GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/157108/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Yang, Hao, Qin, Liguo, Wang, Fei, Mawignon, Fagla Jules, Dong, Mochen, Wu, Yuhao, Zhang, Yali and Ma,
Zeyu 2022. A facile method to fabricate the durable and self-protective coating for marine applications.
Surface and Coatings Technology 452 , 129124. 10.1016/j.surfcoat.2022.129124
Publishers page: http://dx.doi.org/10.1016/j.surfcoat.2022.129124
Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may

not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




A facile method to fabricate the durable and
self-protective coating for marine applications

Hao Yang ¢, Liguo Qin ®", Fei Wang ", Fagla Jules Mawignon #, Mochen Dong ¢, Yuhao Wu ?,

Yali Zhang °, Zeyu Ma #

@Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, Institute of Design Science and Basic Components, School of Mechanical

Engineering, Xi'an Jiaotong University, 710049, PR China

b Key Laboratory of Biomedical Information of Ministry of Education, School of Life Science and Technology, Xi‘an Jiaotong University, 710049, PR China

©School of Chemistry, Cardiff University, Cardiff CF10 3AT, United Kingdom

ARTICLEINFO ABSTRACT

Keywords:

Slippery liquid infused surface
Anti-fouling

Anti-corrosion

Durability

Endowing coatings with effective protective function for metal substrates is of great interest. An excellent
exampleis slippery liquid infused surface (SLIS) which possesses potential applications owing toits unique liquid
repellency and self-cleaning properties. However, their widespread applications are facing obstacles of complex
preparation, poor protection and low durability. Herein, a facile and efficient liquid infusion method was pro-
posed to construct SLIS by altering the heterogeneous microstructure on the SiOx layer of the coatings with direct
UV irradiation. The coatings were fabricated by conducting an appropriate UV irradiation treatment on poly-
dimethylsiloxane (PDMS) film infused with methyl oleate (MO). The as-prepared transparent anti-fouling
coatings showed outstanding anti-fouling properties against various contaminants such as algal (Chlorella),
sand, rust (Fez20s3), paints (both water-based and oil-based) and daily life liquid pollutants (e.g., water, coffee,
cola, soy sauce and milk). In addition, results revealed that the coatings exhibited a prominent anti-corrosion
performance. Moreover, the coatings had excellent mechanical, chemical and thermal durability regarding the
great repellency of the pollutants. We proposed this synergistic strategy between lubricant infusion and coating
heterogeneous microstructure to widen new possibilities for fabricating coatings with promissing anti-corrosive
and anti-fouling functionality.

1. Introduction

The past decades have witnessed considerable efforts in solving the
global marine fouling challenge faced by the whole marine industry. The
focus should be emphasized on the development of protective coatings
for wading surfaces to avoid or mitigate the great economic losses and
serious environmental pollution problems incurred by fouling and
corrosion [1-3]. Anti-fouling coatings stand for the films fabricated on
surfaces that can prevent contamination [4]. From the point of surface
wettability, anti-fouling coatings generally refer to the solid surfaces
driving out liquids [5]. When the surfaces are titled, the liquids can slide
away and bring off the pollutants simultaneously, granting the anti-
fouling property to the solid surfaces. From the perspective of anti-
corrosion, corrosion resistance performance is necessary to be also
considered during the fabrication of anti-fouling surfaces. In fact, when
the metal substrate corrodes, the complex chemical environment
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existing on the surface may destroy the morphology and provide strong
adhesion conditions for various organic and inorganic contaminants[6].
Therefore, anti-fouling performance of coatings is also a very important
index for estimating the service property [7].

The anti-fouling performance is closely related to surface wettability
and chemical composition. In the field of surface wettability, some
specific superhydrophobic surfaces with micro-nano structures [8], such
as lotus leaf and rice leaf, have received continuous attention due to
their excellent liquid repellency, where the liquid droplets have super
high contact angles (CA) and could easily roll off with small sliding
angles (SA). However, there are some drawbacks in the super-
hydrophobic surfaces technology [9] as following: Firstly, traditional
fabrication methods for micro-/nanostructures are generally etching [10],
electrochemistry [11] and electrospinning [12], etc., which not only have
complicated processes but also show low production effi- ciency. Of
course, there are also several facile methods developed to
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produce superhydrophobic surfaces such as the deposition of nano-
particles. However, when exposed to prolonged UV-radiation, these self-
cleaning materials raise lots of concerns about the stability of the hy-
drophobic properties [13]. Secondly, the gas film, relying on the Cassie
effect and adhering to micro-nano structures, is not stable [14]. Once
faced the high pressure, high humidity and long-term service conditions,
the gas film could be easily broken down, leading to the loss of its
repelling ability [15] and the pollution of the surface [16]. Thirdly, poor
optical transparency is also a weakness of superhydrophobic coatings
[17].

