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plicatiod, offers distinct advantages. However, until now, there have been few
jews on the electrodeposition preparation of anticorrosive superhydro-
obic coatings. Therefore, the author has described several fabrication tech-
niques based on superhydrophobic coatings in this review, including the ad-
vantages and disadvantages. Superhydrophobic coatings conventional con-
cepts and wettability, as well as the model wetting concepts, have been re-

viewed. The coating processing status and the corrosion-resistant potential
through the electrodeposition of metal and comparable composite are detailly
encapsulated. Furthermore, electrodeposition parameters, including current
density, crystal modifiers, and a deposition time of the coating morphology,
are reported, following the ultrasonic-assisted, jet, pulse, and magnetic
field-induced electrodeposition, respectively, as the recently developed tech-
nologies for preparing a coating. Finally, technology limitation is shown as
well as the obstacles and prospects, and the improvement of the superhydro-
phobic coating’s durability as a prospects research focus has been recom-

mended.
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1. Introduction

The study of superhydrophobic technology got its inspiration from the lotus leaves

alternative due to its high water resi i rrosion rate, thereby
i superhydrophobic sur-
face is a medium with a water C) equal to or above 150° [8] and

ture on the hydr@p! material surface or the “bottom-up” method, where

micro-nano structt graded using low surface energy [10]. Based on

obic coatings. The combining of these methods can raise the

capacity of the metal surface to a high magnitude. Research has

ness, while etching is conducive to the micro-nano ordering structure. Al-
so, the chemical treatment can potentially reduce surface energy. All these tech-
niques improve the hydrophobicity of the media. However, these technologies
are made of costly equipment and toxic raw materials, hazardous to the envi-
ronment, and carcinogenic to human health.

Furthermore, some technology’s preparation process is complex and chal-
lenging to handle and contains low preparation efficiency, making it difficult
during large-scale industrial applications. Based on other fabricating superhy-
drophobic coatings, the electrodeposition technology advantages are many [17].
These advantages are: 1) electrodeposition technology is widely used for compo-
site coating and nanomaterial fabrication [18]; 2) the technology works under a
suitable power supply, electrode, and electrolyte; 3) it has a low-cost efficiency, a
simple application method, and is easier to be used and control; 4) the coating

morphological surface can be easily controlled by adjusting the voltage, current
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density, and deposition time with repeatable sequences; 5) it can be applied on
the surface of many complex metals because of its not limited by the substrate’s
shape and size; 6) Both the preparation efficiency and batch preparation can be
determined. The movement of metal ions in the electrolyte and reduction on the
cathode surface under a suitable power supply is known as electrodeposition.
During this process, the superhydrophobic effect can be achieved by control-
ling the process condition with microstructure constructed on the surface [19].
The pulse electrodeposition [20], jet electrodeposition [21], and composite elec-

trodeposition [22] are known techniques for industrial appli n nowadays.

ity. Gravity and surface tension led to a solid surface with attraction and repul-

sion sources among water molecules that eventually cancel each other, forming a
balanced state. Due to the attraction forces between molecules, droplets tend to
shrink inward with a thin layer on the liquid surface.

On the contrary, the droplet tends to spread due to gravity, but the droplet
remains spherical when the surface tension is assertive. With an increase in
droplet size and a dominated gravity, the droplet will eventually spread by at-
tracting the surrounding water molecules. Research shows that wettability has
been affected by surface free energy on the solid surface [25]. In chemical bond-
ing, molecules in the liquid have higher potential energy than those outsides,
causing the generation of the surface free energy [17]. Although in the field of
thermodynamic both surface tension and surface energy are different concepts

but somehow related. Studies show that hydrophobicity is enhanced by lower
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surface energy [26]; these low surface energy materials are used for fabricating

superhydrophobic coatings on thin films.

2.1.2. Morphology of the Surface

A hydrophilic substance can also achieve a hydrophobic effect base on construct-
ing a favorable surface morphology, clarifying that wettability is affected by sur-
face tension or surface energy and the morphology of the structure. For example,
many researchers have fabricated superhydrophobic coating on nickel. However,

nickel itself is hydrophilic.

It was proven in the scanning electron microscope (
nanometer structures support superhydrophobicity

between these micro nanoparticles forming a b

8], (Figure 1(a) and
e water spider is due to

e legs. These natural facts cla-

, relates the contact angle and the surface ten-

a theoretical study of surface wettability, giving

Yo =Yg +Y g cosé (1)

Figure 1. Natural patterns of superhydrophobicity: (a) Lotus leaf self-cleaning pattern;
(b) A Lotus leaf micro-nano mastoid structure, (c) A water spider on the water surface.
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Figure 2. Wetting model diagram: (a) Young’s model; ;M) Cassie-

Baxter model; (d) Marmur model.

the droplet and rough sugface. When the valué of ris greater than 1, the wetta-
bility effect was magnifiedjiwhere an ingrease in r makes a surface more hydro-

3)

wettability behavior, but they are somehow limited and cannot modify all the
wetting behaviors.

