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ABSTRACT

Corrosion in carbon steel (CS) has been an existing issue and it calls attention to the need
for improved corrosion protection. At present, superhydrophobic (SHB) coating tech-
nology has piqued the interest of researchers as alternative means of mitigating metal
corrosion. Herein, a one-step solution deposition process was used to prepare an SHB
coating based on nano-zinc oxide/epoxy (ZnO/EP) on CS and its corrosion resistance
performance was analyzed by the means of electrochemical analysis and compared with
that of the blank CS metal and the regular coatings (plain EP and regular ZnO/EP). Results
implied the as-prepared SHB coating shows remarkable improvement in corrosion pro-
tection for the substrate. Notably, it exhibited higher in both impedance modulus (|Z])
and coating resistance (R) results approaching 10%° Qcm?, than those of regular coatings
by 3 orders of magnitude to that of plain EP (~10” Q cm?), and 1 order of magnitude to
regular coating (~10° @ cm?), indicating its superior corrosion resistance performance.
Besides that, the superior inhibitive effect of the SHB ZnO/EP (ZES) is also proven by the
potentiodynamic polarization (PDP) results, in which the I, value is suppressed down
to 2.08 x 107 A/cm? thereby achieving an excellent corrosion rate result of
3.38 x 10~ ™ mm/year. The exceptional barrier protection is ascribed to the presence of a
stabilized air interlayer captured within the coating/electrolyte interface thus effectively
blocking the penetration of electrolyte into the coating. This facile yet effective one-step
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processed SHB coating offers an effective route to improve the corrosion resistance

performance of the CS metal and thereafter expand its potential applications.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbon steel (CS) has been found as the most widely used
engineering material across a broad range of applications,
mainly in structural construction and machinery
manufacturing owing to its superior mechanical robustness,
machinability, and cost-effectiveness [1]. Among different CS
grades, S50C medium CS which possesses high impact
strengths and weldability is particularly used for machinery
parts and structural components such as automotive clutch
parts, crankshafts, and hydraulic clamps [2]. However, along
with its high chemical activity in actual operating conditions,
CS is highly corrosive when exposed to aggressive conditions
such as chlorine, oxygen, and water [3]. Over decades, several
strategies have been adopted to mitigate its corrosion issue
including electrochemical protection, protective coatings, and
corrosion inhibitors [4]. Protective coatings are highly
preferred in many industries due to their superior physical
strengths, processability, and economical advantages, among
which epoxy resin (EP) is highly favoured [5]. EP resin, as a
long-established organic polymer coating is widely used for
corrosion protection in harsh marine environments, espe-
cially for ships and marine structures as it possesses advan-
tages such as outstanding mechanical stability, adhesion to
metal, processability, and cost-effectiveness [6]. Nevertheless,
the hydrophilic nature of EP is a critical limitation affecting its
long-term durability in humid conditions, due to the presence
of micropores that can simply permit the diffusion of water
making it more susceptible to corrosion [7,8].

In recent years, significant research efforts have been
devoted to controlling water repellency with the introduction
of superhydrophobic (SHB) properties to the coatings as its
inherent passive barrier layer can offer excellent corrosion
resistance to the CS metals [9]. In addition, SHB coatings can
also deliver other properties including self-cleaning [10], self-
repairing [11], anti-frost [10,12], and oil/water separation [13]
to the CS metal. The prerequisites to constructing an SHB
surface are high surface roughness at the micro/nanoscale
and low surface energy [14]. The SHB surface can effectively
resist corrosion by the virtue of the unique hierarchical rough
structure of the surface that can provide a stable layer of
retained air, serving as a barrier film that blocks the infiltra-
tion of corrosive ions across it [15]. Various techniques have
been proposed to develop SHB coatings on different metals
such as soft lithography [16], hydrothermal [17], solution
intercalation [18,19], spin coating [20], sol-gel [21], anionic
polymerization [22], and grafting [23]. Nevertheless, most ap-
proaches encountered drawbacks limiting their widespread
for scalable applications: expensive and laborious processing,
costly equipment or exotic chemicals required, and slower
processing speed [20]. Hence, this reflects the demand for a
cost- and time-effective strategy to fabricate SHB coating for

corrosion protection. At present, the fabrication of SHB
coating utilizing nanoparticles with specific properties to
generate multiscale roughness and to enhance the perfor-
mance of polymeric coatings has emerged as a competitive
strategy owing to its many advantages not only in terms of
cost, and scalability but effective tunability of the coating
properties can be achieved with ease by varying the coating
formulation [24].

ZnO nanoparticles with multifunctional properties are of
great interest. As one of the inorganic metal oxides, ZnO
portrays a wide range of interesting physicochemical prop-
erties: photoelectrical, piezoelectric, antimicrobial, anti-
ultraviolet (UV), and thermal-conductivity properties
[25—27]. Moreover, the additional virtue given by the utiliza-
tion of nano-ZnO to develop hierarchical rough surface
structure in superhydrophobic surface fabrication is thatitis a
bio-safe, non-toxic and, chemically stable, cost-effective op-
tion [28]. Since EP alone is insufficient to provide a substantial
corrosion barrier to CS due to its hydrophilic nature, the
addition of inorganic nanoparticles, namely ZnO does not
only improve the hydrophobicity of the composite system, it
produces a tortuous pathway for the diffusion of ion and de-
lays the ion penetration, thus further improving the corrosion
protection [9]. Zhou et al. [15] prepared an SHB coating on
magnesium alloy based on cluster-like ZnO/EP with a series of
steps: etching, and spraying of ZnO/EP, followed by modifi-
cation using stearic acid (STA). Owing to the double protection
formed due to the existence of retained air layer and the
interdigitated micro-nano structures from the coating itself,
the sample achieved a large capacitive arc with a considerable
impedance value approaching ~10° Qcm?. Unfortunately, the
STA that exists as the top layer can be easily removed or
dissolute and causes a loss in Cassie's superhydrophobic
properties, which will consequently lead to a decline in
corrosion protection [29,30].