Another strategy to achieve an anti-fouling surface is to construct
slippery surfaces, which are not superhydrophobic, but liquid droplets
that can roll off because of the quite low SA [18]. In recent years, va-
rieties of novel slippery anti-fouling surfaces have been proposed. For
instance, slippery liquid-infused surfaces (SLIS) [19], liquid-like mono-
layermembranes[20]and polymerbrushmolecularlayers[21]. Despite
the low CA, these smooth anti-fouling surfaces have many advantages
compared to the micro-/nanostructured anti-fouling surfaces such as
transparency and stability. Among them, the SLIS has gained more
attention due to its facile preparation, high stability and environmental
friendliness.

In 2011, Wong's group [22] firstly proposed the concept of a liquid
infused porous surface (lubricant infused Surface, LIS) or a slippery
liquid infused porous surface (Slippery liquid infused surfaces, SLIS).
SLIS employed both the capillary force and van der Waals force to lock
non-toxic and chemical inert oils in the stable surface [23]. Compared to
the superhydrophobic surface, a more stable “solid/liquid composite film

layer” was formed due to the porous structure of SLIS when they were
immersed into liquids with low surface energy. By now, various

methods, such as spraying coatings [24], chemical and physical etching
[25], sol-gel synthesis [26], and so on have been used to fabricate SLIS.
Fluor alkyl layers are generally grafted on porous substrates to reduce
the surface free energy to form stable SLIS [27]. Atthe same time, PFPE
(such as DuPont Krytox oil) is used as a lubricant owing to its good
compatibility with fluorinated surfaces [28]. However, due to economic
andecological damages caused by fluorinated compounds, cost-effective
and eco-friendly alternatives should be promoted in marine applications
for SLIS [29]. Aizenberg et al. [30] prepared the nanostructured surfaces
by deposition of negatively charged silica nanopatrticles layer and
positively charged polyelectrolyte layer, and then filled fluorinated oils
into the surfaces to develop SLIS. This method has strict requirements for
devices' preparation. SLIS was also prepared by infusing various silicone
oils in sol-gel derived nanocomposite coatings [26], which had excellent
liquid repelling properties but the anti-fouling performance was weak-
ened and disappeared as the lubricant was consumed or replaced by
pollutants. Moreover, using polymer brushes, Zheng et al. [31] fabri-
cated SLIS which only stretched and contracted around their planted
position and could not move in awide translational range, leading to no
super excellent anti-fouling performance. Concerning the anti-corrosion
performance of SLIS, it was reported that benzotriazole (BTA) is
appropriate to be used as corrosion inhibitor encapsulated in anti-
corrosion coatings, whose derivatives are quite effective inhibitors for
corrosion protection of steel [32]. However, whenever coatingswere
mixed directly with the corrosion inhibitors, the BTA molecules were
easilydissolvedintothe aqueous solution, leading tothe appearance of
micro-pores in the coating and the failure of corrosion resistance [33].
Therefore, the construction of SLIS with stable anti-fouling and anti-
corrosion is dedicated tremendous efforts.

Here, we fabricated a durable, self-cleaning, corrosion-resistant,
environmentally friendly and transparent anti-fouling coating appli- cable
onto the metal substrate. First, a transparent coating was prepared
through the condensation reaction of PDMS with curing agent addition,
and meanwhile UV irradiation was employed during the curing process
for cross-linking. Then the lubricant MO was infused into the silicone
coating for an anti-fouling function. The as-obtained transparent coat-
ings investigated excellent anti-fouling properties against various fluids.

Results showed notable repelling behaviors on water and other liquid
pollutants in daily life (such as coffee, cola, soy sauce and milk), while
for organic (such as Chlorella) and inorganic contaminants (such as sand
particles and daily common rust particles), prominent resistance was
observed. In addition, the corrosion behaviors of SLIS in seawater were
observed with Tafel plots and electrochemical impedance spectroscopy
(EIS) by electrochemical test. Fabricated SLIS displayed excellent pro-
tective effects on the metal substrate with strong anti-corrosion prop-
erties. Furthermore, the coatings showed outstanding and durable
mechanical, chemical and thermal performance. It is distinguished that
these SLIS coatings are different from the existing anti-fouling coatings
because of the facile preparation method, and also, their excellent anti-
fouling, anti-corrosion and stable properties will be introduced at length
in the following parts, providing distinct inspirations for developing
effective anti-fouling and anti-corrosion coatings.

2. Experimental procedure
2.1. Materials

PDMS precursor was purchased from Dow Corning Co., Ltd., Amer-
ica. MO was obtained from TCI Co., Ltd., Japan. Sodium chloride (NaCl)
and deionized water were purchased from China National Medicines Co.
Ltd. All chemical reagents are of analytical grade and were used without
further purification. The soil was collected in the garden and the rust was
prepared by the oxidation of pure iron in the air. The daily liquid
pollutants, water-based stamp and oil-based stamp were purchased
online.

