vacuum drier with one droplet of
silicon tetrafluoride (Sigma Aldrich, 99.99%), and was vac-
uumed and heated at 80 °C for 12 h to obtain a super-
hydrophobic plane (shown in Fig. 1d).

Synthesis of a hydrophilic lacquer. 10 mL of a water base
lacquer (Tamiya, 99%), 5 mL of 2-acetoxy-1-methoxypropane
(Sinopharm Chemical Reagent Co., Ltd, 99.99%), 5 mL of
deionized water and 0.1 g of SDS (sodium dodecyl sulfate,
Sinopharm Chemical Reagent Co., Ltd, 99.99%) were mixed and
stirred for 20 min for obtaining the hydrophilic lacquer. The
superhydrophobic S-surface was immobilized on a lifting plat-
form as the tip of spines pointing down and the hydrophilic
lacquer was dumped into a Petri dish (shown in Fig. 1e). Then,
the lifting platform was moved until the tip of spines immersed
in the hydrophilic lacquer, and dried at room temperature for
0.5 h. Thus, the composite spine structure surface (CS-surface)
was obtained, as shown in Fig. 1f.

2.4 Characterization

The topography details were obtained via scanning electron
microscopy (SEM, Hitachi SU8020) under the voltage of 10 kV.
Camera photos were taken by a digital camera (Canon EOS
70D).

2.5 Measurement of wettability

A PDMS plane was cut to be used as substrate; through the
hydrothermal treatment (see Experimental section 2.3), the
PDMS plane covered with ZnO nanorods was obtained. The
plane was moved into a vacuum drier with one droplet of silicon
tetrafluoride (Sigma Aldrich, 99.99%). After being vacuumed
and heated at 80 °C for 12 h, the superhydrophobic plane was
obtained. 5 mL of the hydrophilic lacquer (see Experimental
section 2.3) was moved into a spray gun, and then the lacquer
was sprayed (pressure 0.1 Mpa) on the plane to obtain the
hydrophilic plane.

2.6 Fog collection

The CS-surface was placed in a transparent plexiglass box (size
40 x 30 x 30 cm) with saturated fog flow (humidity 100% by an
ultrasonic humidifier) at a temperature of 24 °C. The fog
collection phenomenon was recorded using a digital camera
(Canon EOS 70D).

2.7 Quantitative experiment

The CS-surfaces with different parameters were cut as 30 x 2 mm.
Then they were placed in the same plexiglass box with the same
experimental conditions as Section 2.6. The volume of collected
droplets was measured using two methods: (1) observed and
calculated the size and number of droplets by digital camera

RSC Adv, 2020, 10, 9318-9323 | 9319
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(Canon EOS 80D). (2) Measured the volume of droplets with
a measuring cylinder.

3. Results and discussion

The optical images of composite spine structure surfaces (CS-
surface) are shown in Fig. 2a. A spine-like structure array was
placed on the surface with controllable distances ranging from
1 mm to 3 mm, height of 4.2 mm and diameter of 300 um. The
SEM images of ZnO micron structures are shown in Fig. 2b and
c. The tip of spine (black) was processed as hydrophilic, while
the base part and surface (white) was processed as super-
hydrophobic (Fig. 2a).

The measurement of the wettability of the CS-surface was
reflected by the planes in Experimental section 2.5. As for the
superhydrophobic plane, the contact angle of the water was
151° + 2.2°. For the hydrophilic plane, the contact angle of the
water was 32° + 1.8° (shown in Fig. S1a and b,} respectively).

The fog collection ability of the CS-surface was investigated
using a saturate fog flow (see Experimental section 2.6). The CS-
surface with a tilt angle is shown in Fig. 2d, the percentage of
the hydrophilic tip (PHT) in the overall spine structure length is
70%, and the distance (d) between two spines is 3 mm. At time
of 30 s, the fog was collected and formed droplets on the
hydrophilic tip of spines. When time was 120 s, the growing
droplets moved towards the base of spines and then fell off the
surface due to gravity. After the droplets had moved away from
the surface, a new cycle of water deposition and collection
began.

