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A robust superhydrophobic coating of SER/ ZnO/MWCNTs with high corrosion
resistance was prepared by one-step spraying method
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Multifunctional integration is the basic feature of artificial superhydrophobic coatings
widely used in many fields. This paper presents a simple and economical experimental
method to prepare a super hydrophobic coating with super strong corrosion resistance by
spraying a mixed solution composed of epoxy resin (EP) as the base, multi-walled carbon
nanotubes (MWCNTs), sericite (SER), nano-zinc oxide (ZnO) and octadecyl
trimethoxysilane (ODTMS) on an aluminum substrate. Firstly, the superhydrophobic
property of the coating prepared in this experiment is better than that of the ordinary
coating, and its contact angle reaches 167.3° and rolling angle is as low as 2.7°. Secondly,
the superhydrophobic coating can not only maintain the superhydrophobic property in
harsh environment (such as: soaking in boiling water for 10 hours, soaking in acid, alkali
and salt solution for 7 days, high temperature, burning and strong ultraviolet irradiation,
etc.), but also can withstand a variety of mechanical damage without losing the
superhydrophobic property (such as: 1000 sandpaper wear cycles, 100 tape stripping
cycles and 1000 g grit sustained impact). In addition, the excellent non-wettability of
superhydrophobic coating can make it have excellent performance in the field of self-
cleaning and anti-fouling. It is worth mentioning that the electrochemical workstation
experiment proved that the coating also has good corrosion resistance, and the anti-
corrosion efficiency reached 99.924%. This strong superhydrophobic coating has many
functions, such as self-cleaning, antifouling and corrosion prevention, and will have good
application prospects in many fields in the future.
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1. Introduction

Metals and metal alloys, as core engineering materials, play an irreplaceable role in many
industrial fields, such as production and manufacturing in traditional industries, parts
manufacturing in the machinery industry, and related developments in the agricultural field.
However, they are vulnerable to corrosion, resulting in shortened engineering life, huge economic
losses and threats to life safety [!?. Nowadays, the main way to prevent metal corrosion because of
rust is to use the principle of electrochemical workstation to protect*4, adding corrosion inhibitor
protection 57, surface spraying coating protection [ and so on. Among them, coating protection
law is an effective method to prevent metal corrosion, simple operation and low cost. Polymer
resins (e.g., epoxy and polyurethane) are widely used in coating protection [!%). However, the
function of these anti-corrosive coatings is only to separate the metal or some alloy of the metal
from the medium containing the corrosive material. After a short time, the corrosive medium can
penetrate the coating in direct contact with it, and the metal or metal alloy surface begins to be
corroded by the corrosive medium 12!, Therefore, we have found a new method to effectively
reduce the corrosion rate of the coating, by reducing the contact between the corrosive substance
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and the actual use of the coating, greatly improving the service life of the metal or alloy.

The liquid contact Angle of the artificial superhydrophobic composite surface has certain
requirements, so does the rolling Angle, which is inspired by the behavior of some natural
organisms, such as the shell of a beetle in the desert ['*] the drops of water on a lotus leaf in the
rain U411 and the wings of a butterfly flying in the rain U, During the decades of
superhydrophobic surface research, its great potential for application in metal corrosion, anti-icing,
self-cleaning has brought it remarkable attention in material science ['’2%. A rough surface
structure and a lower surface potential energy are two basic characteristics of superhydrophobic
coatings ?’1. Now the problem is how to better control the microstructure of the superhydrophobic
surface, people have come up with many methods, such as template control method, chemical
etching method and anodic oxidation method !, The spraying method of superhydrophobic
coating can meet the needs of mass production, and is deeply loved in the field of
superhydrophobic coating preparation. Cui et al. P2 prepared an extremely corrosion-resistant
superhydrophobic composite coating by spraying and micro-arc oxidation. Lv et al. prepared
fluoride-free PS superhydrophobic composite coating by a simpler spraying method 1. Guo et al.
B4 obtained an antibacterial superhydrophobic composite coating by spraying carboxyl
polybenzene sulfide (PPS-COOH), fluorosilane-modified zinc oxide (FAS-ZnO) and asphalt
(ATP) on iron base.

From another point of view, most of the existing superhydrophobic composite coatings
have the defect of poor mechanical durability, this makes the practical application of
superhydrophobic composite coating very difficult. The experiments of Xiu et al. 3 prove that
after mechanical wear, superhydrophobic composite surfaces with micro - and nano-scale
microstructure are more complete than those with only nano-scale microstructure.

Based on the above reasons and considering the harmful materials in destroying the
ecological environment at the same time and also harm human health, so need to develop a simple
operation, economical and can meet the demand of mass production method, namely in the
substrate surface preparation from cleaning, anti-fouling, corrosion prevention and other functions
in the integration of strong super hydrophobic coating has important practical significance.