2.2. Preparation of durable anti-fouling surfaces

The PDMS base and curing agent were mixed at a ratio of 10:1, then
poured into beaker, placed on the magnetic stirrer (Yuezhong Instru-
ment Equipment Co., Ltd. Shanghai) and stirred for 3 min to be totally
mixed. Then, the mixture was applied onto the clean Q235 steel sub-
strate to obtain four sets of samples. In order to improve the cross-
linking of PDMS for enhancing the locking performance of MO, UV-
treatment was used before the two PDMS precursors were fully cured.
The UV irradiation time was set to 0, 45, 90 and 135 min, respectively.
The lubricant MO with a concentration of 20 pL/cm? was used to pre-
pare SLIS. The lubricant was automatically trapped inside the samples
through capillary effect. After immersing in MO solution for 24 h, four
different groups of specimens were prepared according to the UV irra-
diation time (MOPDMS, 45UV-MOPDMS, 90UV-MOPDMS 135UV-
MOPDMS). Each group contained more than 15 identical and indepen-
dent samples, so that each subsequent characterization experiment can
be repeated at least three times to approve the reproducibility of the
data. After the infusion, samples were stored at 60 °C for 24 h. Any
excess lubricant was removed gravimetrically by tilting the surfaces at
an angle of approximately 90°. Finally, samples were stored at room
temperature for 24 h for further study. Except for electrochemical test,
experiments were conducted on the SLIS coatings without metal
substrate.

2.3. Characterization

The static CA and SA of various liquids (5 pL) on the surface of the
samples were measured using a Contact Angle System JC2000D2A,

(China) equipped with a tilting platform. Through the sessile drop
method, the reported data were the calculated average value of five
readings at different places on samples. The surface morphology of
samples was captured by a field emission scanning electron microscope
(MAIA3 LMH, USA). FTIR spectra results were recorded from Fourier
Transform Infrared Spectroscopy (Nicolet iS50, China) equipped with an
MVP-PRO Attenuated Total Reflection (ATR) unit (diamond crystal, 45°
angle of incidence) and a KBr beam splitter. A scanning range of
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550-4000 cm™ ! with a resolution of 4 cm™? and average over 100 scans
were used. The baseline correction of FTIR spectra was performed using
concave rubber band correction method with the OPUS software
(Version 8.5, Bruker optics incorporation).

It is well-known that the most important step for forming marine
fouling organisms is the formation of biofilm, which can provide nu-
trients for the offspring of large fouling organisms as well as greater
adhesion for all kinds of micro-organisms. Therefore, Chlorella, a uni-
cellular algae distributed worldwide, was selected to test the anti-
adhesion ability. After mixing pure water, chlorella seeds and culture
medium in a mass ratio of 50:2:1, the mixture was poured into a
transparent glass beaker. When room temperature was around 25 °C, the
mixed liquid was kept in the natural light environment and stirred every
4 h every day. After 5 days, the color gradually changed to green, then it
could be used as an anti-fouling test solution rich in Chlorella. After
immersing the coatings in Chlorella solution for three days, surfaces
were washed with water and the morphological observation and mea-
surement of Chlorella were performed using an inverted optical micro-
scope (CKX53, Olympus, Japan) equipped with a digital camera and
computer.

2.4. Mechanical and chemical stability tests

To observe lubricant stable releasing in SLIS, the sample was placed
on a shaking bed (ZLWY-100B, Shanghai) with the stroke of 20 mm
under constant shaking of 80 rpm. Fresh deionized water was replaced
every 12 h and the whole released procedure was kept for seven days.
The fluorescence confocal microscopy (Leica TCS SP8 STED ¥, Ger-
many) was used to directly visualize the MO infusion amount in the
PDMS. And the captured confocal images were analyzed in semi-
guantitative method to observe the fluorescence intensity with the
software Image J. For mechanical stability, the samples were cut into
rectangles with a length of 30 mm and a width of 10 mm, and were then
subjected to cyclic stretching using the American INSTRON 5965
double-column desktop universal material testing machine. The load
accuracy and the upper strain limit were set to 0.5 % and 100%,
respectively. Chemical stability tests were carried out by soaking the
coatings in various corrosive liquids, including 3.5 % NaCl (g and hot
(60) water for a period of time. And after all the stability tests, the anti-
fouling performance was recorded to evaluate stability of the coatings.

3. Results and discussion
3.1. Preparation of durable anti-fouling surfaces

As shown in Fig. 1(a), for the preparation of the SLIS, MO was
absorbed by ultraviolet ray (UV) irritated-PDMS coatings. After
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stripping the coating from the Q235 substrate, the SLIS coating surfaces
were quite smooth without any defects and the words “XJTU” could be
clearly observed (Fig. 1b), indicating the substrate of high transparency
and quality coatings. And the morphology of SLIS was also observed
with Scanning Electron Microscope (SEM) in Fig. 1c. The SLIS could be
readily prepared by irritating the PDMS substrates with UV-ray to plenty
suck the lubricant MO.