Q" <
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Fig. 2 (a) The optical images of the composite spine structure surface
(CS-surface). Spine-like structure array on the surface with control-
lable distances (d) ranging from 1 to 3 mm, height of about 4.2 mm and
diameter of about 300 um. The tip of spine (black) is processed as
hydrophilic (HPi), and the base part and surface (white) is processed as
superhydrophobic (SHPo). (b and c¢) The SEM images of the ZnO
microchip structure. The microchip with a thickness of 300 nm and
a height of 1.5 um is observed. (d) The fog collection ability of the CS-
surface. The fog coalesces to form droplets on the hydrophilic tip of
spines, and the growing droplets move towards the base of spines and
then fall off the surface.
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For more details on the fog deposition and collection
phenomenon, further experiment has been shown in Fig. 3. The
CS-surface was placed at a tilt angle (55°), with the PHT of 70%.
First, the fog deposited on the hydrophilic part and formed tiny
water droplets. As the deposition proceeded, growing droplets
1-5 are shown in Fig. 3a. They moved towards the base of the
spine and formed a larger droplet 6, and this is called “depo-
sition” process. During this process, the gradient of the Laplace
pressure between two sides induced the droplets on the spines
to continuously move towards the base of the spines. This type
of conical shape generated a Laplace pressure difference
between the two opposite sides of the droplet:**~*

R, 2
AP = 7J — T ingd: (1)
Ry (R + RO)

where R is the local radius of the spine (R; and R, are the local
radii of the spine at the two opposite sides of the droplet,
respectively), R, is the drop radius, v is the surface tension of
water, ¢ is the half-apex angle of the conical spine, and dz is the
incremental radius of the spine (as shown in Fig. 3b). The
Laplace pressure on the forepart of spine (small radius R;) was
larger than that on the base (large radius R,). This pressure
differential (AP) within the droplet initiated a driving force that
made the tiny droplets to move from the tip to the base side
along the spine and made up a big droplet.

First, we studied the fog collection phenomenon on a single
spine structure (Fig. 3c-f). The research object was placed at
a tilt angle of 55°, with PHT of 70%. After the “deposition”
process, with the growing of droplet, big droplet moved to the
base of spine and touched the superhydrophobic surface
(shown in Fig. 3c). This movement was called the “down”
process, and gravity now led the movement of droplet. During
the “down” process, the movement of droplet would be
hindered while crossing the hydrophilic-superhydrophobic
border; however, when gravity and AP are larger than resis-
tance, the “down” process continued without any hindrance:***”

Fyown = Ly(cos 6, — cos 6,) (2)
pVgcos a+ AP > Ly(cos 6, — cos 6,) (3)

where Fyown is the resistance on the hydrophilic-super-
hydrophobic border, L is the length of the three-phase contact-
line (TCL), v is the surface tension of water, 6, is the receding
angle of droplets and 6, is the advancing angle of droplets
(shown in Fig. 3d). p and V are the density and volume of
droplet, respectively, « is the tilt angle, and AP is the Laplace
pressure difference.

After the “down” process, droplet subsequently fell off the
CS-surface (“fall” process) when growing beyond a threshold
volume where the droplet weight exceeded the adhesive force on
the hydrophilic tip (shown in Fig. 3e and f):>*”

Fpn = 2Lvy(cos 6, — cos 6,) (4)

pVgsin a > 2Ly(cos 6, — cos 0,) (5)

This journal is © The Royal Society of Chemistry 2020
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b) Deposition

Fig.3 (aand b) The "deposition” process. The fog deposits on the hydrophilic part and forms tiny water droplets 1-5. The gradient of the Laplace
pressure between the two sides causes droplets to move towards the base of the spine, and they coalesce to form a larger droplet 6. (c and d) The
“down” process. A big droplet moves to the base of spine and touches the superhydrophobic surface because of gravity. (e and f) The “fall”
process. The droplet subsequently falls off the CS-surface because of gravity.

where Fy,y is the adhesive force of droplets on the hydrophilic
tip. The length of TCL (L) and volume of droplet (V) depended
on the PHT of spine. From formulae (2)-(5), the tilt angle « and
the PHT were the main factors of “down” and “fall” processes.
The success of the fog collection depended on the smooth
running of the “down” and “fall” processes.