In this experiment, we adopted a simple, convenient and efficient spraying process to
prepare SER/zinc oxide/MWCNTs composite superhydrophobic coating on the surface of ordinary
aluminum sheets. The prepared coating has excellent non-wetting properties, with contact angles
up to 167.3 and rolling angles as low as 2.7. The strong adhesion of EP to the substrate, combined
with the high wear resistance of SER powder with zinc oxide and MWCNTs nanoparticles, the
superhydrophobic coating showed strong mechanical stability in both circulating tape stripping
tests and sandpaper wear cycle tests. It is worth mentioning that the super hydrophobic coating can
maintain excellent stability even in boiling water, burning, acidic, alkaline, ultraviolet irradiation
and other environments. In addition, the results of dynamic potential polarization curve (Tafel) and
electrochemical impedance spectroscopy (EIS) of the superhydrophobic coating were analyzed
and demonstrated. Through data analysis, the superhydrophobic composite coating has good
chemical corrosion resistance. This experiment successfully prepared a kind of superhydrophobic
coating with good anti-corrosion potential for metal corrosion protection.

2. Experimental section

2.1. Materials

Epoxy resin (EP E51), curing reagent (D-230) and octadecyl triethoxysilane (ODTMS)
were all supported by McLean (China). NaCl, NaOH, HCI and anhydrous ethanol are all standard
liquids and can be used without further operation, purchased from Shenyang Chemical. Zinc oxide
nanoparticles (n-ZnO 20nm) were provided by Shandong Yanggu Zhongtian Zinc Industry Co.,
LTD. Multi-walled carbon nanotubes (CNT-010-0) were purchased from Gaad Chemical. Sericite
(SER 600) provided by Shenzhen Haiyang Powder. Aluminum sheets are purchased from local
markets for pretreatment before use.
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2.2. Preparation of strong anticorrosive superhydrophobic coating

First, use 240 mesh and 800 mesh sandpaper to polish the aluminum side (5*5 cm2) in
turn to remove the surface impurities of the aluminum plate. Then clean the aluminum plate with
ethanol until there is no dirt, then rinse the ethanol with deionized water, cycle twice, and finally
put the cleaned aluminum plate into a vacuum drying oven for drying.

The following are the experimental steps for the preparation of strong corrosion resistant
superhydrophobic coating in this experiment. First, 3.6g EP was added to 25 mL of ethyl acetate
(EA); Then, 3 g n-ZnO, 1gSER and a certain amount of MWCNTs were added to the solution from
0.1g to 0.5g at 0.1g intervals, and drip-supplemented with 200 uL. ODTMS, the mixing solution
was then stirred for 2 h; after stirring, sonicated for 30 min, prevent polyization of micro and
nanoparticles in mixed solution; continue stirring for 3 hours, Ensure that the micro-nanoparticles
are evenly dispersed; finally, D-230 was added and stirred. Finally, by spraying the obtained mixed
solution on the base aluminum plate, the super hydrophobic composite coating of SER&ZnO
&MWCNTs with wear resistance and corrosion resistance can be prepared. FIG. 1 shows the
preparation of the composite coating.
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Fig. 1. Diagram of preparation process of superhydrophobic coating

2.3 Surface characterization

The surface composition of the coating was analyzed using FTIR spectroscopy (FTIR,
Jasco). The surface morphology of these coatings was observed by scanning electron microscope
(SEM, FEG 400) at an accelerated voltage of 15 kV. The wettability of the coating surface of the
sample was tested using a contact angle measuring instrument (Fed-Al, Kezon) with a drop
volume of 10 pL and measured at 5 different locations. The final result was obtained by averaging
the five sets of data. Tilt the surface of the coated sample slightly, and the water droplets drop from
about lcm above it. If the water droplets can roll off, the sample is then tilted at a reduced Angle,
and the water continues to drip until it no longer rolls over the composite coating surface, record
the angle at this time as the rolling angle, repeat the above steps five times, and take the average of
the five times as the final rolling angle.

2.4. Mechanical stability testing

Common tests for coating stability testing include sandpaper wear test, tape test, gravel
impact test and adhesion test.

Sandpaper wear test: wear testing machine is used to test the wear resistance of the
sample. Tape stripping test: First, the tape is tightly fitted to the super hydrophobic coating, and
then the tape is quickly stripped.

Gravel impact test: tilt the sample to 45 to release sand from above the sample to impact
the sample. For the above tests, test and record the contact Angle and rolling Angle of the sample
every 5 cycles.
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2.5. Physical / Chemical durability test

Acid-alkali salt test: Place a coating sample in a strong acid solution, a strong alkali
solution and a 3.5wt%NaCl solution, take it every 24h, clean it and put it in the oven to dry.
Finally, the contact Angle and rolling Angle of the sample need to be measured and recorded
again.