3.2. FTIR spectra

The cross-linking of PDMS exposed to UV radiation in air atmosphere
has been proposed in Fig. 2 [34]:

After the lubricant MO was infused, the chemical compositions of
samples were further studied by ATR-FTIR measurement (Fig. 3). For
pure PDMS, the peaks at 789-796 cm™ were attributed to the —~CHs
rocking and Si—C stretching vibrations in Si—-CH3 bonds; the peaks at
1074 cm™?, 1260 cm-1 and 2965 cm™* were owing to Si-O-Si stretch-
ing; and both —CH?® deformation and asymmetric —CHjs stretching were
for Si-CHs;. The characteristic peaks of MO at 1409 cm™?, 2852 and
2922 cm™* were attributed to the -CH; umbrella mode, asymmetric and
symmetric CH; stretches, respectively. The most intense characteristic
peak at 1710 cm™! was attributed to the stretching mode of -G=0.
Furthermore, the presence of an ester group in MO was revealed by a
broad characteristic band at 3300 cm™* and the ~-C-O-C- moiety was
detected by the band at 1172 cm™. To increase the hydrophilic per-
formance of PDMS surfaces, oxidizing the polymer surface with plasma
or UV irradiation is the established way. These processes are reported to
be the facile way for the formation of a smooth oxidized surface layer of
SiOx [35]. The existence of SiOy layer was identified by FTIR spectra
(Fig. 3).

For the SLIS, characteristic peaks of MO were observed and MO

UV(A=185nm)

0, > O, (ozone)
. UV(A=254nm)
Organics+0; » CO,+H, 0
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| |
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Fig. 2. The chemical schematic of PDMS cross-linking induced by UV-ray.
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Fig. 1. The preparation process and transparent coatings.
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Fig. 3. (a) FTIR spectra of samples.

content was calculated with the P. Kowalik method [36]. For example,
the characteristic peak at 2852 cm™ ! attributed to the -CH; umbrella
mode showed atrend of firstincrease and then decreasing in intensity
whilethe UVirradiationtimeincreased. Theratio of corresponding peak
intensities of MOPDMS, 45UV-PDMS, 90UV-MOPDMS and 135UV-
MOPDMS was 8:14:21:12. The highest peak intensity of the -CH; um-
brella mode appeared in 90UV-PDMS, which indicated this SLIS had the
best infusion effect of MO. Hydrophilic groups inspired by UV irradia-
tion are typically short-lived in air. However, it is reported that the
hydrophilic groups are more stable in the presence of polar molecules,
such as ethanol [34]. Therefore the ester groups in MO could stabilize
the hydrophilicity of PDMS substrate, which could be also observed in
FTIRspectra. Bycomparingthe FTIR peaks attributed toestergroupsin
thenon-UVtreated PDMS withthoseinthe 90UV-PDMS, itwas obvious
that mutually MO could be infused and stored more efficiently in the
cross-linked structurein PDMS after UV treatment, which was similarto
the results of Ref [35].

The wettability of the coatings was evaluated by measuring the CA
and SAin Table 1. The CA were just slightly different as all liquids were
water-based, which indicated that the SLIS were engaged with good
hydrophilic properties. This could be illustrated that UV treatment
increased the surface energy of coatings and minimized the PDMS/MO
interfacial tension, thus improving the hydrophilicity of SLIS [37].

Table 1

Static CA and SA of various liquid pollutants on the anti-fouling surface of 90UV-
MOPDMS. The average results were presented after the tests were carried out
three times.

Liquid pollutants CAr SAr
Water 80.2+ 1.0 9.2+ 09
Cola 78.6 £ 1.0 10.2 £ 0.3
Soy sauce 775+ 0.6 105+ 0.1
Coffee 75.4 £ 0.8 11.4 £ 0.6
Milk 734 +0.3 143+ 0.5

3.3. Anti-fouling and self-cleaning performance

To evaluate the anti-fouling and self-cleaning performance, we
investigated the wettability and resistance of the coatings against algal
(such as Chlorella), daily liquid pollutants (including dyed water, cola,
soy sauce, milk and coffee) and other typical common dirt (water and oil
based stamp, earth and Fe,O; for example).

All droplets were slipped off the coatings easily on a tilted platform
without leaving any trace to study the sliding behavior. Compared with
some recently similar results like coatings fabricated by hydrolytic
condensation of methyltrimethoxysilane, whose SA values were from
17° to 24° [38], the SA of water in our study was just 9.2° and other
values were also quite low (from 10° to 14°). These showed our SLIS
surfaces exhibited excellent liquid repellency, which is owing to the
smooth surface with relatively low surface energy [39].

The SLIS coatings were proven with excellent anti-fouling properties
for various fluids regardless of their composition, showing anti-fouling
properties for daily used liquids such as cola, soy sauce, milk, coffee. In
Table 1, the CA and SA (the maximum SA value is 14.3° and less than
15°) of all kinds of liquids on 90UV-MOPDMS were shown. Therefore,
the samples were placed on a platform with an inclination of 15°, and 5

uL of liquid to be tested was dropped onto the surface using a micro-
injector. The whole process was observed and recorded with a high-

speed camera.