Some newly developed wetting models have been proposed based on the un-
derstanding of superhydrophobic surface micro-nano structure and classic wet-
ting models’ limitations. The combination of the Cassie-Baxter model and
Wenzel model known as the Marmur’s model was proposed [32], where droplets
were partially inserted on an air cushion (Figure 2(d)), and it was scientifically
proven as a transition between the two states. Reference [33] list the 1) Wenzel’s
state, 2) Cassie’s state, 3) Transitional of Wenzel’s and Cassie’s state, 4) Gacko’s
state, and 5) Lotus state as 34 the five cardinal wetting states model of liquid
droplets on a solid surface. The Cassie-Cassie mode, Cassie-Wenzel mode,
Wenzel-Cassie mode, and Wenzel-Wenzel mode were classified as the four

kinds of wetting states with micro-nano dual 36-scale structure on the surface
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[34] but did not take into consideration the distribution of the effect of nano-
structure on the sidewall of microstructure during wetting. Wu et al. [35] proved
that this would affect the wettability. Some research points out that when drop-
lets are in contact with solid surfaces of micro-nano dual structure, nine wetting
states are formed, but the calculation method and condition of their contact an-
gle were not described [36]. These models will no longer be applicable until the
droplet size reaches a micron level or less on the surface, and the contact angle is

determined by the Neumann-Borovka Equation (4) [37] [38].
cost = Yy _YSL/YLV _F/YLva

ee main factors are crystal modifier/bath

and electrodeposition time, potentially affecting

ion bath consists typically of components like: 1) The main
pesit salt ions on the cathode surface; 2) The conductive salt mecha-
ized the Bath conductivity; 3) The buffer; stabilize pH near the cathode of the
The anode activator which reduces the anodic polarization and dissolu-
tiod of the anode; 5) Additives are added substances such as brightener, leveling
agent, wetting agent to the coating, and having a significant effect. In electrode-
position application of a superhydrophobic coating, it is found that reagents can
control crystal growth and other formations of micron-nano dual-scale struc-
ture, mechanizing the morphology of the coatings. These are crystal modifiers
that benefit superhydrophobicity.

Soleimangoli et al. [40] prepared a Ni-Zn superhydrophobic coating by two-steps
electrodeposition process, added ammonium chloride modifier to a bath com-
posed of nickel chloride, zinc chloride, and boric acid, respectively. The coating
surface becomes polyhedral after the addition of ammonium chloride, which
changes from polyhedral-shape structure to micro-nano conical structure. With-
out a surface modification, ammonium chloride content reaches 400 g/L with a
water contact angle reaching 159.8°, and the best superhydrophobic effect was
obtained with increased roughness. The Ni-Zn coating’s better corrosion resis-
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tant potential was gain with corrosion current density increasing by three orders
of magnitude lower, compared without NH,Cl. Another experiment [41] fabri-
cates Ni superhydrophobic coating on copper substrate by mixing NiCl,, H,BO,,
with NH,CI. During the preparation process, the medication effect of NH,Cl on
crystallization transformed a single-shape micro-cone to nano-cone structure,
achieving a superhydrophobic effect, moreover, exploring NHCI, role in the
process based on electrochemical impedance spectroscopy and voltammetry.
They found that nucleation’s activation energy increases when NH,Cl is added

to reduce the solution resistance and increase the system ance charge

transfer. Based on NH,CI strong complexity [42], the reag

one of the phenomena that elude

has been proven that atom in

tice shearing displaceme

source always appear at t

o=afja. -1 7)

ith aand)’a, it was being the activity of the saturated solution and supersatu-

solute. The smaller the step distance, the greater the supersaturation. Be-
sidgs hydrolysates and chloride [41], it was analyzed above that the addition of
crystal modifier limited crystal growth high energy plane and absorbed the nick-
el ion electrolyte on one side of the crystal.

Hashemzadeh et al [41] eluded that the coating morphology, wetting ability,
and anti-corrosion performance could be affected by the crystal modifier in
changing the preferred crystal orientation. Besides, Ethylenediamine was added
to NH,CI and H,BO; as a crystal modifier to adjust the coating surface nano-
structure [44]. Nevertheless, the preparation of superhydrophobic coating based
on crystal modifier and micro-morphological structure formation mechanism is

further studies.