Another study by Li et al. [31] also reported an SHB coating
based on modified TiO, compounded ZnO/EP on the iron
sheet. They first prepared modified TiO, through a hydro-
thermal process and modified ZnO using a one-pot method,
then only combine it with EP. STA was added at a later step as
a surfactant with the purpose to reduce the surface energy of
the EP cross-linked product. The Nyquist diagram of the
sample showed a substantial result of 10° Q/cm? accredited to
the firm metal-polymer interface and low free volume in EP.
They noticed the molecular wrapped around affects the par-
ticle by EP arises the challenge for the formation of single-
layer SHB coating on the substrate. Wang et al. [32] also re-
ported STA functionalized ZnO/EP/fluorinated ethylene pro-
pylene SHB coating on an aluminum plate. The process
involved a few treatments including modification of ZnO with
STA, the addition of NH,HCOs; as a pore-forming agent, spray
coating, and heat treatment. In the observation, the sample
exhibited a good impedance result of 107 Q/cm?, attributed to
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the conditions of air pocket formation leading to contact in-
hibition with the contaminant. Nevertheless, they observed
the coating lost corrosion resistance after the loss of air
pockets as the water can enter through the weak interface of
the coating. Although these methods are still indeed effective
in the corrosion protection of metal, it is not focused on the
CS. Being a preferred material for many applications, the
corrosion protection of CS using a rapid, straightforward yet
effective route is of practical importance for scalable produc-
tion and wide applications.

Besides that, these employed methods were still far-
fetched to be used for widespread applications due to the
complications involved since separated treatment processes
are necessary to develop the superhydrophobic structure. The
disadvantages of these multiple-step strategies are such as
slow process, high energy consumption due to long heating,
reliance on heating equipment, high cost, and the usage of
toxic chemicals including fluorine and acetone. In particular,
Most literature found in these superhydrophobic coatings was
reported on using the hydrophobic agent, STA priorly to
reduce the surface energy of the individual component or
incorporating it as the top layer in their procedures [30]. Yet,
there is a lacking of the role of STA in these coating systems to
modify the EP matrix, thus igniting the challenges in con-
structing desired surface texture as the EP can overlay the
nanoparticles due to undesired particles/polymer interaction
[33]. Although earlier literature demonstrated STA as a
coupling agent in their EP-based nanocomposites [34—36].
These reports demonstrated an enhancement in interfacial
adhesion within the particle/matrix and the components’
compatibility, allowing the particle to be fixed in the multi-
dimensional cured EP network. Nonetheless, there is yet a
fabrication strategy on the superhydrophobic coating that has
reported on combining STA directly into their coating for this
purpose. Thence a wiser strategy to achieve a super-
hydrophobic surface is using a one-step process with the
direct incorporation of STA to modify the composite mixture.

Herein, in this study, considering the importance of
corrosion resistance for the CS surface, the corrosion perfor-
mance of the SHB coating on the S50C CS metal based on ZnO/
EP prepared using the one-step coating deposition process has
been evaluated. Electrochemical measurements of the coating
including electrochemical impedance spectroscopy (EIS) and
polarization tests were conducted and compared with the
blank CS substrate, as well as the plain EP and regular ZnO/EP
coating on CS. Further investigation of the surface
morphology and chemical composition of the samples, as well
as the schematized illustrations demonstrating the efficacy of
the SHB coating as a barrier against the corrosive medium to
reach the CS surface.

2. Materials and methods
2.1. Materials

S50C graded medium CS with a chemical composition of
0.47 wt% C, 0.21 wt% Si, 0.58 wt%, Mn, 0.015 wt% P, 0.002 wt%
S, and 0.300 wt% Cr and Fe as balance manufactured by Spe-
cial Steel & Alliance Pte Ltd., Kuala Lumpur, Malaysia was

used as the substrate. ZnO nanoparticles with an average
diameter ranging <50 nm and STA of reagent grade were
purchased from Sigma Aldrich, St Louis, MO, USA. Commer-
cial EP resin of diglycidyl ether of bisphenol A (DGEBA) grade
with resin: hardener ratio 2:1 was obtained from Sky Tech
Malaysia Pte Ltd., Selangor, Malaysia. Absolute ethanol was
purchased from Merck Millipore, Darmstadt, Germany.
Deionized water (DI) purified in an ultrapure water system
(Nanopores) was used in the experiment.

2.2. Samples fabrication

The CS metal pieces were cut into the size of 25 x 25 x 2 mm?
using a CUT20P wire-cutting EDM machine (Agie Charmilles,
Losone, Switzerland). The workpieces were then polished by
an ACC84DX Precision Grinding Machine Model (Okamoto,
Gunma, Japan) to remove rust spots and to obtain uniform
surface roughness of 1 + 0.5 pm each. Subsequently, the
abraded metal pieces were ultrasonically cleaned with
acetone to remove debris from their surface and dried at room
temperature. The preparation process of the SHB ZnO/EP
sample (ZES) is referred to as the method reported in our
previous work [37]. Firstly, 0.6 g of ZnO nanoparticles and 2.5%
wt./vol. of STA were dispersed in 10 ml of absolute ethanol
with constant agitation of 180 rpm at 55 °C for 5 min, followed
by ultrasonication for 5 min at 500 W, 20 kHz. Subsequently,
0.15 g of EP resin and its hardener were added to the sus-
pension and mechanically stirred for 10min. The resulting
coating solution was inoculated to the CS piece and tilted until
the whole surface was coated. It was then dried at ambient
temperature for 24 h. In addition, the samples with plain EP
and ZnO/EP (ZE) composite without the addition of STA coated
on CS substrates were also prepared and served as reference
samples.