Burning, high temperature and ultraviolet aging test: the sample is placed on the flame of
an alcohol lamp and burned for a certain period of time. After burning, the alcohol lamp is
extinguished. After cooling, the contact angle of the sample is measured and its self-cleaning
performance is tested.The prepared sample is placed in a Muffle furnace and held at 50 ° C from
100°C to 300°C for 2 hours. After the sample furnace cools, the contact angle and rolling angle are
measured and recorded again. The sample was irradiated under an ultraviolet lamp, the lamp was
15-20 cm away from the coating sample, and the relevant parameters were adjusted (the power
was 2.2kw, the nominal ultraviolet wavelength was 313 nm) for ultraviolet irradiation. Samples
were taken every 12 hours, and after alternating cleaning and drying with ethanol and deionized
water, the contact Angle and rolling Angle of the sample need to be measured and recorded again.

2.6. Self-cleaning and anti-pollution test

The red dye is poured on the surface of the ordinary coating and the superhydrophobic
composite coating respectively. Drip water about 1 cm above the coating and observe the pigment
taken away when the water drops and rolls. By dipping the superhydrophobic coating into
methylene-blue solution, and then remove the coating two hours later and see if any solution sticks
to the coating; The sample was tilted at an angle, about 1 cm above it, and several common liquids
(including milk, milk tea, cola, dye, mud water and soy sauce) were continuously dropped. It was
observed whether several liquids could roll off the surface of the superhydrophobic coating and
whether rolling marks would be left after rolling.

2.7. Electrochemical testing

The sample was placed in 3.5 weight.% sodium chloride solution and the electrochemical
impedance spectroscopy (EIS) and dynamic potential polarization curve (Tafel) of the coating
were measured using Gamry instrument. The electrochemical impedance spectra were collected
from the electrochemical impedance spectra curves. The potential polarization curve was scanned
at 1 mVJ/s.

3. Results and discussion

3.1. Wettability analysis

There are two important indicators to evaluate whether the coating is super hydrophobic
coating:First, the surface of the coating needs to reach a certain roughness; Second, the surface
energy required for the coating is lower®®37], In this paper, the surface structure of the coating was
constructed using SER, ZnO and MWCNTs, and the effects of different MWCNTs contents on
hydrophobicity were investigated. FIG. 2a shows the results of the various tests for the coating.
With the increase of MWCNTs content, the contact angle also increased gradually. When
MWCNTs achieved the best superhydrophobic effect in the coating, the contact angle reached
167.3, while the rolling angle was only 2.7. Subsequently, when the MWCNTs content was
excessive, the contact Angle decreased slightly, but the rolling Angle increased. The analysis in
Figure 3 confirms that the coating hydrophobicity increases significantly as (ODTMS) improves
the graft coating as a low surface energy substance. Of course, with the increase of MWCNTs
content, the coating structure increased roughness and became denser. When the optimal surface
roughness was reached, the content of MWCNTSs continued to increase and MWCNTs began to
accumulate, but the roughness decreased slightly.

In addition, the wettability of different liquids on the surface of the superhydrophobic
composite coating is also discussed. Seven different liquids (including milk, milk tea, cola,
pigment, soy sauce, acid and alkali) were added to the surface of the sample, and the contact
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angles of the different liquids were measured and recorded. Figure 2b shows the test results. All
droplets are spherical on the surface of the sample, and each contact Angle is greater than 150.
Through observation, it can be found that among the seven liquids, soy sauce and pigment have
the smallest contact angle, while several transparent liquids cola, acid and alkali have the largest
contact angle. The main reason is that it is harder for dense droplets to maintain sphericity than
smaller ones at the same volume.
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Fig. 2. (a) Effect of MWCNT5 content on hydrophobicity of coatings; (b) Hydrophobicity of droplets
with different surface tension on coating surface

3.2. Surface morphology and chemical characterization

The microstructure and composition of the composite coating were analyzed by scanning
electron microscopy and FTIR spectroscopy. As shown in Figure 3, many micron-scale bumps and
nanoscale papillae appear on the obtained dense superhydrophobic coating due to the aggregation
of micro-nanoparticles.

Fig. 3. (a-b)SEM of coatings with 2.5% MWCNT5, (
c-f) SEM diagram of coating with 7.5% MWCNTs content.

Air is present in the space between these nanoscale papillae, and when the sample is
eroded by the corrosive solution, this air forms a dense layer to suppress the corrosive solution.
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According to the display in Figure 3 (a-b), the content of MWCNTs in the coating is 2.5%, making
the surface presents a certain graded rough structure of micro and nano particles. However, these
micron-scale bumps and nanoscale papillac are almost entirely covered by EP, and the surface
energy difference between the epoxy resin and the micro-nano structure is huge, so the coating is
not super hydrophobic. As can be observed in Figure 3 (c-f), the micro-nano graded rough
structure of the composite coating surface becomes more significant as the MWCNTSs content
increases. Furthermore, micron-scale bumps and nanoscale mastoids begin to penetrate the
blockade of the epoxy resin. This makes the prepared composite coating not only have excellent
rough micro-nano structure, but also have low surface potential energy and excellent
superhydrophobic properties.

