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Abstract: Zinc hydroxide sulphate (ZHS) nanoplates were synthesized and then characterized by
various methods, including field-emission electron microscopy (FESEM), Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron microscopy (XPS), thermal gravimetric analysis (TGA), and
the Brunauer–Emmett–Teller (BET) theory. Then, the synthesized ZHS nanoplates were incorporated
into the epoxy coating on a ST 37 steel alloy. No change in the morphology of the epoxy coating was
observed after incorporating 1 wt. % ZHS nanoplates. Uniform distribution of the incorporated ZHS
nanoplates inside the epoxy coating was confirmed by transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDS). Atomic force microscopy (AFM) images showed that
the surface roughness (Sa) of the neat epoxy coating was about 1.1 µm, which was increased to about
2.1 µm by the incorporation of the ZHS nanoplates. The water contact angle on the coating was
changed from 82.1 to 90.8◦ after incorporating the ZHS nanoplates, which may be attributed to the
surface roughness. Electrochemical impedance spectroscopy (EIS) experiments showed that the
polarization resistance of the epoxy coating in a 3.5 wt. % NaCl solution after 28 days of immersion
was about 2.03 MΩ cm2, and increased to about 9.47 MΩ cm2 after adding the ZHS nanoplates.
In addition, the capacitance of the ZHS-containing epoxy coating after 28 days of immersion in
the corrosive solution was about 0.07 nsnΩ−1cm−2. The obtained value was more than four times
lower than the value obtained for the neat epoxy coating (0.32 nsnΩ−1cm−2). The results of the EIS
measurements indicated a significant increase in the corrosion resistance of the epoxy coating after the
addition of the ZHS nanoplates. The improvement in the corrosion was explained by the filling of the
possible defects and trapping of the aggressive agents by the incorporated ZHS nanoplates. FESEM
and EDS analyses at the end of the immersion period confirmed the results of the corrosion tests.

Keywords: corrosion protection; epoxy resin; nanocomposite; zinc hydroxide sulphate; EIS

1. Introduction

Epoxy resin is widely used to control the corrosion of metals due to significant advan-
tages compared to other options. The corrosion-resistant epoxy resins are generally applied
in thicknesses of several tens of micrometres. However, these coatings have a certain degree
of porosity and permeability to corrosive agents like any other organic coatings. Therefore,
efforts are needed to further improve the corrosion resistance of epoxy resins. Various
strategies have been proposed to increase the corrosion resistance of epoxy resins, including
chemical composition modification, mixing with other polymers, multilayer coatings, the
addition of a corrosion inhibitor, and adding various nanocompounds [1–5].

The use of nanocompounds is perhaps the most popular method to improve the
corrosion resistance of epoxy coatings due to their simplicity and effectiveness. In this
regard, a significant number of nanocompounds have been examined. For example, the
preparation of epoxy nanocomposites containing silica [2,3], graphene oxide [4,6], car-
bon nanotubes [7,8], iron oxide [9,10], TiO2 [11,12], Al2O3 [13], CeO2 [14], ZrO2 [15],
halloysite [16], etc. [17–20] have been reported.
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The platelet-like nanocompounds are suitable for the preparation of various corrosion-
resistant nanocomposites. These nanocompounds, while allowing chemical interactions
with the coating matrix, can also store chemical components such as corrosion inhibitors in
the space between their plates and release them intelligently if needed. Various nanocom-
pounds have been synthesized, identified, and used to prepare the corrosion-resistant
nanocomposites. Montmorillonite (MMT) is a well-known platelet nanocompound and its
benefits to the corrosion resistance of organic coatings have been approved [21–23]. Fur-
thermore, layered double hydroxides (LDHs) have gained more attention in recent years.
In addition to having other favorable properties of the layered nanocompounds, LDH can
improve the corrosion resistance of coatings by trapping corrosive agents such as chloride
ions, etc. LDH nanoplates have been suggested as nano-fillers to increase the corrosion
resistance of epoxy coatings [24]. As mentioned, one of the distinctive features of the LDH
nanoplates is their ability to trap aggressive species, such as chloride ions. Therefore, if, for
any reason such as structural defects in the coating, the corrosive solution penetrates the
coating matrix, the dispersed LDH nanoplates trap the chloride ions by anion exchange.
Due to this exciting feature, LDH nanoplates are used as nano-fillers for metallic [25],
sol–gel [26,27], and organic nanocomposites [28,29]. The LDH nanoplates have also been
used as nano-fillers to enhance the corrosion resistance of epoxy coatings. For instance, the
positive effects of the molybdate-intercalated Ni-Fe-LDH nanoplates on the anti-corrosion
properties of the epoxy resin have been discussed by Peng et al. [30]. Enhancement in the
corrosion protection of the epoxy resin was attributed to the chloride-ion trapping and
simultaneous molybdate-ion release via the anion-exchange mechanism. In another study,
Su et al. [24] has examined the corrosion resistance of the epoxy resin before and after the
incorporation of Mg-Al-LDH nanosheets (with nitride-ion intercalation). The remarkable
improvement in the anti-corrosion properties was also ascribed to the anion-exchange
capacity and barrier properties of the LDH nanosheets.