On the bare PDMS, these liquids stick to the surface, as shown in
Fig. 4(a). Although the liquids were semi-spherical in shape rather than
spreading onthe surface, they still could not slide offthe PDMS surface
(shownin(b)). This meantthat eventhe smooth PDMS surface showed
relatively enhanced hydrophobicity (large CA), butnoliquid repellency.
On the contrary, SLIS (90UV-MOPDMS for example) showed good liquid
repellency regardless of what kind of liquid pollutant in Fig. 4(c) to (g),
where all the liquid pollutants rolled away rapidly. The liquid pollutants
were accelerated by the component of gravity (g) along the sliding di-
rection, so the average velocities of different liquid pollutants (v,) on the
SLIS surface were calculated in Table 2 to describe their sliding
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Fig. 4. Anti-fouling performance of the bare PDMS and SLIS: (a, b) kinds of daily used liquids on PDMS and the corresponding schematic diagram; (c-h) captures of
all liquid pollutants rolling away and the corresponding schematic diagram. All scale bars are 2 mm.

Table 2
Average detachment velocity of different liquid pollutants on SLIS surface.

Liquid pollutants Water Cola Soysauce Coffee Milk

1

Average velocity/mm-s™ 11.65 10.58 10.54 9.05 8.37

behaviors.

vo=d

In the formula, v, is the average velocities of liquid pollutant; d is the
constant distance for the liquid pollutant sliding; and t, is the time that
pollutant took to slide the whole distance d.

It could be concluded that there was a very slight difference among
them and all pollutants ran the 6 mm distance quite fast (within 0.7 s),
even though the velocities of coffee and milk were a little lower because
of holding more contamination. In Fig. 4(h), a schematic diagram was
drawn to explain how the pollutants slide away. The secreting lubricant
formed a uniform film on the surface and acted as the conveyor belt,
where the liquid pollutant could be easily transported by gravity (G).
Due to the liquid repellency of the MO lubricant itself, there is just a little
adhesion (f') between the liquid contaminant and the lubricant film. Once
the surface is tilted, the force on the contaminant in the direction of the
surface will not be unbalanced, where the component of gravity
(g) along the surface is more dominant and can easily drag the liquid
contamination away.

The SLIS coating also displayed anti-fouling properties with water-
based and oil-based stamps. In Fig. 5(al), PDMS was stamped with

)

water-based ink and the pattern SEBRE, could be observed clearly.
Then, the pattern was washed with water but the mark was still visible.
The same pattern was printed on 90UV-MOPDMS whereas the words
were very vague because of the ink shrinking behaviors (Fig. 5(a2)).
After washing, the stamp was completely wiped. A similarphenomenon
appeared on these two coatings when the oil-based stamp was used to
test their anti-fouling ability. In conclusion, once stamped on the bare
PDMS, the ink immediately spreads and sticks to the surface (Fig. 5(al)
and (bl)) even after being washed by pure water. Conversely, on the
SLIS, the ink pattern shrank into tiny droplets and could be easily
removed by the pure water (Fig. 5(a2) and (b2)). Whether the stamp had
just been printed or been washed with water, the contrast between these
two was quite obvious.

The anti-fouling performance could be proved with sand particles
and daily common rust particles (Fe,O3) in Fig. 5(c) and (d). As shown in
Fig. 5(c1) and (d1), the sand and Fe,Os particles on bare PDMS were not
efficiently removed by the water droplet. Water droplets of 1 mL were
dropped onto the surface and then the samples were tilted vertically, but
the particles left obvious traces. On the contrary, these two kinds of
particles on the SLIS coating could be fully washed by water droplets and
rolled down from the surface, owing to the lubricant film (Fig. 5(c2) and
(d2)).

After the above experimental verification, SLIS has demonstrated
excellent liquid repellency in the face of various common liquid pol-
lutants in daily life. At the same time, on the surface of SLIS, solid
contaminants can be also easily removed by water. The liquid repellency
of SLIS is due to the lubricating layer, which repels liquids with a wide
range of surface tensions [40].
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Fig. 5. Remove of water-based stamps on (al) PDMS, (a2) SLIS; oil-based stamp
on (bl) PDMS, (b2) SLIS; sand particles on (c1) PDMS, (c2) SLIS; and daily
common rust particles (Fe20s) on (d1) PDMS, (d2) SLIS; using 1 mL water
droplets. All scale bars are 1 cm.

Fig. 6(g) demonstrated the anti-biofouling test process of coatings,
which was totally under the same conditions as the Chlorella nutrition
process. Fig. 6(a) to (f) were the morphological images of #1 in clean
water and #1 to #5 in Chlorella solution. In comparison, Fig. 6(a) showed
the PDMS coating immersed in pure water, and Fig. 6(b) dis- played
how PDMS behaved in a solution rich with Chlorella: simple PDMS just
could not withstand the fouling organisms inhibiting. On the contrary, the
SLIS showed quite anti-biofouling ability in Fig. 6(c) to (f), among which
the surface of #4 was very clean with the fewest inhibition of Chlorella.
In order to better visualize the anti-biofouling ability of different coatings,
surfaces were meshed and the colonized Chlorella per regions was
counted. Results were shown in Fig. 6(h). It is quite obvious that there
was an order of magnitude difference in the attachment density of
Chlorella between SLIS and PDMS, revealing that SLIS exhibited
excellent anti-biofouling performance and 90UV-MOPDMS behaved the
best. It is well known that surface morphology, surface tension and
chemical composition all have critical effects on the adhe- sion
behaviors of microorganisms. The stable and uniform MO lubricant film
can directly protect the surface from microorganisms and then
significantly disrupt biological adhesion [41], which explains the
outstanding anti-fouling and self-cleaning performance of 90UV-
MOPDMS.