The FTIR of sericite, ZnO, MWCNTs and their modified particles is shown in Figure 4.
According to spectral line b in the figure, the asymmetric stretching vibration of -OH occurs at the
wave number of 3626 cm™!, while its symmetric stretching vibration occurs near the wave number
of 3382 cm!. Similarly, the bending vibration of -OH can be clearly seen at wave number 1625cm
! Tt is not difficult to conclude that there are hydroxyl groups in the surface structure of the coating
and water molecules in the inner space of SER.P*4 According to the analysis of b and d in
Figure, the vibration peak generated by ODTMS -COOH is near the wave number of 1456cm™#!,
In spectral line a, the symmetric contraction vibration peak of Si-O-Si is near the wave number
976cm! 42431 The Si-O vibration peaks of silane appear near 752 cm™ and 694 cm™. In line d, the
peak of wave number near 3382 c¢cm! indicates the stretching and bending vibration absorption
peak of hydroxyl group, indicating that many water molecules are adsorbed on the surface of
nanometer zinc oxide, and finally the adsorbed hydroxyl group is formed %), In addition, it
should be noted that the peaks of modified SER and ZnO represent -CH2 asymmetric stretching at
2921 cm’!, while symmetric vibration occurs at 2851 ¢cm™ ¥, This also indicates that octadecyl
and trimethoxysilane are introduced into the SER and ZnO networks.In the Figure, spectral lines e
and f are MWCNTs and modified MWCNTs, and there is no obvious change in the two spectral
lines, because the C=C covalent bond composed of carbon nanotubes is the most stable chemical
bond in nature. No chemical reaction occurs between MWCNTs and the modifier ODTMS at
normal temperature and neutral conditions, so no new functional groups are generated.
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Fig. 4. Infrared spectra of different micro and nano particles.

3.3. Mechanical stability

The main problem facing the application of superhydrophobic coatings is how to enhance
their durability, which has a huge impact on the application range. For many of the coatings that
have been developed, the porous microstructure of the coating surface is so fragile that even slight
friction or direct pressure can destroy the structure*471In this study, the mechanical stability of
superhydrophobic composite coating was evaluated through a series of tests, such as sandpaper
wear test, tape stripping, sand impact. The system recorded the wettability changes of the sample
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after 1400 sandpaper wear cycles and 100 strip stripping cycles, as well as the surface topography
changes of the sample after wear cycles, as shown in Fig. 5.The results of FIG. 5c¢ show that the
contact Angle of the coating decreases significantly after being worn by sandpaper, and the rolling
Angle increases accordingly. When the superhydrophobic coating experienced 1000 sandwear
cycles, the contact angle decreased to 151.5, while the rolling angle increased to 21.6.
Nevertheless, the coating still maintains a good superhydrophobicity. When the wear period is
increased to 1400 times, the contact Angle further decreases to 140.3°, and the rolling Angle
gradually increases to 36.6°. The coating loses superhydrophobicity, but still has good
hydrophobicity. After 1400 wear cycles of the coating, the comparison between FIG. 5e¢ and FIG.
5f shows that the surface of the composite coating becomes uniform and smooth, because its micro
and nano structure is destroyed. It is extremely challenging to maintain superhydrophobic
properties of the coating by relying solely on the low surface potential material of the coating
surface. Abrasion cycle test of sandpaper shows that the composite coating has good wear
resistancel*].
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Fig. 5. (a)Schematic diagram of sandpaper wear ; (b)Tape stripping diagram, (c)Relationship between wear
frequency and wettability of coating; (d)Coating wettability and stripping times; (e)The SEM images of the
initial appearance; (f)The SEM images of the sample after the wear cycle.



1040

Fig. 5b is the schematic diagram of the tape stripping experiment, and Fig. 5d shows the
surface wettability changes of the superhydrophobic coating under different cycle conditions in the
experiment. As can be seen from Figure 5d, tape stripping has little effect on the superhydrophobic
coating. After 100 tape stripping cycles, the contact Angle of the composite coating decreases
again to 160.5°, and the rolling Angle increases to 9.7°. These studies and tests show that the
superhydrophobic composite coating has excellent durability.

In addition, in order to test whether the mechanical properties of the composite coating are
stable, we added a sand impact test. The continuous impact of gravel can destroy the integrity of
the coated surface. The results of FIG. 6b show that the continuous impact of gravel will
continuously reduce the contact Angle of the coating, and its rolling Angle will continuously
increase. The contact Angle of the composite coating decreased to 152.5 © and the rolling Angle
increased to 9.6 ° due to the destruction of the surface structure. The results of the experiment also
directly prove that the prepared composite coating has good mechanical stability and can withstand

the impact of wind sand in harsh environment 43,
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Fig. 6. (a) Sand impact test. Gravel impact model; (b) Relationship between the number of impact cycles of
gravel and the wettability of coating.