Zinc hydroxide sulphate (ZHS) with the general formula of xZn(OH)2·yZnSO4·zH2O
is a new class of platelet-like nanocompounds, which can be easily synthesized [31]. Despite
the similarity of the structure, LDH is only able to trap anions by ion exchange, while ZHS
can trap cations, anions, and water molecules through the chemical-bonding and phase-
transition mechanisms. The ZHS can transform into gordaite (NaZn4(OH)6(SO4)Cl·6H2O)
when encountering the corroding NaCl solution through trapping chloride ions, sodium
ions, and water. The chlorine ions are trapped through chemical bonding to the crys-
tal framework of the ZHS rather than anion exchange. The connection of the chlorine
ions to the crystal lattice of the ZHS induces a negative charge in the structure, which is
compensated by the absorption of hydrated sodium ions.

Due to the aforementioned unique features, the effect of the ZHS nanoplates on the
corrosion-protection performance of the fluorocarbon coating in a 3.5 wt. % NaCl solution
was investigated [31]. The results showed that the dispersed nanoplates increase the
corrosion protection ability of the fluorocarbon coating. When the corrosive electrolyte
penetrates the coating matrix, it reaches the nanoplate surface, which causes it to function
actively. In a way, water molecules along with sodium and chlorine ions are trapped
through the phase-transform mechanism, which results in the inhibition of the electrolyte
diffusion to the coating–substrate interface. In addition, the swelling of the ZHS nanoplates
increases the intraplate spaces, resulting in better corrosion protection.

The potential capabilities of ZHS nanoplates in trapping water, anions, and cations
make them preferable over other nanofillers in the preparation of anti-corrosion nanocom-
posites. In addition, their synthesis is simple, and cheap materials are used. Therefore,
the effect of ZHS-nanoplate incorporation on the corrosion resistance of the epoxy coating
was studied in this work. For this purpose, the ZHS nanoplates were synthesized and
characterized by the FESEM, BET, TGA, and FTIR techniques. Afterwards, the synthesized
nanoplates were incorporated into the epoxy resin at the appropriate concentration. The
resultant nanocomposite coating was studied from a different point of view by a set of
suitable methods including FESEM, TEM, EDS-mapping, AFM, and EIS.
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2. Materials and Methods
2.1. Alloy Samples

In this work, ST 37 steel alloy was used as substrate. ST 37 rebar was cut into disc
pieces with a diameter of 2 cm and a thickness of 0.5 cm. Next, a copper wire was soldered
to the alloy sample. Afterwards, the samples were placed inside a polyester mount. Next,
the polyester mount was removed from the steel surface by abrading with SiC sandpaper
(no. 100). Then, the successive abrading of the sample with different grids of the SiC
sandpaper (no. 400, 800, 1000, and 2000) was continued to mirror-finish surface. In this
way, only one face of the disc samples with a total surface area of 3.14 cm2 remained free for
the coating application and then electrochemical examinations. Before coating application,
the alloy samples were carefully washed with tap and distilled water, degreased by ethanol
in the ultrasonic bath, and finally dried at room temperature.