2.3. Chemical characterization

The surface morphologies of the as-prepared specimens using
JSM-7800F field emission scanning electron microscopy
(FESEM) (Japan Electronics, Tokyo, Japan), with the measured
current of 10 A and an accelerating voltage of 5 kV. Before the
test, the specimens were sputtered with a Platinum/Palladium
layer of 150 nm thickness to remove surface charging. The
chemical microanalysis was conducted with energy-
dispersive x-ray spectroscopy (EDS). The 3D laser scanning
confocal microscopy (LSCM) was used to obtain the 3D
topography and surface roughness of the samples using the
LEXTOLS4100 laser confocal microscope (Olympus, Tokyo,
Japan). The phase compositions and crystal structures were
characterized using a Paralytical Empyrean X-ray Diffrac-
tometer (XRD) (Malvern PANalytical, Netherlands, Europe)
with a Cu Ko radiation source (A = 0.15406 nm) at a scanning
rate of 5°/min, in the diffraction angle (26) range of 10°—90°.

2.4. Wettability

The water contact angle (WCA) was measured with 8 uL of
deionized water droplets according to the sessile drop
method. The measurement of angles was taken subsequently
in the obtained images using Image ] software (National
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Fig. 1 — Schematic illustration of the SHB surface with robust hierarchical structures fabricated on CS substrate.

Institute of Health, USA) with a Low bond axisymmetric drop
shape analysis (LB-ADSA) plugin. The average values of WCA
were obtained by measuring three different spots on the
sample surfaces.

2.5. Electrochemical test

The corrosion performance was characterized by electro-
chemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP) in a 3.5 wt % NaCl solution (pH=6.0) at
ambient temperature, using an Autolab PGSTAT100 Poten-
tiostat (Metrohm, Riverview, FL, USA) with 1 pV resolution,
and controlled by the NOVA 2.1.5 software (Metrohm, USA).
Autolab applications including software FRA for EIS mea-
surement and circuit fitting. Experimental parameters for PDP
measurements were carried out according to ASTM G61 [38].
In a three-electrode system, the SHB surface-coated CS with
an exposed area of 1 cm? was used as the working electrode
(WE), platinum rod as the counter electrode (CE), and satu-
rated calomel electrode (SCE) as the reference electrode (RE).
Briefly, the samples were immersed at a stable open circuit
potential (OCP) in the corrosive solution for 1 h before
applying potential perturbation. The EIS was conducted at
OCP in the frequency range of 1072 Hz to 10° Hz with an
amplitude of 10 mV. The PDP curve was recorded from —250 to
250 mV at a scan rate of 1 mV/s.

3. Results

3.1.  Microstructure morphology, chemical composition,
and crystal structure

Fig. 1 schematically illustrates the strategy for the fabrication
of SHB ZnO/EP coating on the CS metal substrate effectively
achieved by the one-step process proposed in this study. In
this study, the one-step process for preparing the SHB coating
(ZES) on the CS metal consists of four key components that are
responsible for different roles in the system: STA as the sur-
face modifier, ZnO nanoparticles to promote hierarchical-
scale roughness, and EP as the adhesive to bond the coating
to the substrate, and ethanol solvent to facilitate fast-drying
and the formation of the dense network. Nonetheless, it is
crucial to note that the hardest challenge to fabricating a one-
layer SHB coating was avoiding the “wraparound effect” of the
nanoparticles in the adhesive [31]. As generally in those

approaches of using organic component such as EP to prepare
SHB surface, it is important to regulate the ratio of both
organic and inorganic material as the excessive organic
component in the system will over envelope the inorganic
elements, leading to insufficient roughness [33]. Therefore,
adjusting the binder: particle ratio plays a key role in con-
structing sufficient hierarchical structures for the achieve-
ment of superhydrophobicity on the coating.

In consideration of achieving an adequate balance between
the ease of processing, as well as the SHB and adhesion
properties, the optimum ZnO: EP mass ratio of 4:1 was adop-
ted [37]. Further investigation into coating adhesion also
revealed that reducing EP resin content could compromise the
coating adhesion and mechanical strength. This was evident
with the coating with 5:1 ratio suffered damage and peeled off
during instantaneous peeling experiment (Fig. 2a. These
findings emphasize the importance of maintaining a balance
composition to ensure good adhesion. Indeed, with an
adequate amount of EP loading, the coating showed neither
gap nor crack at the coating/substrate interface owing to the
excellent adhesion of EP to the substrate, with a uniform
thickness of approximately 18.77 um + 1.92, as shown in
Fig. 2b.

On the other hand, another noteworthy aspect of this
method is the role of STA in grafting onto the ZnO nano-
particles to form a hydrophobic monolayer. In this case,
embedding ZnO nanoparticles into the EP matrix became
inevitably challenging due to the improvement in hydropho-
bicity of the ZnO itself [39]. Therefore, this event is important
to ensure less occurrence of the EP fully enveloping the
nanoparticles, thus promoting the formation of multiscale
structures. Fig. 1 schematically illustrates the strategy for the
fabrication of SHB ZnO/EP coating on the CS metal substrate
effectively achieved by the one-step process proposed in this
study.

Fig. 3 reveals the surface and cross-sectional microscopic
morphologies of the blank CS substrate and the coated sur-
faces (plain EP, ZE and the SHB ZES), taken at different mag-
nifications by the FESEM analysis. As shown in Fig. 3a, the
surface of blank CS presented a smooth surface with uniform
polishing marks aligned parallel to the direction of one
another after the machining process. However, for the plain
EP-coated surface (Fig. 3b), some micro-voids and heteroge-
neous structures of <1 um can be found in the cross-section.
The presence of micro-voids could initiate larger size defects
in the matrix, and impair the barrier performance of the
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Fig. 2 — (a) Adhesion test on coating with 4:1 and 5:1 ZnO: EP mass ratio, and (b) SEM image portraying coating thickness.

coating [40]. Compared to pure EP film, the improvement in
hydrophobicity of the ZnO/EP surface (Fig. 3c) is attributed to
the aggregation of ZnO nanoparticles. After the addition of
STA as the modifier, the surface roughness and morphology
were greatly improved as shown in Fig. 3c—(f). This generated
surface exhibits a high degree of hierarchical scale roughness.
At the same time, low surface energy can entrap air within the
rough asperities, preventing water infiltration. As a result, the
coating exhibited superhydrophobicity [41]. This wettability
behaviour conformed to the Cassie-Baxter model described in
the literature, wherein water droplet to be suspended on the
solid-air interface and trapped in the rough asperities.