3.2. Current Density

An experiment has found that morphology and wettability of coating have been

influenced by current density at a lower voltage [45]. It was analyzed that at high
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current density, crystal size decreases, and at low current density, it increases, as
shown (Figure 3(a) and Figure 3(b)). The micro-nano dual-scale structure ap-
peared on the coating surface at an increased current density with an increased
hydrophobic effect (Figure 3(c) and Figure 3(d)). A specific range causes it
with an increased current density; the grain sizes become refined. The increased
current density increases the cathodic overpotential, thereby providing another
nucleation force, and the cathode nucleation rate gets more significant than the

growth of the crystal [46], decreasing the crystal size. The current density be-

comes broadly enough at the diffusion-limited value in tha aterial diffu-

Figure 3. An increased current density nickel coatings imagery was observed by SEM
[45].
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3.3. Deposition Time

An optimal deposition time value can be obtained considering the effect of elec-
trodeposition time on coating performance. An increase in deposition time will
eventually decrease the hydrophobic effect beyond the critical point, and before
the critical point, the deposition time will increase with an increased hydropho-
bicity. Wettability and surface morphology determine the superhydrophobicity,
thereby affecting the coating morphology, Li et al [49]. During a superhydro-

phobic zinc coating preparation on a steel surface based on a two-step electro-

ward, the water contact angle did not increase

sition time increases continually, with SEM

may not be obtained beca
after surface modification.
minutes, more nanosheet

creased coating ghickness.

Mechanism

Ele€trochemistry is the fundamental of electron deposition on a metal. It has to
do with the movement and deposition of metal ions between the electrode and
electrolyte, yielding to a new phase under an electric field. Past studies have
proven that metal electrodeposition and an accepted theory have been formed

[50]. There are two metal deposition stages, ranging from the transportation of

Figure 4. A coating deposited due to increasing deposition time was observed by SEM
imagery [48].
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ions from the electrolyte to the electrode surface and deposited, following the
atom being placed into the crystal lattice and growth [51]. This concord with the
law of cathodic reduction of aqueous solution and the fundamental law of crys-
tallization processing, but somehow complicated to the kinetic law of cathodic
reduction because the electrode attracts particles continuously. The influencing
of each of these processes resulted in the complexity of the metal deposition
process on an electrode, specifying the four steps [52]: 1) Reaction particles (hy-
drated ions and complexions) move to the electrode through the process of elec-

tromigration, convection, and diffusion, respectively; 2) Rea ent of water

reciprocated the metal in the coating and current density, respectively. Electro-

chemical systems are becoming more complex in many fields by applying the
electrodeposition technology with similarities and differences that can be studied

in different systems using various technical means.

4.2. Magnesium Substrate Coating

One of the most common elements of the planet is magnesium. Magnesium and
its alloys are widely used in aerospace, electronic devices, automobiles, and other
fields because of their high strength, low density, excellent electrical conductivi-
ty, and electromagnetic shields [57]. The negative potential and activities of
magnesium, on the other hand, are higher than those of iron, copper, and alu-
minum. It leads to a greater risk of corrosion [58]. On a surface of an AZ31B

magnesium alloy with a WCA at 150° electrodeposition of 0.65 mA/cm?, Liu et
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al. [58]. On a surface of an AZ31B magnesium alloy with a WCA at 150° elec-
trodeposition of 0.65 mA/cm? Liu et al [48] developed a superhydrophobic
CeO, coating over 60 minutes. Following the improvement in stearic acid, the
WCA of the coating increased to 158°, and petal nanosheets covered the surface.
The sample anti-corrosion efficiency remained at about 90% after 48 hours of
soaking at NaCl solution, which indicates that the coating had strong corrosion

resistance to the substratum. After 60 days of atmospheric exposure and water

droplet interaction with pH 1 - 13, however, the hydrophobic effect began to dete-

small quantity of magnesi

photoelectron spe

Energy Dispersivé

While Al readily forms an oxide film in the air, which provides some protec-

tion, this film has poor corrosion resistance. The film is quickly dissolved when
it comes into contact with acidic or alkaline media, causing extreme pitting cor-
rosion, crevice corrosion, and other local corrosion. Using an ethanol solution
containing nickel nitrate hexahydrate and stearic acid as the electrolyte, Xu et al
[60] prepared nickel stearate/nickel hydroxide superhydrophobic films on
chemically cleaned aluminum alloy substrates by one-step electrodeposition.
The results revealed that when the Ni**/SA molar ratio was 0.4, the film’s surface
had the best hydrophobic efficiency, with a WCA of 160° and a contact angle
hysteresis value of 2.1°. According to SEM photos, the formation of micro-nano
dual-scale cauliflower-like structures on the surface was the fundamental expla-
nation for its superhydrophobicity. Figure 5 depicts the polarization curves and

the resulting polarization resistance and current density of the coatings. According
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rature.
Cathodi