3.4. Evaluation of anti-corrosion performance

The anti-corrosion performance is a significant property of surfaces
for preparing the surfaces applied in a harsh and complicated marine
environment. To evaluate the corrosion resistance performance of the
samples, electrochemical corrosion tests were conducted in 3.5 % NaCl

solution to simulate the potentiodynamic polarization [42]. The Tafel
curve is a portion of the polarization curve in the strongly polarized
region. All Tafel polarization curves of various coatings are depicted in
Fig. 7(a) and the parameters obtained from Tafel curves such as corro-
sion potential (Ecor) @and corrosion current density (icor) are summa- rized
in Fig. 7(b). According to relational literature, the higher the Ecorr, the
better the corrosion resistance. The lower the icorr, the slower the
corrosion velocity [43,44]. It could be seen from the graph that for all
coatings, the Ecorr gradually increased at first, while the 135UV-
MOPDMS coating declined, so the #5 showed the highest corrosion
potential of -0.216 V. While the icorr presented the converse tendency:
increasing first until #5 and then decreasing. The graph showed that #5
exhibited the lowest corrosion current density of 1.& 10~° A, which
reduced one o4rder of magnitude compared to #1 (6.1 X 1075 A). By
contrast, it could be concluded that the 90UV-MOPDMS coating showed
the best corrosion resistance ability.

EIS measurements were employed to further investigate the anti-
corrosion characteristics of the samples. Fig. 8(a) to (c) displayed the
corresponding Bode modulus, Bode plots of phase angle and Nyquist
plots Electrochemical Impedance Spectroscopy, respectively. Typically,
the impedance values at a low measured frequency of 0.01 Hz (|Z|o.01 Hz)
could better reflect the barrier properties of a coating system. The higher
|Z]o.01 1z values mean more excellent barrier properties. From #1 to #5,
the |Z|oo1 1. Was sharply increased from 10° @ cm? to 10!  cm?, and

then declined to 108 @ cm? of #6. Apparently, the corrosive process
occurred atthe metal/solutioninterface for #1 (bare Q235) while others

showed attractive corrosion protection performance, whereas the #5
(90UV-MOPDMS) investigated the best anti-corrosion property. In Fig. 8
(b), the phase angle plots of #5 showed only one peak which corre-
sponded to one time constant, indicating that the corrosive mediums did
not arrive at the metal interface and the coating still acted as a good
barrier. Except #5, the second peak appeared in other plots at the low
frequency region, which illustrated that the second time constant
showed up and those coatings all showed different degrees of corrosion.
It is well-known that in Nyquist plots, the larger axial radius of a sem-
ielliptical arc indicated the better corrosion resistance of the coating.
Therefore, it was evident that 90UV-MOPDMS displayed the best anti-
corrosion performance from Fig. 8(c). It could be also observed that the
capacitance of the 90UV-MOPDMS was rather larger than other
surfaces. Generally, R. is used to represent the degradation and porosity
of the coating, whose value would decrease while the prolongation of
time because of the continuous penetration of corrosive media. In Fig. 8
(d), #5 showed the highest value of R.. Therefore, considering these
evaluation criteria based on various aspects, the 90UV-MOPDMS
exhibited the best corrosion resistance property, owing to the densest
MO lubricating layer inside the coating, which was observed in the FTIR
spectra.

The impedance data were analyzed by equivalent circuit models in
Fig. 9. Generally, the electrical equivalent circuit for R (QR) (Fig. 9b)
was employed to fit the EIS data at the initial stage of immersion. In this
stage, the corrosive medium had not reached the coating/metal inter-
face and no corrosion of metal substrate occurred, expressing as one
time constant in the phase angle Bode plots. With the extension of im-
mersion time, the corrosion medium gradually diffused to the coating/
metal interface and induced metal corrosion. The second time constant
was generated at the low frequency of the phase angle plots, and the
impedance data were fitted by the electrical equivalent circuit of R(Q(R
(QR))) (Fig. 9c) [45].

