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Abstract: Superhydrophobic coating with applicable transmittance was synthesized by simple UV-
curable method which was likely suitable for large-scale production. The super-hydrophobicity was
derived from the component containing modified polyhedral oligomeric silsesquioxanes which was
chosen for low free energy and the potential to form hierarchical structure. The coating adhesion
could reach the highest level by strip tape peel test. Compared to the UV-cured commercial coatings,
the coating adhesion is enhanced by at least two levels. Super-hydrophobicity was preserved after
long duration of water droplet impact, while water contact angle decreased slightly after sand impact
due to partial damage of hierarchical structure. The coating can resist chemical corrosion by acid
solution (HCI), base solution (NaOH) and salt solution (NaCl). The coating with water repellence
function, adequate transmittance, and good mechanical and chemical stability is of great interest for
practical outdoor applications.

Keywords: coating; super-hydrophobicity; mechanical stability; chemical stability; polyhedral
oligomeric silsesquioxanes component; polycarbonate

1. Introduction

Super-hydrophobicity as unique surface wettability phenomenon means the contact
angle of water droplets on the surface is greater than 150° and the sliding angle from
the surface is less than 10° [1]. The interest in super-hydrophobicity research can be
traced back to an early curiosity about the existence of superhydrophobic phenomena in
nature [2—4]. For example, water droplets roll freely on the surface of lotus leaves [2], water
striders walk and jump on the surface of water [3], dragonflies fly in rainy weather with
their wings dry [4]. Inspired by these natural phenomena, the theoretical research and
practical applications of superhydrophobic surface have been favored by a majority of
researchers in decades. The reason for its rapid popularity is that the superhydrophobic
material is valuable in a variety of areas in human daily life and industrial production,
such as antifouling [5,6], anti-icing [7], anti-frosting [8], metal anti-corrosion [9], oil-water
separation [10], waterproof fabric [11] and so on. With the development and prospect
of various transparent optical products, such as automobile windshields, optical screens,
architectural glass, solar photovoltaic panels and medical lenses [12-17], the demands of
super-hydrophobicity, high transmittance, mechanical stability, chemical stability and large-
scale production are urgent for applications in the mentioned fields. Super-hydrophobicity
induced by an appropriate surface coating or a dedicated surface treatment seems to be
effective [18]. However, the common preparation methods of superhydrophobic surfaces
including template method [19], etching method [20], deposition method [21], sol-gel
method [22], layer-by-layer self-assembly method [23], phase separation method [24] and
electrospinning method [25] are apparently limited by complex processing process, high
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equipment cost and narrow application range of substrate, resulting in difficulties in
implementing large-scale production, processing and industrialization.

The construction of hierarchical structures by doping nanomaterials to enhance the
super-hydrophobicity of the surface and to preserve original transmittance is an opportu-
nity for large-scale application. Nevertheless, it is noteworthy that the structures which
enhances the super-hydrophobicity may lead to mechanical and chemical frailty [26]. Poly-
hedral oligosilsesquioxanes or polyhedral oligomeric silsesquioxanes, abbreviated as POSS,
is a kind of cage-like silsesquioxanes nanomaterials [27]. It has an inorganic silica core
surrounded by an organic (preferably functional) group R that can be useful for polymeriza-
tion or grafting reactions [28]. Due to low surface energy of POSS [29], coatings containing
POSS could demonstrate superhydrophobic performance. In the construction process of su-
perhydrophobic surface, there are two main difficulties: one is low transmittance, the other
is the poor connection between coating and substrate. It is an urgent task for preparing
transparent superhydrophobic coating with mechanical and chemical stability. In this work,
in order to find solutions to the above problems, we put forward a simple construction
scheme via UV-curing for superhydrophobic coating deposited on polycarbonate (PC)
sheet. The technique is simple to operate and likely to be useable in large-scale production.

2. Materials and Methods
2.1. Materials

The material used as the substrate was polycarbonate (PC, 200 mm x 300 mm x 0.8 mm)
purchased from Sichuan Longhua Photoelectric Film Co., Ltd. (Mianyang, Chian). Acry-
late oligomer (product name 8110) was purchased from Allnex Resin (Suzhou, China)
Co., Ltd. 2-methyl-4-methy]l thio-2-morpholine phenylacetone (2-M-4-MT-2-MP, product
name 1-907, 98%) was purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). Anhydrous tetrahydrofuran (THF, 98%), anhydrous ethanol (ET,
99.5%), hydrochloric acid (HCI, 36.0%~38.0%), sodium hydroxide (NaOH, >96.0%) and
sodium chloride (NaCl, >99.8%) were purchased from Sinopharm Chemical Reagents
Co., Ltd. (Shanghai, China) 1.,6-Hexanediol diacrylate (HDDA) was purchased from
Eternal Chemical Co., Ltd. (Kaohsiung, Taiwan). POSS (molecular weight 633.04, pu-
rity 98%) was purchased from Suzhou Xisuo Co., Ltd. (Suzhou, China). After modified
via sulfhydrylation and fluorination, the POSS component was induced by mixing tri-
vinyl sulfthydryl-penta-methylacrylate dodecyl fluoroheptyl-POSS (POSS-SH3-DFMADS)
and vinyl-sulfhydryl-hepta-methylacrylate dodecyl fluoroheptyl-POSS (POSS-SH-DFMA?)
synthesized in the laboratory at a ratio of 1:1.5. Water used in coating preparation and
characterization was deionized.