As we all know, in order to be widely used in practical situations, the super hydrophobic
composite coating must have strong adhesion. According to the tape stripping test of international
standard 1S02409-2013, as shown in Figure 7c, the cutting edge of the sample is very smooth and
the mesh is complete. Compared with the data in Table 1, the binding ability between the
superhydrophobic composite coating and the metal substrate is the best. In addition, it can be seen
from Figure 7d that even if the superhydrophobic coating is cut in an orderly manner, the droplet
can still continue to roll on the surface, indicating that the composite coating still has certain
superhydrophobic properties.
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Fig. 7. (a)Cross pattern of superhydrophobic coating surface construction,; (b) After tearing it off, a very
small amount of powder was placed on the tape ;(c) Cross surface dripping diagram.

Table 1. Classification of experimental results (international standard).

Classification | Illustrate The appearance of the surface of the
cut zone where the detachment
occurred (Example)

0 The place where the specimen was cut is intact, —
and none of the meshes have fallen off
1 There is very little coating peeling off where the

specimen is cut, but the area of coating peeling
off is not more than 5%.

2 The area where the specimen is cut has more
coating peeling than the previous level, and the | |
area of coating peeling off is between 5% and
15%.

To sum up: superhydrophobic coating has excellent mechanical stability. The main reasons
are as follows: firstly, the superhydrophobic composite surface structure based on the combination
of microns and nanometers has better wear resistance than a single surface with only nanoscale
structure. Secondly, the selected micro and nano particles themselves have better wear resistance.
Alternatively, the higher proportion of superhydrophobic coated high epoxy resin used in this
study whether it can combine various materials and improve the surface strength of the composite
coating . Finally, because carbon nanotubes (CNTs) have an excellent tensile strength and
Young's modulus, they are used as nanocomposite packing in many enhanced thermosetting or

thermoplastic polymers!>%3,
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3.4. Physical/Chemical stability

The durability of superhydrophobic coating is the main reason that it cannot be applied in
large quantities in real life 5361 For this purpose, the stability of the samples under several harsh
environments (including: acid, alkali, salt, boiling water, burning, high temperature and ultraviolet
aging) was tested. As shown in Figure 8(a-d), they are respectively strong acid, strong base,
3.5wt.% NaCl solution and boiling water. As shown in Figure 8a, with the increase of soaking time
of the sample in a strong acid solution, the coating contact Angle will gradually decrease, but the
rolling Angle will continue to increase. After soaking for 24 h, the coating contact Angle will
decrease to 165.1° and the rolling Angle will increase to 3.5°. At this time, the sample still has
good superhydrophobicity. When the soaking time was extended to 7 days, the contact Angle was
further reduced to 154.1°, and the rolling Angle was further increased to 10.9°. The sample still
maintained good superhydrophobicity, indicating that the sample had long-term stability in the
strong acid solution. It can be seen from Figure 8b that the strong alkali solution has almost no
effect on the wettability of the coating. After soaking for 24 h, the contact Angle only decreased
slightly, at this time the contact Angle was 166.3°, and the rolling Angle was increased to 3.2°. The
sample has excellent superhydrophobicity. When the soaking time was extended to 7 days, the
contact Angle was further reduced to 156.2°, and the rolling Angle was gradually increased to 9.7°,
indicating that the sample had long-term stability in the strong alkali solution. Figure 8c shows that
even after soaking in 3.5 wt.%NacCl solution for more than 7 days, the contact Angle of the coating
is still greater than 150°, while the rolling Angle reaches 15°. Figure 8d shows that with the
increase of soaking time in boiling water, boiling water has little effect on the coating, and the
contact Angle and rolling Angle are almost unchanged. After soaking the sample in boiling water
for 2h, the change of contact Angle was 165.7° and the change of rolling Angle was 3.7°,
indicating that the sample had good non-wettability. However, after soaking in boiling water for 10
h, the rolling Angle is still less than 10°, and the contact Angle is greater than 150°, indicating that
the sample can still maintain good superhydrophobicity after long-term soaking in boiling
water.The reason why the wettability of the sample did not change significantly during the initial
soaking is that when the composite coating is immersed in the solution, the micro-nano structure
of the coating surface can trap the air to form a gas film, which can inhibit the corrosion of the
solution on the coating in a short time.
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Fig. 8. Durability testing of composite coatings. (a)Strong acid, (b) Strong base;

(c) 3.5 wt.% NaCl solution ; (d)Boiling water.