The resulting SHB coating sample displayed randomly
orientated irregular aggregates of ZnO nanocrystals (Fig. 3.3
(f), facilitating the formation of hierarchical micro/nano-
roughness and it endows a large number of air cushions
trapped within the binary scale structures [42,43]. Subse-
quently, this allows it to render exceptional permeation
properties against the solution through the Cassie-Baxter
contact. The presence of an air layer exists between the SHB
surface and water, as demonstrated as gleaming mirror-like
layer on account of reflection when immersed in water
shown in Fig. 4. In contrast, the air layer was absent in the
non-SHB coatings. This air layer plays an important role as a
barrier to inhibit the corrosive agents to reach the underlying
metal, thus improving corrosion protection [44]. In addition,
compared to the EP sample, the number of microvoids sharply
decreased after the incorporation of ZnO nanoparticles into
the ZES sample, indicating the dispersed ZnO NP could

effectively fill the micro-voids in the EP matrix. Fig. 3 (f) pre-
sents the close-up view of Fig. 3e with higher magnification,
demonstrating that ZnO nanoparticles composed of different
forms and sizes conglomerate together to construct a multi-
scale rough surface, which is valuable to the improvement in
hydrophobicity of the coating.

Surface roughness is of importance in the fabrication of the
SHB surface. Fig. 5 presents the 3D topography images of the
uncoated and coated samples as analyzed by the LSCM. The
surface structure of the blank CS sample (Fig. 5a) was as
smooth as that of the plain EP-coated sample (Fig. 5b). This
result was in line with the microscopic images taken by FESEM
(Fig. 3 a and b). As expected, the 3D images of the ZE and ZES
samples (Fig. 5¢c and d) manifested binary scale roughness on
the surfaces. Yet, the ZES sample particularly presented
relatively richer surface topography than the ZE sample,
indicating the contribution of STA modification on the ZnO/EP
system in fostering substantial surface roughness to achieve
SHB properties. The results of the 3D profile were in line with
the presentation of microscopic images, denoting that the SHB
properties of the coating may be closely related to the
microscale roughness of the surface, and thus acknowledging
the fabrication of SHB coating is possible to be accomplished
by the one-step method in this study.

Generally, the parameters including arithmetic average
roughness (R,) and root-mean-square roughness (RMS, Rg) of
the prepared samples were used to present the surface
roughness. As shown in Fig. 6, both R, and R, indicated a
minimal increase when the blank CS substrate was coated
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Fig. 3 — FESEM images of (a) blank CS substrate, and cross-sectional morphology of the (b) regular EP sample, (c) ZE sample at
20,000 magnification and the ZES sample at different magnifications: (d) 20,000 %, (e) 8,000, (f) 35,000x.

with plain EP with results from 0.215 + 0.009 pm (R, of CS) and
0.221 + 0.013 ym (Rq of CS) to 0.8 + 0.121 pm (R, of EP) and
0.94 + 0.141 pm (R4 of EP), respectively. These samples are yet
too flat and smooth to construct a high-water-repellent sur-
face. Conversely, the R, and R, results were higher for the ZE
and ZES samples. Nonetheless, the R, and R, results of SHB
ZES with values of 2.706 + 0.30 um and 3.569 + 0.429 um
respectively were at least twice as higher as the regular
coating (1.147 + 0.150 um and 1.424 + 0.213 um respectively).
This indicates that surface roughness was enhanced after the
introduction of STA, which promotes the formation of SHB
structures.

The surface roughness is not the only factor determining
the superhydrophobicity of the surface. Although a rough
surface is by no means compulsory, this condition alone is
insufficient to achieve superhydrophobicity for the surface.
Achieving SHB surface emphasizes acquiring micro/nano-
scale roughness that exhibits substantially low surface en-
ergy. In this study, both conditions of low surface energy and
multiscale roughness can be attained just in one step. The
ZnO/EP composite constitutes the robust rough structured
surface, whereas the STA which has 18-carbon saturated
long chains is introduced to promote low surface energy. To
evaluate the modification by STA on the composite, FTIR,

Silver mirror
effect

Fig. 4 — Observation comparison of (a) regular coating sample (ZE), and (b) SHB coating sample (ZES) when immersed in

3.5 wt% NacCl solution.
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Fig. 5 — 3D LSCM images showing the surface microtopography of the (a) CS, (b) EP, (c) ZE, and (d) ZES samples, (um).

EDS and XRD analyses were carried out in this study. Fig. 7
presents the EDS regional analysis and FTIR spectra of the
regular coating (ZE), and the SHB coating (ZES), and com-
parisons are made with and without the presence of STA. As
seen in Fig. 7, Zn, O, and C elements were detected. The
detection of a relatively strong peak indexed to Zn in both
spectra indicated that the ZnO nanoparticles were uniformly
distributed throughout the coatings. Besides that, the num-
ber of C atoms increased from 9.96 to 16.38 wt% after the
incorporation of STA into the composite, whereas the pro-
portion of O and Zn decreases from 16.26 to 14.46 wt%, and
from 73.78 to 69.16 wt% respectively. This suggested in the
ZES sample, that part of the STA was bonded to the —OH
group on the surface of the ZnO nanoparticles, and another
part of STA was adhered to the surface by physical adsorp-
tion. Since a mole of STA holds 18 mol of C atoms, therefore,
in the presence of STA addition, the mass content of the
whole coating system of the sample increased along with the
number of C atoms [15]. Besides that, the presence of the C-
element adhered on the surface by physical adsorption
convinced that the EP resin is partially exposed during the

Ra[um] @Rq[um]

Cs EP ZE ZES
Samples

Fig. 6 — Surface roughness of blank metal and coated
samples.

modification process, therefore in line with the proposed
schematized mechanism of the as-prepared coating (Fig. 1).
In addition to this, it can also be seen that the proportion of
O-atom was lower than the Zn atoms indicating the presence
of partial O atoms associated with the STA on the surface and
its involvement in the modification reaction. Therefore,
these results inferred that the role of STA is important in
modifying the composite to develop the SHB surface, espe-
cially grafting onto the ZnO and the embedment of the
nanoparticles in the matrix.