To explain the totally different anti-corrosion behaviors of samples,
three corrosion resistance mechanism diagrams were displayed in Fig.
10. Fig. 10(a) depicted the invalid anti-corrosion coating, which
corresponded to the pure PDMS coating in NaCl solution. In this case,
the sodium ions, water molecules and dissolved oxygen in the solution
could easily pass through the coating and carry out electrochemical
corrosion on the surface of the substrate. In Fig. 10(b), both the densities
of infusion lubricant and the SiOy layer are related to the ability to resist
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the sodium ion and dissolved Oxygen. When MO was increasing and
SiO layer is getting denser like 90UV-MOPDMS, the coating exhibited a
more effective protective function, which was shown in Fig. 10(c). The
mechanism could be vividly explained by FTIR spectra. According to the
FTIR spectra, the characteristic absorption peak at 1095 cm ™2, which
was owing to Si-O-Si bond anti-symmetric stretching vibration, was
compared to describe the cross-linking situation of PDMS after the UV
irradiation. The lubricant infusion amount was same as the intensity of
Si-O-Si bond, which was attributed to the formation of the oxidized
surface layer of SiOy [46]. However, long UV treatments would cause
partial surface degradation and volume reduction [47]. By analyzing the
FTIR spectra, we concluded that under the UV treatment conditions
defined in this study, the SiOy layer of 90UV-MOPDMS possessed the
highest density in the samples with different irradiation durations.

3.5. Mechanical, thermal and chemical durability

Through the experiments in the previous sections, we have demon-
strated that the SLIS coatings (especially 90UV-MOPDMS) showed
excellent antifouling, self-cleaning, anti-corrosion and drag reduction
properties. However, practical applications of anti-fouling coatings are
always facing the handicap of durable mechanical, thermal and chem-
ical stability. Therefore, the comprehensive durability of the coatings
was carried out by various tests.

According to the mechanism analysis before, the maintenance of MO
in the coatings played a considerable role in antifouling, anti-corrosion
and drag reduction performances. Thus, the fluorescence signal was
detected on different samples at the beginning and one week later, and
fluorescent intensity was calculated with a semi-quantitative method
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[48]. The samples were shone with a focused beam of monochromatic
laser light of wavelength k561 nm and the fluorescence signals were
captured through the pinhole of a confocal microscope. The lubricant
MO was dyed with the fluorescent dye Oil Red O (emission wavelengths
kem from 565 to 650 nm), which allowed us to visualize the spatial
infusing situation of the MO in PDMS. During that week, all the samples
were put in a flowing water environment to imitate the actual working
conditions. Original and changed fluorescent intensities were displayed
in Fig. 11(a). For the original samples, 90UV-MOPDMS showed the
highest intensity which was about 8.44 times of pure PDMS, while the

intensities of 45UV-MOPDMS and 135UV-MOPDMS were just 2.87 and
3.38times of that of PDMS. One week later, 90UV-MOPDMS showed the
smallest attenuation amplitude in fluorescence intensity, which was just
125 %. However, the attenuation for 135UV-MOPDMS, 45UV-
MOPDMS and PDMS were 66 %, 80 % and 82.5 %, respectively. In Fig.
11(b), CA and particularly SA were measured on the SLIS samples after
the scour of flowing water. For the original samples, 90UV- MOPDMS
showed the smallest SA which was about 9.2°, while the SAs of QUV-
MOPDMS, 45UV-MOPDMS and 135UV-MOPDMS were 32.5°, 10.4°
and 12.1°, respectively. Among all SLIS, 90UV-MOPDMS
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environment for one week.

really displayed the outstanding water repellency. After souring for 7
days, SA of 90UV-MOPDMS increased but still showed the smallest value
at 11.2° while the SAs of OUV-MOPDMS, 45UV-MOPDMS and 135UV-
MOPDMS increased to 35.6°,17.5°and 17.1°, respectively. The CAs also
displayed similar trend, revealing the lubricant was slowly released.
Results indicated that SLIS showed superior durability from the
perspective of liquid repellency. And 90UV-MOPDMS displayed the best
performance and exhibited the highest efficiency in both the lubricant
infusion and long-term lubricant release, which may be an optimized
condition for designing the long-term stable service SLIS specimen.
The durability of anti-corrosion is also a vital index for evaluating the
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applications of coatings [42]. Three UV treatment experimental speci-
mens were chosen to observe the durable electrochemical anti-corrosion
performance. After being immersed in a flowing water environment for
seven days, the samples were tested in 3.5 wt% NaCl solution circum-
stance and corresponding Tafel plots were obtained in Fig. 12(a).
Obviously, the Ecor of 90UV-MOPDMS was still the highest. The
calculated parameters were displayed in Fig. 12(b). It could be seen from
the graph that even after timeless work, the Ec.r and icor presented a
very slight change. For Eco, #5 decreased from —0.216 V to —0.307 V,
and #4 and #6 also reduced a little. For i, all coatings slightly rose

and #5 increased from 1.6 x 10" %A to 1.8 x 107 A. By contrast, it
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Fig. 12. Anti-corrosion persistence of SLIS deposed in flowing water environment for one week: (a) the Tafel curves of all samples in 3.5 wt% NaCl solution; (b)

electrochemical polarization measurement electrochemical parameters.
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could be concluded that the UV treated specimen investigated very
strong durability and stability in anti-corrosion, and the 90UV-MOPDMS
coating still showed the best corrosion resistance ability.

The mechanical stability of the coating can be proven by the cyclic
stretch tests. The wettability and anti-fouling behavior of the 90UV-
MOPDMS coating were tested after repeated pulls.