2.2. Synthesis of the ZHS Nanoplates

The ZHS nanoplates were prepared via the chemical bath deposition technique. For
this purpose, two different solutions with a total volume of 200 mL, and a concentration
of 0.2 M were prepared by dissolving ZnSO4·7H2O and hexamethylenetetramine in the
deionized water. The prepared solutions were mixed and then 400 mL ethanol was added.
Next, several drops of diluted H2SO4 solution were added to the mixture to adjust its pH
to within the range of 5 to 6. The obtained solution was covered by a nylon film and then
heated to 70 ◦C for 2 h. Then, the solid white product was collected by filtering. Afterwards,
the solid product was dried at laboratory temperature after washing with deionized water
and ethanol.

2.3. Coating Application

First, the epoxy resin and hardener were added to each other in a ratio of 2:1 and
then were mixed at 700 rpm for 10 min to reach a homogenous coating solution. Next, the
mixture was applied to the steel specimens using a brush. The samples were held in the
laboratory for 24 h. Then, the samples were placed in a digital oven. The oven temperature
gradually reached 100 ◦C with a ramping rate of 5 ◦C min−1, and the curing treatment was
performed for 1 h. At the end, the coated specimens were removed after naturally cooling
to room temperature. In order to apply the nanocomposite coating, the ZHS nanoplates
were added to the hardener of the epoxy resin. Then, the ZHS-containing hardener solution
was intensively agitated for 2 min using an ultrasonic probe. Then, it was placed in an
ultrasonic bath for 30 min. The epoxy resin was then added to the hardener/ZHS mixture,
and the mixture was stirred for 10 min. The final concentration of the nanoplates in the
nanocomposite coating was 1% by weight. After preparation of the ZHS-containing epoxy
mixture, it was applied on the ST 37 alloy samples in a similar manner to that which was
described above.

2.4. Characterization
2.4.1. ZHS Nanoplates

First, the synthesized ZHS nanoplates were morphologically analyzed by FESEM
(MIRA 3, TESCAN). Moreover, the ZHS nanoparticles were also analyzed by XPS (SPECS
FlexPS) and FTIR techniques. In addition, the thermal stability and total surface area of the
ZHS nanoplates were studied by TGA and BET methods, respectively.

2.4.2. Epoxy Coatings

FESEM method was used to study the surface and cross-section morphologies of the
epoxy coating before and after addition of the ZHS nanoplates. Prior to the microscopic
analysis, the coated samples were plated with a thin layer of gold due to the inherent
low conductivity of the epoxy coating. To prepare the cross-sectional images, the coated
samples were cut. Then, the cross-section area of the coated alloy parts was gently abraded
with SiC sandpaper (no. 400 to 2000) to capture the microscopic images without creating
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an artificial rupture in the metal–coating interface. In addition, EDS-mapping analysis was
carried out on the cross-sectional areas in order to confirm the uniform distribution of ZHS
nanoplates. Furthermore, to verify uniform distribution of the ZHS nanoplates inside the
epoxy resin, a thin layer with a thickness of 50 nm was separated from the surface of the
nanocomposite coating and then analyzed by TEM. Additionally, topography and surface
roughness of the applied coatings were examined by AFM (CoreAFM, Nanosurf) analysis
in an extensive range of 50 × 50 µm2 using Si3N4 cantilever tip.

The effect of ZHS nanoplates on the hydrophobicity of the epoxy coating was evaluated
by measuring the contact angle of water droplets on its surface. For this purpose, a drop
of water was deposited on five different coating points. Then, the contact angles were
calculated by recording the relevant images, and the results were averaged.

Finally, the corrosion protection by the conventional and nanocomposite epoxy coat-
ings were evaluated by performing EIS tests at different immersion times (4–28 days) in
3.5 wt. % NaCl solution. The tests were performed by applying an alternating potential of
20 mV around the open-circuit potential of the samples in the frequency range of 100 kHz
to 10 mHz. The corrosion experiments were performed in ambient conditions without
agitation, aeration, or deaeration of the corrosive environment. The corrosion tests were
repeated four times to obtain average results.