Additionally, FTIR analysis provides evidence of the ab-
sorption of SA on the surface of the ZES coating. We compared
the FTIR spectra of the ZES with the ZE sample, as shown in
Fig. 7c. Here the presence of a superhydrophobic layer
composed of ZnO nanoparticles within the EP resin coating
can be verified. Specifically, in the ZES spectra, we observed
peaks at 2851 cm~! and 2916 cm ™}, which corresponded to the
symmetrical and asymmetrical C—H vibrations of the STA
alkyl group [29,45]. This supports that the surface of ZnO
nanoparticles is linked to the alkyl group of STA. indicating
successful modification of both the ZnO nanoparticles and EP
matrix. These results underscore the significant role of STA in
modifying the composite to develop the superhydrophobic
surface by grafting onto the ZnO and embedding them within
the matrix. These findings align with the previous reports on
FTIR observation of the SHB coatings using STA as a modifier
[29,46].

To further evaluate the effect of hydrophobic modifica-
tion on the ZES composite, the XRD analysis was carried out
to investigate the composition of the coating. The diffraction
pattern of the ZnO/EP composite with the STA modification
(ZES sample) was shown in Fig. 8. The peaks in the spectrum
match those of ZnO (JCPDS Card No. 36-1451, showing that
the coating did not alter the crystalline structure of the ZnO
(zincite) [47]. Besides that, the appearance of prominent
peaks around 33.4° and 37.8° implies the presence of zinc
stearate crystals (JCPDS Card No. 05-0079) in the ZES sample
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Fig. 7 — EDS (a) without and (b) with the presence of STA in the coatings.

[48—50]. As the ZnO nanoparticles carry a large number of
—OH groups, the —CH;3 hydrophobic group from the SA tends
to selectively graft onto the nano-ZnO to form a monolayer
rather than interacting with the EP in the solution, success-
fully constructing an SHB coating on the surface of CS metal
[51]. Thence it can be further deduced that this agrees well
with the EDS results that the modification by STA on the
ZnO/EP contributes to the successful fabrication of the SHB
coating.

3.2. Surface wettability of the coating

It is known that the wettability of a solid surface is governed
by both surface morphology and chemical composition [11].
For an SHB surface, the non-wettability behavior is associated
with the presence of a substantial amount of air trapped in-
side the cavities of these roughened structures and extended
at the air-liquid interface area that forms a barrier, subse-
quently hindering the penetration of water into the valleys
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Fig. 8 — (a) FTIR spectra of both ZE and ZES samples, and (b) XRD pattern of the ZES sample.
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and grooves of the surface. Fig. 9 shows the WCAs of different
samples and the insets are the corresponding droplet images
of each sample. As shown, the blank CS metal exhibits
71.60 + 3.3° indicating the hydrophilicity of the original sur-
face. The extremely easy-to-wet nature of the CS allows the
water or ions to simply reach the surface, therefore suscep-
tible to corrosion in the presence of water. Meanwhile, the
WCA of the EP sample increased to ~81.28 + 1.7°, which
however still exhibits hydrophilic behavior, due to the
intrinsic nature of EP containing large amounts of hydroxyl
groups that are very reactive to water. However, when ZnO
nanoparticles are introduced into EP coatings, the WCA of the
ZE coating grows to 129.7 + 1.3°, showing improvement in
hydrophobicity attributed to the increased surface roughness.
The result was in line with the LSCM analysis. This convinced
the reality that attaining surface roughness alone is not
enough to achieve superhydrophobicity for the surface as
achieving SHB surface also requires low surface energy.
Nonetheless, after incorporating STA into the ZnO/EP the
WCA of the ZES sample increased to 165.13 + 1.5° indicating
superhydrophobicity of the coating. This is attributed to the
reduced surface energy of the rough structure. Therefore, this
proves that the SHB surface is the result of a synergistic effect
between hierarchical multiscale rough structures and the low
surface energy material [52]. Moreover, the result of the ZES
was in line with the WCA result when coated on the glass
substrate prepared in our previous work, which was 160.24°
[37]. The ZES sample coated on CS in this study exhibited a
slightly higher WCA result than that coated on glass sug-
gesting the relatively better adhesion of the EP on the CS
substrate. The outstanding metal/EP structural adhesion sys-
tem on account of the extremely high surface energy of the
metal surface that eventually leads to improved interfacial
energy is thus known to contribute to the protection of metal
including CS against different damaging environments [53].
Nevertheless, the WCA results of both samples were main-
tained at >150°, which is the SHB range, indicating the
excellent versatility and stability of the as-fabricated SHB
coating to be prepared on different substrates. Based on the
excellent surface non-wettability results, the as-prepared SHB
coating allows the CS to contact with water in Cassie-Baxter's
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Fig. 9 — WCA results of the blank CS, and coated samples
EP, ZE, and ZES.

mode, thus beneficial in obstructing the permeation of water
into the coating and preventing the occurrence of corrosion.

3.3. Electrochemical test

3.3.1. OCP measurements

To study the corrosion behavior of the coating, the samples
were immersed in 3.5 wt% NaCl aqueous solution. When a
metal is exposed to the electrolyte, an electrochemical po-
tential develops over time. The common factors that influence
the OCP of a coated metal are defined by the anodic reactions,
cathodic reactions, and electrolyte resistance [54]. OCP is often
used to investigate the corrosion trend of a coating [40]. Higher
OCP values often indicate a lower corrosion trend. The OCP
results versus time for the uncoated and coated CS samples
during the initial hour were presented in Fig. 10. As presumed,
for the blank CS substrate, the OCP trend exhibited more
negative values ranging at —0.66 + 0.03 V (vs. SCE) than the
coated samples, indicating higher susceptibility to corrosion.
The decreasing trend shown in the first 1200s was ascribed to
the continuous penetration of the corrosive medium and the
dissolution process of the CS metal [16]. Subsequently, the
OCP trend reaching a metastable state for the rest of the im-
mersion time reveals that the sample was saturated and sta-
bilized in the electrolyte. In the case of the coated samples, the
higher OCP trends imply that the coated samples exhibited
less susceptibility to the electrolyte. Furthermore, the OCP
trends remained at relatively stable values during the whole
period of 3600 s, demonstrating the effectiveness of the pro-
tection of these coatings in the electrolyte. Notably, compared
to the regular samples with values of - 0.31 + 0.013 V (vs. SCE)
and - 0.26 + 0.011 V (vs. SCE), for EP and ZE samples, respec-
tively, the SHB ZES presented more noble OCP values of -
0.05 + 0.002 V (vs. SCE) throughout the time interval, implying
the least susceptibility of the SHB ZES coating to corrosion
compared to the regular coating. This could relate to the
highly protective nature of the SHB sample.