In the next quantitative experiment, the fog collection
performance of a single spine with different PHTs and tilt

Volume (ul)
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500 | 329.5
2884
247.2
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Volume (L)
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Fig. 4 The results of quantitative experiment, the fog collection
performance of a single spine with different PHTs and tilt angles. When
tilt angle is 55°, PHT is 70%, and the fog collection performance got
better.

This journal is © The Royal Society of Chemistry 2020

angles were tested. The samples were placed in a transparent
plexiglass box with saturated fog flow, the efficiency of fog
collection was measured by the volume of collected droplets in
15 min. The results are shown in Fig. 4, when the tilt angle is
closer to 55°, PHT is closer to 70%, and the fog collection
performance got better. From formulae (2)-(5), to ensure the
function of the “down” and “fall” processes, the tilt angle was
55°, which was the same as the quantitative experiment, and the
departing volume of droplet was 10.75 £+ 1.56 pL. As for the
research object with tilt angle was 55°, the PHT = 70% in Fig. 3¢
and e, the volume of droplet was 12.77 £ 1.32 pL when it fell off
the CS-surface. We got the optimal fog collection performance
on this sample, and this result is consistent with that of the
quantitative experiment shown in Fig. 4.

In the result of quantitative experiment shown in Fig. 4,
when PHT was lower than 70%, there was a significant decrease
in efficiency. Lower PHT means smaller droplets, and gravity
had a hard time overcoming the surface tension. The “down”
and “fall” processes were hard to move on, such as for sample
with PHT = 40%, as shown in Fig. S2a.t Moreover, when PHT
was higher than 70%, the efficiency was also decreased. As for
sample with PHT = 90% shown in Fig. S2b,T the volume of the
maximum droplet was 13.45 + 1.21 L, the length of TCL was
much longer because of higher PHT, and the adhesive force also
became larger. From the formula (5), the departing volume of
a droplet was 25.08 £ 3.04 pL, resulting in a difficultly of the
“fall” process. As for a single spine structure, when the tilt angle
was 55°, PHT was 70%, the efficiency of fog collection got better.

RSC Adv, 2020, 10, 9318-9323 | 9321
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Next, we inspected the length of single spine structures, and
the fog collection performance of single spine structures with
different lengths was tested. The tilt angle was 55° and the PHT
was 70%. The test time of fog collection was 15 min. The results
are shown in Fig. S3a.f When the length of spine increased form
1.2 mm to 4.2 mm, the efficiency of fog collection increased.
When the length of spine was longer than 4.2 mm, the efficiency
of fog collection was almost constant. The volume of the
maximum droplet during the experiment is shown in Fig. S3b.
The length of spine increased from 1.2 mm to 4.2 mm, the
volume of the maximum droplet increased. When the length of
spine reached 4.2 mm, the volume of the maximum droplet
became 12.77 £ 1.32 pL. In this range, the droplet easy fell off
the spine. When the length of spine became longer, the volume
of the maximum droplet was almost constant. Due to the results
of Fig. S3,1 the appropriate length of spine was 4.2 mm, and
a longer spine was unnecessary.

Next, we focused on the spine structure array. From the
above-mentioned results, the tilt angle is 55°, and the length of
spines is 4.2 mm. The distance (d) between two spines and PHT
were the key parameters of fog collection performance. The
results of quantitative experiment (see Experimental section
2.7) are shown in Fig. 5 and Table S1.t When PHT was larger
than 60%, d was between 2 mm and 1 mm, and the fog
collection performance got better, particularly when PHT =
70% and d = 1.5 mm. As shown in Fig. S2 and S3,7 the
maximum diameter of droplets in the “fall” process are smaller
than 3 mm. When d is 3 mm, there were no interactions
between droplets on each spine before the “fall” process, and
the efficiency of fog collection became mediocre.