erhydrophobic coatings can be obtained by anodic in some cases. For

electrodeposition is the most widely used form; however, anticorro-
example, Zhang et al. [61] prepared a superhydrophobic layer on aluminum al-
loy’s surface by anodic electrodeposition in the mixed solution of ferric chloride
and myristic acid with aluminum alloy as the anode. During electrodeposition,
Al was firstly oxidized to Al’** and then combined with CH;(CH,)COO—from
myristic acid to form aluminum myristate and deposited on the anode surface.
Finally, the media was covered with the micro-nano structure to form Dan-
xia-landform-like morphology with a WCA of 155.1°. Through electrochemical
tests, the corrosion potential of the matrix changed from —1.280 V to —0.869 V,
and the corrosion current density was reduced by 85 %, demonstrating that a
good corrosion protection effect was achieved. The successful cases of preparing
various superhydrophobic coatings on the substrate by metal electrodeposition
in the past six years are listed in Table 1. In summary, various superhydrophob-
ic layers have been trained on different substrates metal electrodeposition to

achieve a good anti-corrosion effect. However, in most cases, surface modifica-
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tion is required, and the hydrophobicity depends on the micro-nano dual-scale
structure of the surface so that the wear resistance and durability of the coating

need to be further improved.

4.4. Copper Substrate Coatings

The copper’s excellent electrical conductivity, thermal conductivity, and ductility
[62] are used in electronic, electrical, and other fields worldwide. Thou copper is
used widely; studies show that copper is resistant to corrosion in the saline en-

vironment [63]. Henceforth, fabricating coating on coppe oid the ad-

ydrophobic property at a

ng Jas micro-nano dual-

1 X60 Steel by Electrodeposition using ZnSO, solution as an
density (4 A/dm® for 20 min and 9 A/dm? for 3min), pH

structure was deposited on the matrix, shows the surface morphology in (Figure
6(a) and Figure 6(b)). Structure size was about 4 - 8 micrometer, and dendrite
structure was 300 - 600 nm, with water contact angle 161.27° and sliding angle
7.8°. Electrochemical test in 3.5 wt% NaCl solution was done to study the coat-
ing’s anti-corrosion performance, seen in (Figure 6(c) and Figure 6(d)). It was
noted that the Cu-Ni coating obtained a better corrosion resistance correspond-
ing to the lower corrosion current density. The coating anti-corrosion effect was

99% based on a calculation done by Equation (5).
n=1 I I,

corr sub corr coated /

x100% (5)

orr sub

The excellent result of the coating anti-corrosion effect shows tremendous
significance. After six months of exposure to air and 12 hours immersion in a
strong acid with pH = 1, the coating contact angle had no change, but at pH = 14

in a strongly alkaline solution in 4 hours, the coating effect dropped speedily.
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Figure 6. Images of a Scanning Electron Mici@scope: (a) Matgix of bare steel; (b) Superhydrophobic me-
chanical coating; (c) Polarization curve of pote

Other metal, st minum is somehow less selective due to its poor cor-

rosion resistance

ity. (Figure 5) shows the coating polarization curve, the resulting polarization

resistance, and current density, respectively. The polarization curve was used to
calculate the superhydrophobic coated substrate’s corrosion resistance, which
was 280 times higher than the substrate without coating. Although electrodepo-
sition is used widely to fabricate coating on metal, anodic electrodeposition can
also be applied to develop such a result. For example, reference [66] uses anodic
electrodeposition with an electrolyte of ferric chloride and myristic acid on alu-
minum alloy substrate as the anode and successfully developed a superhydro-
phobic coating.

Micro-nano particles form a landform-like morphology with a water contact
angle of 155.1°, and electrochemical tests show that the corrosion potential changes
from —1.280 V to —0.869 V, with a reduced current density of 85%, displaying

excellent corrosion protection. Furthermore, Table 1 shows superhydrophobic
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Table 1. Some metals electrodeposition of superhydrophobic coating, several examples.

Matrix Coating Electrolyte composition Process conditions WCA SA Ref
Be-Cu alloy Cu Stearate CuCl, + HCI + stearic acid 5V (10 min) 163° +4° 1.7°+0.2° [68]
X90 steel Cu-Zn ZnS0q + CuSO, + NaOH 2 A/dm ? (60 min) 154.73° 6.5° [69]
+ C,0.H, KNa
Mg alloy Ce myristate Ce(NO;), + myristic acid 20 V (10 min) 160.4° £ 0.7° - [70]
Mg alloy Ce stearate Ce(NOs;); + stearic acid 30 V (10 min) 158.4° +0.9° 2° [71]
C45 steel Fe FeCl; + palmitic acid + ethanol 30 V (10 min) 160.5° + 0.5° °+0.5° [72]
Copper Al stearate AlOx + stearic acid 30 V (10 min) [73]
coating cases on the substrate based on metal ele past five
years. In summary, metal electrodeposition h arious coat-
ing substrates to achieve a good anti-corfo ) vtheless, surface
modification is required in most cases, icity is based on those
micro-nano dual-scale structures p further improved the
wear resistance and durability of t
Besides metals, other no eposited, forming a superhy-

drophobic coating. Nonmgtal with conductive polymers with low surface energy
can produce this superhydrophobic effect by one-step electrodeposition, for
example, glass. An experi
glass by electrod ition met

coating [67].