3.3.2. EIS measurements

EIS was employed for a more intuitive understanding of the
barrier performance and corrosion behaviors of the coatings,
which cannot be visualized, referring to the electrochemical
reactions that happen within the metal and electrolyte inter-
face [S5]. Figs. 11 and 12 present the EIS plots of the blank CS
substrate and the coating samples in 3.5% wt. NaCl solution.
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immersion time in a 3.5% NaCl solution.
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Fig. 11a showed the combined Nyquist plots of the samples,
whereas b-d showed the respective Nyquist of the ZE, EP, and
CS substrate samples. Generally, the diameter of the capaci-
tive arc is an indication of protection performance, which is
directly proportional to the corrosion protection ability [56]. It
is also known that a semicircle corresponds to a time con-
stant. The blank CS substrate (Fig. 11a and d), showed the
smallest capacitive loop compared to all other samples,
revealing its poor corrosion resistance behavior. There is only
one time constant in its Nyquist plot, suggesting that there is
only one electrochemical process that happened on the metal
surface. In the case of the coated samples, the semicircle di-
ameters were much larger compared to that of the blank CS
substrate, indicating the improved corrosion resistance of the
coatings to the CS substrate. Notably, the semicircle diameter
of the SHB ZES was the largest among all coated samples,
indicatingits excellent barrier performance. For the ZE sample
(Fig. 11b), the smaller diameter of the capacitive arc due to the
smaller ohmic resistance values implies the relatively weaker

barrier performance of the coating compared to the ZES
sample. Whereas for the EP sample as shown in Fig. 11c, the
Nyquist plot presenting a full semicircle which typically con-
sists of double-layer capacitance (Cq) and charge transfer
resistance (R elements indicates marked deterioration in the
coating's barrier performance, which eventually leads to
corrosion of the substrate. In addition, a closer examination
also reveals the presence of a smaller arc at the higher fre-
quencies. These two constants overlapped each other and
were difficult to be identified due to the relatively small elec-
trochemical reaction (charge transfer) across the metal/
coating interface, and the first time constant corresponds to
the impedance of coating is near to the second time constant
caused by the Faraday process [57]. Besides that, the presence
of the two-time constant also indicates the diffusion process
of the electrolyte has begun [58]. The poor barrier performance
can be explained following the examination of the coating
structure discussed previously. Although plain EP is capable to
provide a physical barrier to delay the permeation of
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Fig. 12 — (a) Bode modulus plots, and (b) Bode of phase angle plots for all samples.
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electrolytes, yet, barrier protection against corrosive ions is
still inefficient on its own due to the presence of micropores.

The bode-modulus and bode-phase plots were presented
in Fig. 12. It is known that in the bode-modulus plot, the
impedance modulus value (|Z|) at the lowest frequency
(IZ]o.o111z) can be a useful semi-quantitative indicator to eval-
uate the barrier performance of a coating and a bigger |Z|o o112
value points to a better corrosion resistance performance [39].
Overall, the SHB ZES sample exhibited the highest |Z|o01p2
value approaching ~10'° Qcm? which is by 8 orders of
magnitude higher than blank CS substrate (~10% Qcm?), and 1-
3 orders of magnitude higher than that of the regular coating
samples (~10° Qcm? and ~107 Qcm? for ZE and EP, respec-
tively), indicating its far superior improvement in corrosion
protection for the CS substrate with the introduction of
superhydrophobicity to the coating. On the other hand, the
regular coating samples (ZE and EP) exhibited marginal pla-
teaus in the low frequencies, indicating that the coatings were
affected by the continuous permeation of the corrosive me-
dium. In the case of the EP sample, the lower plateau shown in
the mid frequencies suggests the appearance of the resistive
region which may relate to the charge transfer process across
the coating/metal interface. This indicates the deterioration of

barrier performance has created a pathway that allows the
permeation of electrolytes to reach the underlying metal.

In the bode-phase plot, each peak that appeared correlates
to a time constant [18]. The high-frequency constant is
assigned to the response from the coating, while the low-
frequency constant corresponds to the corrosion process
[39]. As shown in Fig. 11b, the peak appearing at about 10Hz in
the phase angle plot of the blank CS sample is ascribed to the
double-layer capacitance on the coating/substrate interface.
This also implies the corrosion activity of the CS conditioned
in the 3.5 wt % NaCl solution. For the EP sample, the phase plot
exhibited features with two-time constants corresponding to
both capacitances of coatings and the corrosion response of
CS, implying the loss of the coating's barrier function. This
could be due to the intrinsic nature of EP polymer which
contains a lot of micropores and defects in itself that leads to
loss of coating adhesion, allowing the diffusion of electrolyte
into the coating [59]. As for the ZE sample, only a one-time
constant appeared in its plot indicating better barrier perfor-
mance of the composite coating than the plain EP. The barrier
performance is attributed to the randomly dispersed ZnO
nanoparticles that have filled the matrix and created a
tortuous diffusion pathway for the corrosive ions to reach the
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Table 1 — Electrochemical parameters fitted from the equivalent circuit.