1043

Burn the sample with an alcohol lamp, as shown in Figure 9a. By comparing Figure 9b
and Figure 9c, it can be found that after a period of burning, the surface has left obvious burning
traces. After combustion, the contact Angle has a great change from 167.3° to 154.9°, but its super
hydrophobic properties still exist. This is also proved by the drip test, as shown in Figure 9(e-f),
where the drops quickly fall off the surface of the sample, leaving almost no trace. The self-
cleaning test also proves that the sample after burning still has good superhydrophobic property.
The burned sample is tilted slightly, and a layer of red pigment is scattered over the burning area.
Water droplets are slowly and continuously added to the surface of the sample, and the red
pigment is also removed from the surface. As shown in Figure 9 (g-h), the red pigment on the
surface of the coating is cleaned after several consecutive drops of water. The test results show that
the coating can maintain stable superhydrophobic properties after being burned.

L i

Fig. 9. Burning experiment. (a)Diagram of alcohol lamp burning; (b).The original sample; (c) burning
pattern; (d) Contact angle; (e-f) Drip test; (g-h) Self-cleaning.

As shown in Figure 10a, the wettability changes of the composite coating at different
temperatures. On the whole, the contact angle changed little, increased or decreased slightly, and
the superhydrophobic coating showed excellent high temperature resistance.As can be observed
from Figure Figure 10b, the superhydrophobic coating underwent UV irradiation in different time
periods, and its wetting state was changed. Among them, the contact Angle of the coating is still
greater than 160°, which has good waterproof performance. There are two main reasons: one is
that the extinction performance of inorganic filler depends on the different orientation of mineral
crystals, thus determining its ability to absorb and reflect ultraviolet light, and sericite is a
monocline crystal, has a large refractive index of ultraviolet light. Second, the tightly stacked
sericite sheets reflect the incident light layer by layer, which can reduce the light penetration. In
short, the superhydrophobic coating with strong durability that has been prepared in this
experiment can face a variety of harsh environmental conditions.
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Fig. 10(a) High temperature test; (b) Ultraviolet aging test.

3.5. Self-cleaning and anti-fouling

In practical applications, superhydrophobic composite coatings are usually applied to
metal surfaces, which bear the brunt of various types of erosion. Figure 1la shows the self-
cleaning diagram of the composite coating. The self-cleaning diagram of the common coating
contaminated by red dye is shown in Figure 11 (b1-b3). The self-cleaning diagram of the red dye
contaminated superhydrophobic composite coating is shown in Figure 11 (c1-c¢3). According to
Figure 11 (b1-b3), water droplets slowly descend from above the ordinary coating. When the water
drops encounter the red paint along the surface, it will continue to slide down, but it is difficult for
a single drop of water to slide from the surface of the sample, requiring more water droplets to
gather together to complete the process of detachment from the surface.The observation at Figure
11 (c1-c3) shows that when water droplets fall on the super waterproof coating, they do not stay on
the surface and instead bounce and roll. These rolling droplets will leave the coating with some
iron oxide red paint, leaving a clear rolling path. With the increase of water droplets, the water
droplets take red dye with them. The experimental results show that the self-cleaning performance
of the composite coating is good.

Fig. 11. (a) Schematic diagram of self-cleaning; (b1-b3)Common coating;
(c1-c3) Superhydrophobic coating.

Figure 12 shows the resistance of the superhydrophobic coating to some common droplets
(including milk, milk tea, cola, muddy water, soy sauce, dye, etc.). The results showed that drops
of milk, milk tea, cola, mud and dye fell on the surface of the sample and quickly rolled off,
leaving the surface in the same state as the original. This suggests that the superhydrophobic
coating has a strong resistance to these liquids. When the soy sauce falls on the surface of the
sample, as shown in Figure 12 (el, e2), marks are left on the surface of the sample, indicating that
the superhydrophobic composite coating is less resistant to soy sauce contamination than the
previous liquid. FIG. 12 (gl-g4) shows the erosion process of methylene blue solution protected
by the coating. After the superhydrophobic coating is soaked in methylene blue solution, the
surface of the coating is completely clean without any traces of contamination. This shows that the
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composite coating has superior anti-fouling properties because the liquid cannot penetrate into the
microtissue bubbles on the surface, which prevents the coating from being wetted and
contaminated, thus exhibiting excellent non-wetting properties™”.

Fig. 12. Resistance of samples to several common liquids: (al, a2)milk, (b1, b2) milk tea, (c1, c2)cola, (d1,
d2)muddy water, (el, e2)soy sauce, (f1, f2)dye; (g1-g4)Sample antifouling process.