lectrode system. Researchers further proved that the coating
e best, with deposition time to be 300 s, applied potential at —=1.3 V,

undle on the substrate. (Figure 7) shows the potentiodynamic polarization
curves of the sample prepared in 3.5 wt% NaCl liquid. However, the coated sub-
strate’s corrosion density was calculated, and from that, it was reduced by three
orders of magnitude than the bare substrate with an anti-corrosion potential of
99.74%. Even though 3.7 micrometer was the thickness of the prepared coating,
its protection potential exceeded greatly than 30 um thickness of superhydro-
phobic epoxy coating [75]. The water contact angle decreases after immersing in
a NaCl solution for three days but steadily rises at 134.9° after eight immersion
days. Past work invented that DTMS through hydrolysis in precursor solution
produces a silanol group, where water electrolysis and oxygen reduction form an
OH- radicle during electrodeposition.

This catalyzed silanol groups condensation process on the metal surface, cross-
linking structure. In the end, DTMS adhered to the substrate as shown in (Figure

8) based on the one-step electrodeposition, which resulted in a micro-nano
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5. Nonmetal’s Electrodep

preparation of cQdbimgs. Xu et al. used electrodeposition to create a series of
3ROT) on indium tin oxide (ITO) glass, with wetta-

were electrodeposited on the as-prepared PEDOT substrate.
arface’s wettability changed as the EC of PLTH changed, with the
CA steadily increasing from 0° to 150.4°. Many fluorine-containing carbon
ave low surface energy, and they can be combined with specific organic
subStances through chemical reactions to produce new hydrophobic subderiva-
tives (EOTT-Fn) with semi-fluorinated chains of various lengths. These deriva-
tives were deposited on the gold substrate’s surface after electrodeposition, and
that when n was more significant than 4, the character was superhydrophobic,
with a contact angle greater than 158.9°. They then produced an EDOT deriva-
tive with a short, fluorinated chain (C4F9) and a highly rigid methoxybenzo-
thioate spacer [77]. The polymer monomer was then mixed with different elec-
trolytes to induce electrodeposition on a gold plate. Following that, nanofibrous
structures of various sizes were observed on the substrate’s surface, with a WCA
of around 160°, indicating that the coating had achieved a very superhydro-
phobic impact. Wang et al [70] used stances to make a precursor solution used
in electrodeposition to make superhydrophobic films. Darmanin et al [78] syn-
thesized dodecyltrimethoxysilane (DTMS) from a mixed solution of ethanol and

potassium nitrate using 3,4-ethyleneoxythiathiophenes (EOTT) as platform mo-
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lecules. Superhydrophobic DTMS silane films were prepared on a low carbon
steel surface using a three-electrode method after the precursor solution had
been wholly hydrolyzed. According to further research, the hydrophobic effect
was better when the deposition time was 300 seconds and the applied potential
was —1.3 V. The WCA was 152.9° at the time, and the SA was just 3°. According
to SEM observations, the nanosheets were intertwined with each other to form a
walnut-like micro-bundle on the substrate’s surface. Three orders of magnitude
reduced the substrate’s measured corrosion current density with superhydro-

phobic DTMS coating compared to the bare substrate. The g prrosion per-

formance was as high as 99.74 percent based on the pregared sample& potenti-

Water electrolysis and o
which effectively catalyze
sulting in cross-linking st

As a result, as
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Figure 8. Diagram of (a) DTMS reaction of electrochemically catalyzed condensation; (b) MS
substrate coated with DTMS electrodeposition superhydrophobic films [74].
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structure due to the drying and curing process, and DTMS has a low evaporation

rate.

6. Composite Electrodeposition

The composite coating is formed when particles with unique properties com-
bined with the electrolyte and co-deposited on the substrate surface, having a
characteristic of the primary phase and high advantages of co-deposited par-

ticles. Therefore, a unique self-lubrication, wear resistance, corrosion resistance,

tion [81]. Based on these,
decades. Guglielmi [82] r
to liquid suspended parti and overpptential electrode by modifying electro-

phoresis and adgorption rol o-deposition and not considering model

ly. As shown in (Figure 9), a proposed model [85] of particles co-deposition

acetylacetonate MWCNTs
Electroc}.le,.mical l 1200V 55°C
deposition

Air . Water
0
Ni nanoparticle 2l droplets

LISIALT T AT
MW N s < e — 4ialniin

MWCNTSs-Ni/a-C:H film

Figure 9. MWCNTSs-Ni/a-C:H superhydrophobic film preparation process [98].
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and essential phases were analyzed through five steps. 1) Ionic clouds and pro-
duced during the wrapping of some nanoparticles by surfactants and metal ca-
tions. 2) The convection layer, usually 1 mm in diameter, moves particles and
these ionic clouds move towards the cathode. 3) They are the potential to reach
hundreds of microns diffusing through the boundary layer concentration. 4)
These particles are transferred through an electric double layering and adsorbed