Sample R. (@ cm?) Q. (S/cm? s™) n R (Qcm?) Qai (S/cm? sM) n
(o] - - 5.97 x 10? 0.35 x 1072 0.82
EP 0.96 x 107 7.18 x 1077 0.80 1.57 x 107 1.43 x 10°° 0.72
ZE 1.28 x 10° 7.93 x 1071 0.95 2.37 x 10° 2.93 x 107° 0.44
ZES 5.83 x 10%° 2.73 x 1071 0.77 - — —

underlying metal. However, a decline in the low frequencies
can be found indicating minor deterioration is detected in the
coating's barrier performance. Anyhow, the defect is negli-
gible. On the other hand, for the ZES sample, only minimal
decline in the phase angle value were observed in the low
frequencies demonstrates the excellent barrier performance
of the SHB coating, therefore the corrosive medium was
difficult to infiltrate the coating.

For further investigation, the EIS data were fitted by
different equivalent circuit models as depicted in Fig. 13a-c. In
these models, R; stands for the solution resistance and is
considered a less important parameter as it does not contain
any relevant information about the coating system [60], while
R.is known as the coating resistance, measuring the ability of
a coating to resist current flow and it reflects the barrier
properties of the coating. R, is the resistance of charge
transfer within the metal and electrolyte, corresponding to
the corrosion taking place below the coating [61]. Further-
more, Q. is the constant phase element representing the
capacitance of coating and it reflects the water uptake of a
coating, while Qg is the double-layer capacitance which is
often used to describe the severity of coating degradation and
correlates to the distribution of ionic charges at the interface
[39]. The constant phase element Q is used to represent the
capacitance making it more accurate to fit the given non-ideal
behavior of coatings [62]. Q can be expressed as Q = w™"/Y, (cos
n n/2 + j sin n «/2) [63]. The parameter o is the angular fre-
quency, and Y, and n are the modulus and phase, respectively.
The simple model R (Qa Rer) @s shown in Fig. 13a is used to fit
the corrosion process of the blank CS due to its one-time
constant in its EIS plots. The model Ry (Q. R.) as depicted in
Fig. 13bis used to fit the spectra of the ZES sample in which no
corrosion process can be detected due to the exceptional
barrier performance. While in the case when there emerged
two-time constants in the EIS plots, pointing out that the
electrolyte has begun to infiltrate the coating and reach the
underlying metal, the model Rs (C. R. (Ca Ret) @s shown in
Fig. 12c is used. This model fits the spectra of the regular
coatings (EP and ZE). The electrical parameters interpreted
from the fitting results are listed in Table 1.

R and Qg are essential criteria that reflect the corrosion
activities of the samples. The R of the blank CS substrate
exhibits only 597 Q cm?. The regular coating samples exhibit
higher R.; values, 1.57 x 10’ Q cm? and 7.04 x 10'° Q cm? for EP
and ZE samples, respectively, indicating higher corrosion
protection for the CS substrate. In addition, the reduction in
Qq values of the regular coatings to 0.40 x 107 S/cm? s™ (EP)
and 1.10 x 10~° S/cm? s™ (ZE) that are formerly from 0.0040 F/
cm? in the CS metal, confirms that the regular coatings
exhibited lower electrolyte uptake, indicating the charge
transfer is more difficult to happen. Meanwhile, for the ZES

sample, both R and Qg are absent, implying that no corrosion
process can be detected owing to the exceptional barrier
properties as a result of the entrapped air in the coating. On
the other hand, both R, and Q. can be studied for a more in-
depth comparison of the protection performance of the coat-
ings. These parameters are often related to the coating defects
and pores that could be the channel for the diffusion of elec-
trolytes reaching the coating/substrate interface [39]. Among
the coating samples, ZES exhibited the highest R, value
5.83 x 10 Q cm? which increased by an order for the ZE
sample (1.28 x 10° @ cm?) and 3 orders of magnitude for the EP
sample (0.96x 10 Q cm?), implying the evidence of the
distinctive barrier portrayed by the SHB surface. Reversely, the
ZES sample exhibited the least Q. value indicating the least
electrolyte penetration of the SHB ZES. In contrast, the Q.
value showed the highest in the EP sample (7.18 x 1077 S/cm?
s"), reflecting the most water uptake in its coating .This re-
veals the higher porosity in the EP coating which was in line
with the morphological results of the EP sample discussed
previously. Anyhow, it is interesting to note that the as-
prepared SHB ZES coating offers an exceptionally high R. of
~10" @ cm?, which is comparable to or even outperformed
most of any other SHB EP-based composite coatings on the
metals reported in this recent [56,64—66].

3.3.3. Tafel measurements

The potentiodynamic polarization (PDP) curve also known as
the Tafel plotis useful for rapid appraisal of the instantaneous
corrosion rate of the electrolyte concerning the metal. The
Tafel plots of the blank CS, EP, ZE, and ZES coated samples are
shown in Fig. 14. The main parameters in the Tafel data,
involving the corrosion potential (Ecor), cOrrosion current
density (l.orr), polarization resistance (Rp), and corrosion rate
(Reorr), derived by the extrapolation method are presented in
Table 2. In a typical Tafel curve, a more positive E.r
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Fig. 14 — Potentiodynamic polarization curves of blank CS
substrate, plain EP, ZE, and ZES coated samples.
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Table 2 — Analysis results of Tafel polarization curves of the samples immersed in 3.5 wt % NaCl solution.

Sample Ecorr (V vs. SCE) Ba (V/dev) By (V/dev) Leorr (A/cm?) R, (@/cm?) Reorr (Mm/year)
CS —0.68 0.048 0.151 1.09E-04 365.40 1.27

EP —-0.41 0.034 0.109 3.82E-08 9.30E+05 0.44E-03

ZE —-0.25 0.009 0.016 3.15E-10 6.16E+06 9.08E-06

ZES —0.05 0.004 0.006 2.08E-11 7.71E+07 3.38E-07

corresponds to a lower corrosion tendency, while a smaller
I.orr corTesponds to a lower corrosion rate [67]. In addition, the
R, is considered the overall effect of I.o,r, and a high R, implies
high corrosion resistance. The R, (?/cm?) is calculated based
on the Stern-Geary relationship as follows [68]:

Ba X Be

Ry =2 3Tcorr (Ba + 8c) @

where 38, and 8, denote the Tafel slopes in the anodic branch
and cathodic branch respectively determined from the inte-
grated software. Furthermore, the R.oy (Mmm/year) is calcu-
lated according to the following equation [69]:

_ R Mlcorr
Pm

Rcorr (2)
where M, and p,, represent equivalent weight (27.925 g/mol)
and density (7.86 g/cm?® of the substrate respectively,
whereas, k denotes the constant (3268.6 mol/A).