2.2. Coating Preparation

The PC substrate was cut into a 30 mm x 30 mm square, and the protective films on
both sides were gently torn off with tweezers. Ultrasonic cleaning was performed with ET
and deionized water successively and dried in a clean environment.

According to the composition shown in Table 1, mixture suspension systems O and
C1~C6 were obtained through mixing in an ultrasonic shock device for 20 min with
40% addition of ET.

Coated samples were prepared by spraying one of the mixture suspension systems
(Table 1) onto the surface of PC substrate using 0.5 mm nozzle at 0.25 mL/s flow rate under
0.3 MPa compressed air pressure. The distance from PC substrate to nozzle was about
22~25 cm. In order to state briefly, the coatings were designated following the number of
mixture suspension systems listed in Table 1.
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Table 1. The composition of mixture suspension systems.

Composition (wt. %)

System NO. Acrylate HDDA POSS 2-M-4-MT-2-
Oligomer(8110) Component MP(1907)
(@) 64 32 - 4
C1 57 29 10 4
2 51 25 20 4
C3 38 18 40 4
C4 31 15 50 4
C5 21 10 65 4
Cé 14 7 75 4

Then, the coated samples were dried in an oven at 35 °C for 30 min and subsequent in
a nitrogen atmosphere to expose to 10 mW/cm? UV curing at 365 nm for 1 min. During
the coating preparation, acrylate oligomer(8110) is the key factor to form coatings, HDDA
plays the role of connection between coating and substrate, and 2-M-4-MT-2-MP(1907) is
used as UV initiator.

2.3. Characterization

The surface wettability of the coating was evaluated by water contact angle (WCA)
and slip angle (SA) measured using a contact angle test system (DSA30, KRUSS, Hamburg,
Germany). WCA and SA measurements were performed at five different locations for
each sample, and the volume of the droplet was fixed at 5 uL. The transmittances of the
coatings were measured with a UV-Visible Near-Infrared Spectrophotometer (UV-3600Plus,
Shimadzu, Japan) in the wavelength range of 380~800 nm. Field emission scanning electron
microscopy (SEM, SU8010, HITACHI, Tokyo, Japan) was used to characterize the micro
structure morphology of coating.

3. Results and Discussion
3.1. Surface Wettability

The WCA and SA variations of PC substrate and the coatings are shown in Figure 1a.
The WCA and SA values are listed in Table 2. From Figure 1a, the WCA variation of the
coatings showed a trend of steady improvement with the linear increase of the addition
of POSS component. Compared with the original PC substrate, WCA values of coatings
O and C1~C6 are all increased. With the addition amount of POSS component increase,
WCA values of the coatings increased implying the improved surface hydrophobicity.
It can be seen that addition of POSS component plays an important role in the surface
wettability. WCA values of coatings with addition of POSS component were more than 95°
which meets the requirements of hydrophobic coating, while WCA value of PC substrate
without addition of POSS component was less than 90°. The variation of SA was opposite
from that of WCA following the addition amount of POSS component. It could be seen
from Figure 1a and Table 2 that the hydrophobic character of the coating changed to a
superhydrophobic character when the addition amount of POSS component was above 40%
(coating C4~C6). For PC substrate, no matter how much angle tilted the surface, the droplets
couldn’t roll. However, with the increase of POSS component addition, the droplets on
the surface changed from the original “bound” state to the present “free” state, SA value
even decreased to 2°. Figure 1b showed the wetting state of water droplets deposited on
the coating C5. The shape of droplets on the coating C5 looks like circle. In keeping with
Figure 1c of the immersion state in water, the droplets could not wet the coating surface,
indicating the super-hydrophobicity. The water used in Figure 1b,c is deionized. SEM
image of the coating C5 in Figure 1d shows hierarchical morphology, another important
factor for generating super-hydrophobicity.
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Figure 1. (a) WCA and SA variation of PC substrate, the coatings of O and C1~C6, here WCA is the
abbreviation of Water Contact Angle and SA is the abbreviation of Slip Angle; (b) photograph of
water droplets deposited on the coating surface of C5; (c) photograph of immersion state in water of
the coating surface C5, (d) SEM image of the coating C5.
Table 2. WCA, SA and transmittance values of PC substrate and the coatings of O and C1~C6.
PC Substrate o C1 C2 C3 C4 C5 Ceé
WCA (°) 78.2 94.8 116.7 129.3 150.6 158.2 166.4 172.4
SA (%) - 88.2 35.3 22.7 8.3 5.2 2.8 21
Transmittance (%) 89.1 90.8 86.4 85.5 84.2 79.8 76.8 66.6