3. Results and Discussion
3.1. Characterization of the ZHS Nanoplates

The FESEM images taken from the synthesized ZHS nanoplates show a hexagonal
morphology (Figure 1a–c). The dimensions of the ZHS sheets vary from a few micrometres
to tens of micrometres. From the morphological image shown in Figure 1c, it is clear that
the thickness of the ZHS nanoplates is much lower than their width.

The ZHS nanoplates were also characterized by FTIR (Figure 2). The broad IR band at
3200–3600 cm−1 is related to the O-H stretching of the intra-layer or physically-adsorbed
water molecules. In addition, the bands at 1122 and 596 cm−1 are attributed to the stretching
and bending modes of sulphate ions, while the bands at 1000 and 790 cm−1 are more
probably related to Zn-OH. Finally, the IR band at around 446 cm−1 is related to Zn-O [31].

The survey and high-resolution XPS spectra of the ZHS nanoplates were recorded
(Figure 3). The presence of XPS peaks related to the zinc, Sulphur, and oxygen elements
in the survey scan indicates the successful synthesis of the ZHS nanoplates [32]. The
high-resolution Zn 2p XPS spectrum contains two peaks at 1045.4 and 1022.4 eV for Zn
2p1/2 and Zn 2p3/2, respectively. Two spin energy levels are separated by about 23 eV,
which is typical for Zn (II) species. The S2p high-resolution spectrum was deconvoluted in
doublets at 167.8 and 168.7 eV for S2p1/2 and S2p3/2, respectively, which can be attributed
to sulphate in the ZHS structure. The high-resolution O 1s peak was deconvoluted to give
three peaks, centred at 530.3, 531.7, and 532.3 eV, which correspond to the Zn-O, H-O, and
S-O bonds, respectively [33]. It should be noted that a line shape function was used in the
XPS data analysis by CASA XPS software. The U2 Tougaard model is used for background
subtraction. In addition, all the binding energies were calibrated to the carbon, C 1s peak at
285 eV. Full information about the XPS spectrum analyses including uncertainties are given
as supplementary material (see Figure S1a–c).
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Thermal decomposition of the ZHS nanoplates was also studied in the temperature
range of 20 to 700 ◦C [34]. The recorded TGA curve, along with the results of the quan-
titative analysis, is given in Figure 4. The thermal decomposition of the ZHS compound
includes successive dehydration, dehydroxylation, and SO2 evolution stages. The dehy-
dration process occurs in the low temperature range and does not modify the layered
structure [34]. The release of water from the last hydroxide layer causes it to dehydrate.
Therefore, ZnO and Zn3(OH)2(SO4)2 compounds were formed. Decomposition of the
Zn3(OH)2(SO4)2 in the second dehydroxylation step leads to the formation of Zn3O(SO4)2
in the intermediate temperature range. Decomposition of the sulfates at high temperatures
causes SO2 gas evolution.
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The nitrogen adsorption–desorption isotherm, along with the BJH plot of the ZHS
nanoplates, are given in Figure 5a,b, respectively. The main parameters are specific surface
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these equal to about 8.72 m2 g−1, 2.3 nm, and 1.9 nm, respectively. Based on the obtained
data, the synthesized nanoplates can be classified as mesoporous compounds.

Minerals 2023, 13, x FOR PEER REVIEW  7  of  20 
 

 

 

Figure 4. TGA curve of the synthesized ZHS nanoplates. 

The nitrogen adsorption–desorption isotherm, along with the BJH plot of the ZHS 

nanoplates, are given in Figure 5a,b, respectively. The main parameters are specific sur‐

face area (as,BET), mean pore diameter (rp), and the most probable pore size (rp, peak(area)), 

and these equal to about 8.72 m2 g−1, 2.3 nm, and 1.9 nm, respectively. Based on the ob‐

tained data, the synthesized nanoplates can be classified as mesoporous compounds. 

 

Figure 5. Cont.



Minerals 2023, 13, 180 8 of 21
Minerals 2023, 13, x FOR PEER REVIEW  8  of  20 
 

 

 
Figure 5. BET nitrogen adsorption–desorption (a) and BJH plot (b) of the ZHS nanoplates. 