3.6. Electrochemical test

3.6.1. Potentiodynamic polarization curve

The potentiodynamic polarization curves of the initial aluminum sheet, the aluminum
sheet sprayed with composite coating and the aluminum sheet soaked in NaCl solution for 24 h, 72
h, 120 h and 168 h are shown in Figure 13. When tested, the potential of the composite coating
(Ecorr) shifted in A positive direction by about 1.1 V, while the current (Icorr) dropped by four
orders of magnitude from 1.23*10° A * cm? to 9.320*%10° A * cm™. After 24, 72, 120 and 168
hours, the corrosion current of the coating has a certain decline. When the sample is just immersed,
the Icorr changes little, mainly because the air layer on the surface of the composite coating is
stable, which can effectively prevent the direct contact of the corrosive medium, and can better
protect the super hydrophobic composite coating. Even if the immersion time is extended to 120
hours, the corrosion current (Icorr) of the composite coating is still higher than the current of the
initial blank aluminum sheet. When the soaking time is further extended to 168 hours, the
corrosion current of the composite coating is not much different from that of the original
aluminum plate. The experimental results show that the superhydrophobic composite has good
anti-corrosion properties and can effectively play its anti-corrosion role for a long time.
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Fig. 13. Potentiodynamic polarization curve of samples soaked in 3.5wt.% NaCl.

In this experiment, Tafel extrapolation method was used to determine the relationship
between corrosion potential and corrosion current in the dynamic potential polarization curve, and
the anti-corrosion efficiency of the superhydrophobic composite coating was calculated by the
formula. (1) 585

0 _;0
np (%) = "I x 100 (1)

corr

Among them, the corrosion current density of superhydrophobic coating samples at
different soaking times is 99.992% and 96.88% respectively, it is proved that the composite
coating has good corrosion resistance and can maintain high corrosion resistance even after
soaking for 72 hours.

Table 2. Fitting results and corrosion inhibition rate of Tafel spectra shown in Fig. 10.

Samples Ecorr (V) Icorr (A'Cm_z) np (%)
Al -1.370 1.23x10° —
Composite coating -0.278 9.320x107° 99.92

Immersion for 24 hours -0.310 3.590x10°® 99.71
Immersion for 72 hours -0.376 3.84x107 96.88
Immersion for 120 hours | -0.452 3.4x10° 72.36
Immersion for 168 hours | -0.658 9.74x10° 20.81

3.6.2. Electrochemical impedance spectroscopy

The purpose of EIS analysis is to investigate the properties of superhydrophobic
composite coatings and explain the mechanism of corrosion protection. EIS fitting spectra of
aluminum sheet and corresponding superhydrophobic coating samples are shown in Figure 14.
Figure 14a shows the Nyquist AC impedance profiles of the different samples, where the
semicircle arc represents the capacitative loop in the figure. The formation of the capacitor circuit
is caused by double layer capacitance transfer. It should be noted that the diameter of the capacitor
arc is related to corrosion resistance, and the larger the capacitor arc, the better the corrosion
resistance ), The polished aluminum substrate is oxidized in the environment, forming a less
stable oxide film. However, due to the presence of chloride ions in the solution, the membrane on
its surface is destroyed, and the corrosive solution can reach the substrate surface directly.
Chloride ions are enriched at the interface of coating/substrate, causing corrosion reactions in the
substrate and destroying the combination of coating and substrate, thus, corrosive products will



1047

appear on the base aluminum [*!), As can be observed from Figure 14a, the capacitor arc diameter
of the superhydrophobic coating significantly exceeds the capacitor arc diameter of the aluminum
sheet. The results also prove that the superhydrophobic composite coating has good corrosion
resistance and can improve the service life of aluminum plate. When the sample is immersed in
NaCl solution, the micro and nanostructures on the composite coating can store air, which creates
reflections. Indeed, the surface area of direct contact with the superhydrophobic coating is reduced
by the presence of an air layer. This structure helps to slow down the corrosion process, providing
an additional protective layer. After the soaking time is extended to 120 h, the capacitance arc
diameter decreases sharply, indicating that the protection ability of the superhydrophobic coating
on the aluminum sheet declines sharply, but it is still much greater than the aluminum sheet itself,
it is also proved that the superhydrophobic composite coating has good anti-corrosion properties.
After soaking for 168 h, the diameter of capacitor arc is smaller than that of aluminum sheet. The
longer the sample is soaked, the capacitance arc diameter of the composite coating decreases
gradually, indicating that the corrosive medium has contacted the base aluminum plate. This also
means that the corrosion resistance of the superhydrophobic composite coating is gradually being
destroyed [62:63],

Generally, changes in the low-frequency impedance modulus will affect the corrosion
resistance [**. According to the display of Figure Figure 14c, after soaking the sample of the
superhydrophobic coating for 0.5 hours, the low-frequency impedance modulus far exceeded the
untreated raw aluminum film. This is because at the beginning of immersion, the
superhydrophobic coating remains intact, and the corrosive substance and the base aluminum have
not yet come into contact, so the superhydrophobic coating shows excellent corrosion
resistance.The longer the sample is soaked, the superhydrophobic composite coating is gradually
permeated by corrosive medium, and the low-frequency impedance modulus decreases. When the
corrosive medium permeates completely, the composite coating completely loses its function. This
process reveals the evolution of superhydrophobic coatings in terms of anti-corrosion properties.
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In Figure 14b, the negative phase Angle Bode diagram of the primary aluminum plate and
the superhydrophobic coating shows specific characteristics. For aluminum substrates, the first
time constant corresponds to the intermediate frequency region, indicating the interface between
the oxide layer and the electrolyte. The second is the low frequency region, which reveals the
electrochemical corrosion reaction of the aluminum substrate (!, The experimental data show that
the superhydrophobic composite coating has double constants in the middle and high frequency
ranges. The superhydrophobic coating has a slightly larger intermediate frequency phase angle
than the original aluminum sheet, indicating that the coating has a uniform compact nature, thus
enhancing the shielding effect against corrosion %7l This further proves that the
superhydrophobic composite coating has good anti-corrosion performance.