3.2. Transmittance
The transmittance listed in Table 2 referred to the average value in the wavelength

range of 380~800 nm. The transmittance of PC substrate without coating was 89.1%
(Table 2). The transmittances of PC with the coatings C1~C6 decreased with the increase
of POSS component addition as illustrated in Figure 2. The coating C4 and C5 could
achieve superhydrophobicity and the optical transmittance also met the requirement of
use grade. In various fields of optical application, like outdoor optical display, not only
the superhydrophobic property but also the visibility is vital. Although the coating C6
performs better super-hydrophobicity than the coating C4 and C5, its transmittance was
lower, just 66.6%, which limits its practical application in transparent optics field. Integrated

into account, coating C5 has more potential for use.

100
csessscveosssteseessnseoesseseen st isly
s Gt e
80 >~ A““‘ ,wtur»#“ouo“““““ b
i & '1:’3:::4«444.4«4444«<¢4444<<<<<<«<<<41
Falpe. 2.
4 F
\\’ fanbd
607 ¢ g
~ ! & N
2 * i #
g | iy {
g | # 4+ =
3 R
B 40 | d/#/ —cl
g | ,1/ $ 7 a2
= | i/ ¢+ r 3
/4 > ca
1[5 6
¥
0L T T T T T T
400 500 600 700 800

Wavelength (nm)

Figure 2. Transmittance spectra of the coatings O and C1~C6.
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3.3. Mechanical Stability

As is well known, except for the function factors as super-hydrophobicity and trans-
mittance, ability to bear mechanical wear is essential. According to the method described
in ASTM D3359, strip tape peel test was used to test the coating adhesion. Water droplet
impact test and sand impact test was used to evaluate the super-hydrophobicity retention
ability of the coating, the WCA and SA values of the coating after a certain number of me-
chanical wear cycles were measured and recorded. The coating C5 was chosen to simulate
the three frictional conditions in the practical application process (strip tape peel test, water
droplet impact test and sand impact test).

3.3.1. Strip Tape Peel Test

In the strip tape peel test, 100 grids (1 mm x 1 mm) were scratched on the surface of
coating C5 using a specially-made knife, and then a tape peeling test was performed on
the coating surface with a tape (trade name of 3M 610) of 47 N/100 mm bonding strength.
The coating surface images before and after tape stripping are shown in Figure 3a,b re-
spectively. It could be observed that the scratching part of the superhydrophobic coating
C5 was seldom affected by tape stripping. On the basis of described rating criteria [30],
the adhesion rating of coating C5 was the highest level of coating adhesion (0 grade). The
adhesion grade of traditional commercial hydrophobic coatings formed on PC by UV cured
method generally lies in 2~3 grade range. [31] The coating adhesion of C5 is improved by
at least 2 levels, compared to the commercial coatings.

3.3.2. Water Droplet Impact Test

For water droplet impact test, water droplets of about 22 pL each were released drop
by drop to impact the surface of coating C5 at a rate of 1 drop/s through a constant pressure
funnel at a height of 30 cm above the coating. WCA and SA values of the surface were
recorded every 15 min. The results are shown in Figure 3c. After 3 h of water droplet impact
(1.08 x 10* drops), the super-hydrophobicity of the coating disappeared. WCA decreased
to 148.2°, and SA also increased observably, reaching to 12.7°. It was noteworthy that WCA
of coating C5 undergoing water droplet impact returned to 161.0° after drying. The reason
may be that when droplets impact the coating, the surface humidity gradually increases
which is beneficial for wetting and leads to WCA decrease. The impact of 1.08 x 10* water
droplets leads to partial damage of the protruding structure and even partial shedding of
the coating surface as revealed in Figure 3d. Therefore, after drying, the WCA still saw a
little decrease.