The surface wettability was measured after 250, 500, 750 and 1000
cycles, respectively, and the variation laws of contact angle (CA) and
sliding angle (SA) were obtained as shown in Fig. 13(a). In order to
ensure the accuracy of the measurement results, pure water was added
dropwise to different areas of the sample in each group of experiments
and the measurement was repeated at least 3 times. The CA and the SA
both increased gradually with the increase of stretch cycles. The range of
CA was stably kept around 93°, which meant the coating was partly dried
because of the secretion of MO while the surface energy was just slightly
decreased by cyclic pull. In addition, the SA still remained very low
(under 11°), meaning the liquid pollutants could roll away easily. As
shown in Fig. 13(b), a self-cleaning performance test was conducted on
pure PDMS and SLIS after 1000 times stretch. The samples were
immersed in concentrated coffee and then removed. The coffee could
still gather and slide away from the SLIS coating without leaving any
marks, but attached and polluted the PDMS coating, which vividly
demonstrated the SLIS coating has good mechanical stability even after
long-term pulls.

Referring to previous studies [49,50], the coating would be under-
mined by soaking in saline solutions and hot water, thus reducing the
anti-fouling performance. As shown in Fig. 14, both MOPDMS and
90UV-MOPDMS were placed in a continuously heated 60 °C high-
temperature water bath environment and a high-saline solution with a
mass fraction of 3.5 % NaCl for a week. During immersion, the lubricant
MO was lost due to the saline and high temperature environment.
Therefore, the weight of the samples was recorded to describe the loss of
lubricant contained in samples every 24 h. Fig. 14(a) and (b) showed the
loss of lubricant for MOPDMS and 90UV-MOPDMS immersed in hot
water for a week. As shown in Fig. 14(a), the weight of 90UV-PDMS was
significantly increased after MO infusion, which indicated that more
lubricants were infused. When the hot water was used to wash the
surface, both of 90UV-PDMS and MOPDMS experienced a process of
weight reduction. The reflected the releasing rate of the MO was defined
as the following formula:

Rn = (mo— mn)/,, X 100%

In the formula, m is the weight of the coating before MO infusion; mg
is the initial weight after MO infusion; and m, is the weight of the sample
after n days' releasing.

In Fig. 14(a), the orange area meant the lubricant infusion stage, and
it could be clearly noticed that 90UV-PDMS could significantly absorb
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MO compared to PDMS; the blue area was the lubricant release stage.
Even experiencing one week of washing in a high-temperature water
environment, 90UV-MOPDMS still showed good long-time resistance to
liquid pollutants (dyed water here in the graph). Fig. 14(b) displayed the
difference in lubricant loss rate between these two coatings. It was very
obvious that the lubricant loss of 90UV-MOPDMS in hot water was much
slower than that of MOPDMS, emphasizing the former better thermal
stability. In saline solutions, coatings exhibited similar processes to
those in hot water, which was demonstrated in Fig. 14(c). In addition,
Long-time resistance to liquid pollutants (milk here in the graph) was
also recorded. However, the releasing weight ratio (R,) revealed the
discrepancy under two different circumstances: although the coatings
still behaved well on the durable anti-fouling aspect in saline solution,
the velocities of MO loss were nearly close. The mechanical, thermal and
chemical durability of SLIS is due to the self-healing performance of the
lubricant layer. Damaged lubricant film parts can be mended by oil flow
from the infusion lubricating layer [51] and the previous characteriza-
tion of the efficient infusion of lubricant guarantees this self-healing
performance.

4. Conclusions

In the work, a facile and novel method of fabricating SLIS with stable
anti-fouling and anti-corrosion performance was proposed. Five different
coatings (MOPDMS, 45UV-MOPDMS, 90UV-MOPDMS and 145UV-
MOPDMS) were prepared based on UV irradiation time. Release,
tribological and mechanical tests were used to carefully analyze the
performance of the coatings. The experimental results were as follows:

¢ An efficient lubricant infusion method was used to construct SLIS by
altering the PDMS cross-linking process with direct UV irradiation.
The prepared coating has good transparency andsmoothness.
Compared to the reference substrate, SLIS treated with 90 min UV
irradiation (90UV-MOPDMS) showed the greatest anti-fouling and
anti-corrosion performance, which was demonstrated by the func-
tionality of durable lubricating MO coating covering on the PDMS and
the cross-linked dense SiOy layer owing to UV irradiation. The
presence of the lubricant effectively reduced the adhesion of con-
taminants and isolated the exchange of ions and water between the
solution and the protected substrate.

Release experiment revealed that the SLIS possessed durable me-
chanical, chemical and thermal stabilities. It was demonstrated that
because of the synergistic effect of inhibitor MO and the dense SiOy
layer, the antifouling layer can be used for a long time, thereby
endowing coating with remarkable stability.

We foresee that the SLIS coatings have broad applications in marine

SLIS after 1000 times stretch

Fig. 13. (a) Variation of CA under cyclic stretching and (b) the remove of coffee on SLIS after repeated stretch.
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equipment. The coatings may significantly save energy, cost, and labor
in cleaning and maintaining underwater surfaces.
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