on a cathode surface in a few nanometer thicknesses. 5) With the reduced metal

cation, these particles are co-deposited. An example [86] based on liquid-phase

posite electrodeposition

electrochemical, and adso

e the substrate life spends. However, the electrodeposition
e problems to some extent by preparing an efficient anti-resistant
omposite £oating. Mainly with graphene and carbon nanotubes being a new
rigl for exploring composite electrodeposition expansion in fabricating su-

perftydrophobic coatings. (Figure 8)

6.2. Graphene-Based Composite Coating

Material science has been supported brilliantly through graphene since the 21*
century [88]. Graphene is hydrophobic and has a high specific surface area with
excellent electrical conductivity [89] and mechanical properties applied in many
fields. This technology has been explored in recent years by researchers globally
for superhydrophobic composite coating. A chemical method was used by Choi
et al. [90] in preparing petal-shaped graphene/Nafion hybrid films with an ex-
cellent hydrophobic effect, the water contact angle is 161°. The complex pre-
treatment graphene oxide (GO) and Nafion were treated with hydrazine solution
at 850C for 24 h, which was needed and needed purifying by dialysis for a week
proving the preparation complexity. On the other hand, graphene superhydro-

phobic coating preparation using composite electrodeposition is simple. An
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electrodeposition composite coating was prepared by directly adding graphene
multi-layer to an electrolyte composed of nickel at a current density of 20
mA/cm’ for 5 min. After being modified with myristic acid, a water contact an-
gle was obtained to be 160.4° + 1.5° with a sliding angle low as 4.0° + 0.9°. Mi-
cron graphene bulge had randomly nano-nickel conical arrays, which were ob-
served under SEM. A significant anti-corrosion effect was shown depending on
the polarization curves of extrapolation results. It implied that the corrosion
current density (about 0.005% of bare media) and polarization resistance was
about 1.88 x 10* times greater than the bare substrate. It was g hat after 60

PDMS must modify the coating for an excellent superhydrophobic effect [93].

However, a one-step electrodeposition technology using nickel(II) acetylacetonate

Table 248 i osite coating prepared by electrodeposition.

Coating Electrolyte Composition Process conditions WCA SA  Ref
ITO. ioph'er.le 37T)/ Sl'lrface-initiat.ed a}tom transfer 0 - 1.2 V, a scan rate of 153° + 2° 0 (94]
3 T-Initiator radical polymerization (SI-ATRP) 10 mV/s, 20 Cycles
ITO. Perfluoroalkyl alkyl pyrrole - 1.25V (300 s) 152.3° NoSA [95]
Gold PEDOT derivatives - 100 mA/cm? 159.4° 35" [96]
Bu 4NCIO, + anhyd -0.7Vto EW(14-19V),
Gold Fluorinated polypyrene u' . 4 anfydrous ° ( ) 160° 1.0°  [97]
acetonitrile + pyreneMonomers a scan rate of 20 mV/s
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Table 3. Electrodeposition superhydrophobic composite coatings fabrication examples.

Matrix Coating
Copper Ni/TiO'z/
TMPSi
mild steel Ni/WS,
Stainless steel ~ Cu/MoS,
Carbon steel Ni/WC
Copper Ni/PTFE

Electrolyte composition Process conditions WCA  SA Ref

Plating solution: NiCl, + H;BO; + NiSO, + SDS + 80.7 A/dm? (19.17 min),

TiO, Modification: TMPSi 50.5°C + Surface modification 15167 6.2 22]

NiSO, + NiCL, + H,BO; + CTAB + WS, + Saccharin 4 A/dm? (20 min), 40°C 1583°  7.7°  [100]
CuSO, + H,SO, + MoS, + CTAB + thiourea 50 mA/cm? (2 min) 158.2° 1.8° [101]
NiSO, + NiCl, + H;BO; + CTAB + WC 6 A/dm? (30 min), 40°C 1643 00 [102]

NiSO, + NiCl, + H;BO; + PTFE particles 100 mA/cm? (15 min), 60°C

and MWCNTS methanol as the solution was used to

MWCNTs-CO/a-C: by ¢
WCA to be 158.1° and S

anti-corrosion potential

shortcoming of mgta

composite superh

rhydrophobic coating, the current development of electrodeposition tech-
nology has shown significant advantages for corrosion protection; these devel-
opments are 1) Ultrasound-assisted electrodeposition; 2) Jet electrodeposition;

3) Pulse electrodeposition, and 4) Magnetic field-induced electrodeposition.