When distance (d) was between 2 mm and 1 mm, PHT was
larger than 60%, with the proceeding of the “down” and “fall”
processes, and the droplets coalesced with their neighbours;
thus, the efficiency of fog collection got better, particularly when
d = 1.5 mm and PHT = 70%. For samples 70-1.5 (PHT = 70%,

Volume (ulL)
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275.0
137.5
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Fig. 5 The results of the quantitative experiment, the fog collection
performance of a spine structure array with different distances
between two spines and PHT. The tilt angle is 55°, the length of spine is
4.2 mm. When PHT is larger than 60%, distance is between 2 mm and 1
mm, the fog collection performance got better, particularly when PHT
=70% and d = 1.5 mm.
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Fig.6 (a) The fog collection phenomenon for sample 70-1.5. Droplets
1-5 coalesce to a bigger droplet and fall off the CS-surface. (b) The fog
collection phenomenon for sample 90-1.5. Droplets 1 and 2 coalesce
to droplet 3, then droplets 3 coalesces with droplets 4, they fall off the
CS-surface. (c) The fog collection phenomenon for sample 70-1.0.
Droplets 1-3 coalesce to a big droplet and fall off the CS-surface. (d)
The fog collection phenomenon of sample 90-1.0. Droplets 1 and 2
coalesce to droplet 3, droplet 3 is trapped between two spines.

d = 1.5 mm) and 90-1.5 (PHT = 90%, d = 1.5 mm), as shown in
Fig. 6a (Movie 1t) and Fig. 6b, with the proceeding of “down”
and “fall” processes, the droplets coalesced with their neigh-
bours and formed larger droplets and then fell off the CS-
surface. For samples 70-1.0 (PHT = 70%, d = 1.0 mm) and 90-
1.0 (PHT = 90%, d = 1.0 mm), as shown in Fig. 6¢ and d, the
coalescence phenomenon for some droplets are not apparent,
particularly for 90-1.0, droplets 1 and 2 coalesced to droplets 3,
and then got trapped between two spines (Fig. 6d).

With the growth of droplets, they coalesced with their
neighbours and formed the larger droplets (shown in Fig. S4at):

npVyg sin a > 2Ly(cos 0, — cos 6,) (6)

where n is the number of droplets that participated in the
coalescence process, while other factors are the same as those in
formulae (4) and (5). Like samples with PHT > 60%, d = 1.5 mm,
especially 70-1.5. Most of droplets participated in the coalesce
process, the gravity of coalesced big droplets was large enough
to overcome the adhesive force, resulting in the higher effi-
ciency of fog collection. When d was below 1 mm, the droplets
coalesced prematurely, and the gravity of coalesced droplets
was not enough to overcome the surface tension; as a result,
many coalesced droplets got trapped between two spines
(Fig. S4bt) and could not fell off, which induced the lower
efficiency of fog collection. As d increased to 3 mm, the coa-
lescence process did not occur, n = 1, each droplet fell indi-
vidually, the efficiency of fog collection was lowest. When PHT
was too low (lower than 60%), the gravity of droplets was too

This journal is © The Royal Society of Chemistry 2020
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small to overcome the surface tension even when they coa-
lesced. Fig. S51 shows the fog collection performance of sample
40-1.0 (PHT = 40%, d = 1.0 mm), and the coalesced droplets
were trapped between more than two spines and were difficult
to grow and fall. Thus, the fog collection efficiency was almost
Zero.

From what had been discussed above, when PHT was larger
than 60% and d was 1.5 mm, the fog collection performance was
better, particularly when PHT = 70%. As shown in further
quantitative experiment (Fig. S61), samples 60-1.5, 70-1.5, 80-
1.5, 90-1.5 and 100-1.5 were placed in a transparent plexiglass
box with saturated fog flow, the efficiency of fog collection was
measured by the volume of collected droplets per 15 min in
series of time. After a long test, the efficiency of the fog collec-
tion of every sample was stable. Owing to the superhydrophobic
substrate, the collected droplets were easy to fall off the surface,
and the cycle of fog collection went well.

4. Conclusions

In this study, we successfully prepared a composite surface with
clusters of spines and a ZnO micron structure for realizing the
fog collection capacity. Two wetting properties were integrated
on the surface of the spine structure: the tip of spine was pro-
cessed as hydrophilic, while the base part and substrate were
processed as superhydrophobic. The tilt angle of the substrate
was 55°, and the length of spine was 4.2 mm. When the
percentage of the hydrophilic tip (PHT) in the overall spine
structure length was larger than 60%, the distance between two
spines was 1.5 mm, and the efficiency of fog collection would be
better, particularly when PHT = 70%. In long test, the efficient
of fog collection was stable.
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