From the data in Figure Figure 14c, we fitted it using the equivalent circuit to reveal the
mechanism of corrosion.In an equivalent circuit, Rs represents the resistance in solution, that is,
the resistance between the electrode and the coating, while Rcoat refers to the resistance of the
coating. Numerally, the increase in Reoaindicates that the coating has better barrier properties and
means that the coating has less defects/®®!. Qcoat represents the constant phase Angle element of
the coated sample and QdlI reflects the constant phase Angle element of the double-layer capacitor,
while Rct provides an indicator to assess the permeability of the corrosive medium, and charge
transfer resistance occurs through the coating holel®”). CPEq; adopts the constant phase unit, which
is calculated by Brug formula as follows [7%71] :

@)

1 n-1
Car= Qo (5 +70) "

By using CPE wvalues and dimensionless indicators (expressed as Q and n,
respectively),the corrosion resistance of the composite coating was studied by Rct and Rcoat 2,
As can be seen from Table 3, the Rct value of the sample is as high as 1.7*10° Q-cm?, while the
Ret value of ordinary aluminum plate is only 3*10? Q-cm?, which can also prove the excellent
corrosion resistance of the sample. As the soaking time increased to 168 hours, both the Rct value
and the Rcoat value of this sample decreased significantly. The reason for this phenomenon is that
the protective properties of the sample coating are destroyed and the corrosive medium penetrates
into the base aluminum. However, it is worth noting that the Rct value of the sample in line with
the coating at this time is still much higher than that of the ordinary base aluminum. Corrosion
inhibition efficiency 1 can be calculated from equation 3 73]

1 =(1-2%) % 100% (3)

ctl

Rewo indicates the charge transfer resistance on the surface of the aluminum plate, and Ry
indicates the charge transfer resistance on the surface of the sample coating.[”*'The charge transfer
resistance of the superhydrophobic coating is 1.7*10° Q-cm?, while the aluminum sheet is 3*10?
Q-cm?, Therefore, the sample coating in this study can effectively reduce the amount of charge
transferred between the corrosive substance and the substrate. The corrosion retarding efficiency of
the sample is 99.982%, which indicates that it can prevent the corrosion of the base aluminum
plate well.

In summary, the composite coating has strong corrosion resistance and long-term stability
for two main reasons: first, its micro and nano structure can store air to form a long-term stable
and dense air layer, which greatly reduces the direct contact between the corrosive medium and it;
second, the uniform dense coating itself has a good physical corrosion shielding effect, which can
effectively protect the base aluminum plate from being contacted by corrosive media for a short
time.
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Table 3. EIS fitting data.

Sample time R Reoat Rt Qcoat le nd1 Cdl

h Q-em? | Q-cm? | Q-cm? Q'stem? Qlstem? UF-cm
aluminim 3525 | 172 3.0 x10% | 2.4 x107 — 095 | 1.19
sheet
coating 0.5 76.32 | 36190 1.7x10° 5.8 x10® 5.2 x107 0.78 | 0.7164
coating 72 75.81 | 34838 4.1x10° 5.4 x107 1.7 x10°¢ 0.71 | 0.5876
coating 120 | 46.46 | 2297 1.1x10° 1.9 x107 2.7 X107 0.70 | 0.7348
coating 168 51.22 | 472.7 2.4x10° 1.0 x10°¢ 3.0x103 0.77 | 0.8694

4. Conclusion

In summary, the superhydrophobic composite coating of SER /ZnO/ MWCNTs was
successfully prepared by one-step spraying method, and the experiment proved that the coating
had good mechanical stability and excellent corrosion resistance. Its superhydrophobic

performance is significant, the contact angle is up to 167.3°, and the rolling angle is only 2.7°,

which can withstand all kinds of liquids. It remains superhydrophobic after 1000 sandwear cycles
and can withstand the continuous impact of 1000 g of gravel. In addition, excellent performance is
maintained in harsh environments, including resistance to strong acid, strong alkali, 3.5 wt.% NaCl
solution, boiling water, burning and UV light. The superhydrophobic composite coating has
excellent self-cleaning and anti-fouling properties. More importantly, the electrochemical data
show that its corrosion resistance is also excellent, and the anti-corrosion efficiency is as high as
99.924%.
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