7.1. Ultrasound-Assisted Electrodeposition

An acoustic wave of 20,000 Hz frequency and above is knew as ultrasound. Ac-
cording to studies, ultrasound can improve nanoparticle dispersion in the elec-
trolyte and, significantly, change the coating morphology [104]. The presence of
ultrasonic cavitation plays an essential role in the ultrasonic electrodeposition
process, propagating through the liquid medium as positive pressure and nega-
tive pressure, as shown in (Figure 10). The intermolecular force of expansion
becomes greater, forming tiny bubbles in the electrolyte during the negative

pressure circulation. These bubbles have some physical and chemical impacts on
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Figure 10. Ultrasonic cavitation effect illustration [105].

icles; nanoparticles agglomerates are some-

itation, uniformly distributing the solution na-

| found that nanoparticle distribution in a nickel matrix un-
nd of a WS2 electrodeposition process was more uniform with re-
ned grain size and improved hardness, indicating that ultrasound could in-
e nanoparticle deposition in a superhydrophobic coating. Li et al. [23] fa-
bri
electrodeposition technology. It shows that ultrasonic waves’ presence enhances

ted Ni-Cu/TiN composite coating on copper using ultrasound-assisted

the composite coating properties’ improvement, mainly, the anti-corrosion per-
formance. Therefore, ultrasonic cavitation is essential in fabricating a superhy-
drophobic coating based on electrodeposition because of the grain size refine-
ment and coatings morphological control.

7.2. Jet Electrodeposition

Jet electrodeposition implies a favorable voltage applied between the cathode
and anode, thereby jetting the electrolyte only on the cathode at high speed. In
the jet coverage area where electrodeposition usually occurs, current passes
through, and substances are deposited compared to no electric current area
where the substance cannot be deposited. Henceforth, with comparison, jet elec-

trodeposition is reasonable compared to traditional electrodeposition technology
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[109]. These are few reasons jet electrodeposition is advantageous: 1) It is selec-
tive; metals are deposited in the desired area during anode nozzle and cathode
movement, making it easier for electrodeposition complex part implementation
to save raw materials. 2) Substantial mass transfer to the cathode by high-speed
jet creates a state of increasing the limit of current density and diffusion layer
reduction on the cathode surface. 3) High current density increases the cathodic
overpotential, refining grains and inducing micro-nano scale appearance for hy-
drophobicity improvement. 4) High current density can improve the potential

deposition effect. 5) High jet velocity reduces hydrogen bubb aesion on the

minor cracks.

Shen et al. [110] prepared a superhydrophobic

ased the polarization concentration. The two-dimensional nucleation rate A,
cr nucleus critical radius r. Moreover, the cathodic overpotential 1 best

agreed with the below Equation (8), and Equation (9).
H = K,exp —bSE*[zeKTn (8)
r, = ﬂh3E/6zen 9)

Based on these equations, the nucleation rate A, and the cathodic overpoten-
tial z increase instantaneously but the crystal nucleus critical radius r, decreases
with cathodic overpotential n being increased. Henceforth, the nucleation
process enhances and was improved due to the high current density, which in-
creases the cathodic overpotential, and the epitaxial crystal growth being inter-
rupted as the current switched-off terminating grain coarseness. Although mi-
cro-nano dual-scale structures are foundational to superhydrophobicity, pulse
electrodeposition characteristics are conducive to these structures’ growth, reduc-

ing cathodic hydrogen evolution reaction to obtain an excellent fabrication.

DOI: 10.4236/msce.2021.94008

90 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2021.94008

R. H. B. Miller et al.

However, adjustable components such as waveform, period, frequency, duty
cycle, current density, and deposition time affect the coating’s performance, and
with better morphology control will characterize the pulse electrodeposition to
the traditional DC electrodeposition technique in comparison. Pulse electrode-
position can be understood by Equation (10) and Equation (11).

T=T;m+1-;)ff (10)
=T (11)

Equation (12), and Equation (13), respectively

7=]—:)n/T=T:m/T;n+Toff (12)

1,=1,[y (13)

T, T,, and T, represent the period, pulse-on [ime, frequency is
fand duty cycleis y,and peak and the ave I, and I,

Chen et al [113] investigated the bility of a nickel

coating on copper base on pulse el iti ing and how it is af-

fected by peak current density, cycle. The results prove

that, at an increased peak ¢ ne density increases with de-
creasing crystal size. On tlle other hand, they/found that as the duty cycle in-
creases, the nickel cone wall’s roughness increases with nanocrystals’ sec-

ondary growth appearing.

ese components discussed above effectiveness on

affected the cathodic overpotential and ion mass transfer

elates the electrochemical impedance spectroscopy and potentiodynamic
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Figure 11. Ni-W alloy matrix and Ni-W/PTFE coatings showed changes of PTFE particle concentration by

Nyquist plot [114].
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polarization curves of the as-prepared coating. It is observed that the Ni-
W/PTFE coating has a lower corrosion current density, more protective corro-
sion potential, and a large arc radius compared to the Ni-W alloy hydrophobic
coating.