3.3.3. Sand Impact Test

Sand impact test was carried out by releasing sand particles at a height of 30 cm above
the coating. The average diameter of sand particles was about 400 um. The release rate of
sand particles was controlled at 40 g/min. WCA and SA at different times were recorded in
Figure 3e to reflect the superhydrophobic retention ability of the surface coating. When the
sand impacted the surface of coating C5 for 12 min (about 480 g), although the coating was
still hydrophobic, its superhydrophobic characteristics disappeared as its WCA decreased
to 147.5° and SA increased to 16.4°. As can be seen from Figure 3f, compared with the
coating surface impacted by water droplets, the hierarchical pattern of the coating surface
impacted by sand particles was more seriously damaged. The area of hierarchical structures
had been greatly reduced, leaving many flat “ruins”. The microstructure damage of the
coating surface was the main reasons for the failure of super-hydrophobicity. As the test
simulates extreme harsh impact and the coating retains its hydrophobicity, the coating can
resist sand impact to some degree.
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Figure 3. (a) Image before stripping; (b) image after stripping; (c) the change of WCA and SA during
3 h water droplet impact test; (d) SEM image of the coating after water droplets impact test; (e) the
change of WCA and SA during 12 min sand impact test; (f) SEM image of the coating after sand
impact test. In (c,e), WCA is the abbreviation of Water Contact Angle and SA is the abbreviation of
Slip Angle, respectively.

3.4. Chemical Stability

When superhydrophobic coating is put into application, not only the influence of
mechanical action on functional coating is desired to consider, but also the effect of chemical
corrosive medium on coating under extreme conditions shall be estimated. To characterize
the chemical resistance of the superhydrophobic coating, three kinds of solution were
prepared. Strong acid solution (pH value of 2) was prepared using HCl, strong base
solution (pH value of 12) was prepared using NaOH and salt solution with a concentration
of 3.5% NaCl was prepared. The coated sample was soaked in each solution for 168 h
and taken out every 8 h, washed with deionized water and dried. WCA and SA values
were recorded after they were dried completely. The immersed sequence was strong acid
solution, then strong base solution and salt solution last. The test results are shown in
Figure 4a—c. The WCA value variations in strong acid, strong base and salt solution all
manifested a slight decreasing trend. This small change was within the margin of error and
the coating surface still maintained superhydrophobic characteristic. The SA variation of
the coating in the three special solutions was small and the SA values still remained below
5°. The reason of the slight increase for SA is the enhanced electrostatic interaction at high
ionic strength [32]. The holes among hierarchical structures might capture a large amount
of air resulting in a reduction of direct contact area between corrosive liquid and coating.
Thus, the surface of coating C5 could still preserve its superhydrophobic property.



Coatings 2023, 13, 498 7 of 9

170 20 170 20 170
m ur».| “—-—\\(\
:l i Famwsa b R = A
L e = = g B IS . Lt N — . =
R N A N 10 f it i e S s 160 L a1
115 i\
150 I 150 150 +
140 ST S ~ ~Mot
s 'z = < =
o ) Z Y
130 ZZuot Z Zuot
120 | . 120 " 120
< Ty B L 0 S
B 5 gty W W 5 N R ye
L P e e SIS QP == nob 4,
100 100 Lt 100

s n L L L L L . s L \ L L L L . L L " L L L L L L
0 20 40 60 80 100 120 140 160 o 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Tmpregaation Time(h) Tmpregnation Time(h) Tmpregnation Time(h)

Figure 4. (a) WCA and SA variation trend of coating C5 immersed in HCI solution; (b) WCA and
SA variation trend of coating C5 immersed in NaOH solution; (¢) WCA and SA variation trend of
coating C5 immersed in NaCl solution; (d) photograph of sample immersion state in HCl solution;
(e) photograph of sample immersion state in NaOH solution; (f) photograph of sample immersion
state in NaCl solution. In (a—c), WCA is the abbreviation of Water Contact Angle and SA is the
abbreviation of Slip Angle, respectively.

4. Conclusions

In summary, transparent superhydrophobic coating with good mechanical and chemi-
cal stability was developed by UV curable method. Attributed to POSS component as well
as hierarchical structures induced, the coating is prone to be superhydrophobic. With the
increased amount of POSS component, hydrophobicity is improved while the transmittance
is decreased. To balance super-hydrophobicity and transmittance, the coating prepared
from 65% POSS component is considered as the optimal choice. The water contact angle of
this coating is greater than 150° and the sliding angle from this coating is less than 10°, im-
plying its super-hydrophobicity. The coating cured from the 65% POSS component displays
preferable transmittance about 76.8%. Compared to the UV-cured commercial coatings,
the coating adhesion is enhanced at least two levels. Water contact angle decreased a little
after undergoing water droplet impact. Since part of hierarchical morphology was dam-
aged after sand particle impact, super-hydrophobicity turned to hydrophobicity although
the water contact angle was very close to 150°. Super-hydrophobicity was preserved after
immersion in HCI solution (pH = 2), NaOH solution (pH = 12) and 3.5% NaCl solution,
implying chemical resistance. This UV-curable coating containing a POSS component
is possible for applying in outdoor transparent optical products. Moreover, the fabrica-
tion method is simple and has applied in many industry fields for large-scale production.
Large-scale production of the transparent superhydrophobic coating has potential.
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