According to the fitted results (Table 2), the Ecorr and Ieorr Of
the CS substrate were-0.68 and 1.09 x 10~ %, respectively. For
all the coated samples, the E.,, shifted to more positive

values, whereas the I, shifted to lower values, indicating less
corrosion tendency and improved corrosion resistance, in
comparison to the bare CS substrate. Notably, among the
coated samples, the I.,,, of the ZES sample showed the least
value of 2.08 x 107'* A cm 2, as well as the most positive Ecor
value of —0.05, verifying the better corrosion protection of the
SHB ZES coating than the regular coating samples with lower
hydrophobicity. Even though, the decrease in I..r and the
shifting to the more positive direction in Eo,y of the regular
coated samples also show an improvement in corrosion
resistance to the CS substrate. Yet, their performance is
limited compared to the SHB coating. This may be related to
the weaker hydrophobicity, thus having a higher tendency for
permeation of electrolytes. Nevertheless, the Reopy Of the reg-
ular coatings still exhibited a reduction in values (0.44 x 103
and 9.08 x 107 for EP and ZES) by 3 and 6 orders of magnitude,
respectively, demonstrating their competency in corrosion
protection. Howbeit, the Ry of the ZES which was
3.38 x 107 mm/year, has shown a reduction by 7 orders of
magnitude compared to the blank CS substrate (1.27 mm/
year). This further verified the far superior corrosion protec-
tion offered by the SHB ZES to the CS substrate.
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Fig. 15 — Schematic diagrams of the corrosion mechanism of (a) blank CS, (b) EP, (c) ZE, and, (d) ZES-coated samples.
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3.3.4. Corrosion mechanism

It is known that the corrosion of metal is a degradation
process resulting from the electrochemical reaction with the
surrounding medium. When the blank CS substrate is
exposed to the corrosive medium, namely 3.5% wt. NaCl
solution, the electrolyte can freely reach the entire surface,
and the corrosive factors such as H,0, Cl~, O, and H, are
available to react with the surface, therefore damaging the
metal, as illustrated in Fig. 15a. For the plain EP sample, the
corrosive media can be delayed momentarily, however, the
barrier is still deficient as the ions are prone to permeate the
micro-holes of the coating due to the intrinsic nature of EP,
therefore initiating the redox reaction and thus failed the
coating (Fig. 15b) [70]. In the case of the ZE sample, the
corrosion barrier was slightly improved owing to the
improvement in hydrophobic properties which could greatly
insulate the contact between the corrosive media and the CS
metal. The hydrophobicity of the coating is attributed to the
intense aggregation of ZnO NP embedding in the EP matrix
which promotes the surface roughness of the coating. Be-
sides that, these heterogeneously dispersed ZnO nano-
particles improved the compactness of the coating, creating
a more circuitous pathway for the corrosive factor to infil-
trate the coating to reach the underlying substrate, therefore,
demonstrating adequate corrosion resistance to the metal.
After all, the EIS and PDP results of the ZES have proven
notable improvements in the resistance of coating against
corrosion with the introduction of SHB properties. In this
case, the presence of the air film, which has been confirmed
by the 3D LSCM and mirror test discussed previously plays
the most crucial role in imparting barrier performance to the
coating. When immersed in the electrolyte, the air interlayer
captured within the coating/electrolyte interface promotes
Cassie contact and forms an additional non-conductive
barrier to the as-prepared SHB ZES, which to an extent iso-
lates the surface from the electrolyte, therefore explaining
the results of OCP which is very closed to 0 and high |Z|o o112
result approaching 10%° Qcm?. Besides that, the superior
inhibitive effect of the SHB ZES is also proven by the PDP
results, in which the I, value is suppressed down to
2.08 x 107** A/cm?, thereby achieving an excellent corrosion
rate result of 3.38 x 10~ mm/year.

4, Conclusion

Superhydrophobic (SHB) coating composed of ZnO nano-
particles, epoxy (EP), and stearic acid (STA) was fabricated on
the S50C carbon steel substrate with a direct yet effective
one-step coating deposition method. The aggregation of ZnO
nanoparticles in EP promotes the construction of hierarchi-
cal micro/nanoscale rough structures on the surface and the
incorporation of STA into the matrix transforms the surface
to SHB thus improving its anticorrosion performance. Re-
sults of WCA showed a high value of 165.13 + 1.5° indicating
superior superhydrophobicity of the coating. According to
the corrosion results, the I of the SHB sample (ZES) with
value exhibits a decrement from 1.09 x 10~* A/cm? of un-
coated CS t02.08 x 10~ ** A/cm?. The corrosion rate of the SHB

sample achieved an excellent result of 6.4971 x 10~® mm per
year as compared to the blank CS substrate of 0.07699 mm
per year. In addition, the ZES sample significantly improved
its anticorrosive performance in terms of higher impedance
modulus and larger capacitive arc, both at least by 1 order of
magnitude, as compared with those regular plain EP and
regular coating, which is attributed to the excellent barrier
effect from the SHB surface. Overall results show the SHB
surface is stable against exposure to a corrosive medium due
to the existence of an intact and retained barrier layer
composed of entrapped air on the surface. This super-
hydrophobic coating shows exceptional corrosion resistance
is of high application potential in the marine environment
for mitigating corrosion in seawater in the short term. Future
research should prioritize conducting prolonged corrosion
tests to gain a comprehensive understanding of the coating's
durability under realistic environmental conditions.
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