7.4. Magnetic Field-Induced

Through the electrodeposition process, the magnetic field can affect both the
composition and morphology of a superhydrophobic coating, as being recorded

by many recent researchers. Thiemig et a/ [115] found tha based metals

dicular to the magnetic fi

fer rate in the solution.

Ni stick
XZ platform
Flow meter

Tube

Scanning direction

Nozzle
Plating bath
Electromagnet
Pump
Water bath

@ ®)

Figure 12. A magnetic field induced electrodeposition technology imagery [119].
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without the magnetic field, the composite coating had a disorderly particle dis-
persed with some uneven particle sizes. The coating maximum contact angle
reaches 155.4° with magnetic field strength to be 120 mT, changing from hy-
drophilic to a superhydrophobic state after five days of exposure to air. The oxi-
dation of nickel exposure to air produces a hydrophobic NiO, causing some
wettability changes [120].

Perhaps, hydrocarbons in the air may reduce the surface energy, contaminating
the coating [121] The coating showed a perfect anti-corrosion performance with

corrosion potential and corrosion current density to be —0.237 0.06 pA/cm?,

polarization curve.

8. Obstacles and Prospects

Superhydrophobic coating preparation

technology in recent years. Despite

poor adherence cause th
use application. Due to th

structure is da

CH,COOH = 5 pH electrolyte solution, respectively, on dis-
dia applying amended TiO, PDMS. The outcome shows that the su-

st acid solution, which eventually reduces the coating static contact angle
bel

coating superhydrophobicity was conserved but not standard for empirical ap-

150°. While in a weak acid solution after submerged for six hours, the

proach. Tan et al [123] also evaluated a coated stainless steel within an electro-
lyte solution containing sodium hydroxide, sulfuric acid, and 3.5wt.% NaCl and
the durability were analyzed, but the superhydrophobicity was vandalized suc-
ceeding a 20days soaking with an exceeding water contact angle and a 15° mega
sliding angle. 2) Moisture issue; although the mechanism of superhydrophobic
coating is repellent of water droplets, yet its bond becomes loose to steam ad-
hering to the coating surface. The coating micro-nano structures become seal
with the condensed water vapor to lose the hydrophobic coating effect below the
dewing level. 3) Oil moisture issue; petroleum industries use superhydrophobic
coatings to protect oil and gas pipelines from corrosion, a significant corrosion
issue. Nevertheless, oil on these surfaces limits the water droplet’s surface ten-

sion prompting superhydrophobicity disappearances. Wherefore, future research
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projects will be essential in fabricating the oleophobic and hydrophobic coatings
against corrosion. 4) Preparing a superhydrophobic coating issue: past experi-
ments were productive in fabricating a superhydrophobic coating by electrode-
position process by analyzing the dissimilarity in an electrolyte solution, current
density, deposition time, and others. Perhaps the composition may be similar,
but the fabrication steps used are dissimilar. Thus, due to the deficiency in the
entire technical process or field norms, the substantial industrial applications are
hindering.

More than the above faults, current research direction een released

trolyte solution.
Moreover, coating stren

position. For ingta

tanding adhesion and wear resistance potential.

e of the potential research focuses direction hereafters is fabricating a su-
perhydrophobic coating with an inhibitor that will resist long-lasting perfor-
mance. The inhibitor is put on the substrate surface so as the coating superhy-
drophobicity is disoriented; the inhibitor can be emancipated to the coating sur-
face as long-lasting protection. For instance, Zhao et al [127] fabricated a SiO,
superhydrophobic coating using benzotriazole (BTA) as an inhibitor on the
aluminum alloy surface. It was found that the discharge of the inhibitor with a
pH mechanism improved the long-lasting anti-corrosion property of the coat-
ing. One of the options to enhance a coating’s durability is to fabricate an an-
ti-corrosion coating that contains a self-repairing characteristic, which has been
a hotspot research direction currently. If the superhydrophobic coating could
have the characteristic of self-healing peradventure, the coating’s durability shall
be ameliorated. Based on two points of view, the coating surface energy reduc-

tion and the vandalized surface structure.
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9, Conclusion

A superhydrophobic coating anti-corrosion potential is achievable due to its ex-
ceptional water resistance structure hence and inevitably estranging corrosive
substances from encountering the substrate. Electrodeposition application is re-
garded as a potential technique used in fabricating a superhydrophobic coating
for a wide range of constructional and industrial applications or approaches. A
substantial edge is in the composite electrodeposition process as it ameliorated

the coating steadiness and avoided contingent surface modification. Coatings are

prepared based on the strength of electrodeposition applig d their su-
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