3.2. Characterization of the Coatings 

3.2.1. Surface Analysis 

The images taken with FESEM show that the morphological properties of the epoxy 

resin at low and high magnifications (Figure 6a,b, respectively) did not change after the 

addition of the ZHS nanoplates at a 1 wt. % concentration (Figure 6c,d). At low magnifi‐

cation, it can be seen that both neat and nanocomposite epoxy resins are free of large de‐

fects. However, the high‐magnification image shows the presence of easily‐detectable mi‐

cro‐cracks. The cracks and defects have the same pattern for the neat and ZHS‐containing 

epoxy coatings. The formation and propagation of such defects have a detrimental effect 

on the corrosion resistance of the epoxy resin because they provide easy penetration paths 

for the corrosive agents toward the metal substrate. Usually, in cases where there is no 

chemical interaction between the incorporated nanocompounds and the coatings, the ad‐

dition of  the nanocompound has no effect on  the size and number of  the cracks  in  the 

coating. Conversely, the addition of a large amount of the nanocompounds may lead to 

their aggregation, which has a negative effect on the coating morphology. It seems that 

such negative effects have not occurred here due to the use of the appropriate concentra‐

tion of the ZHS nanoplates and their proper dispersion within the coating. 

Figure 5. BET nitrogen adsorption–desorption (a) and BJH plot (b) of the ZHS nanoplates.

3.2. Characterization of the Coatings
3.2.1. Surface Analysis

The images taken with FESEM show that the morphological properties of the epoxy
resin at low and high magnifications (Figure 6a,b, respectively) did not change after the
addition of the ZHS nanoplates at a 1 wt. % concentration (Figure 6c,d). At low magni-
fication, it can be seen that both neat and nanocomposite epoxy resins are free of large
defects. However, the high-magnification image shows the presence of easily-detectable
micro-cracks. The cracks and defects have the same pattern for the neat and ZHS-containing
epoxy coatings. The formation and propagation of such defects have a detrimental effect
on the corrosion resistance of the epoxy resin because they provide easy penetration paths
for the corrosive agents toward the metal substrate. Usually, in cases where there is no
chemical interaction between the incorporated nanocompounds and the coatings, the ad-
dition of the nanocompound has no effect on the size and number of the cracks in the
coating. Conversely, the addition of a large amount of the nanocompounds may lead to
their aggregation, which has a negative effect on the coating morphology. It seems that
such negative effects have not occurred here due to the use of the appropriate concentration
of the ZHS nanoplates and their proper dispersion within the coating.
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Figure 6. FESEM images of the neat (a,b) and ZHS-containing (c,d) epoxy coatings.

To confirm this fact, ultramicrotomy was used for cutting the ZHS-containing resin
into extremely thin slices with an approximate thickness of 50 nm. Then, the thin slices
were studied by TEM at different magnifications. The presence of the ZHS aggregates of
several hundred nanometers is evident in the prepared slice (Figure 7a,b). By carefully
examining the dimension of the aggregates, it can be concluded that the ZHS nanoplates
have broken and become smaller as a result of the ultrasonic waves because the dimensions
of the identified nanoplates are smaller than their dimension in the corresponding FESEM
images. Considering the several-micrometres thickness of the epoxy resin, it is not expected
that the ZHS agglomerates with dimensions below several hundred nanometers will have
a negative impact on the morphology. By looking more closely at the high-magnification
image, it can be seen that the ZHS aggregates contain nanoplates of very small dimensions.
Therefore, it can be claimed that the TEM images show a suitable distribution of the ZHS
nanoplates within the epoxy resin.
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containing epoxy resin prepared by the ultramicrotomy.

The cross-sectional SEM image (Figure 8a) of the ZHS-containing epoxy resin shows
that a uniform coating with an approximate thickness of about 100 µm has been formed
on the steel substrate. The same morphology and thickness were observed for the neat
epoxy resin which was not reported here to avoid repetition. In general, the matrix of
the ZHS-containing epoxy coating is dense. However, some defects are observed, and
are characteristic of the epoxy resin. The cross-section area of the ZHS-containing coating
was analyzed by EDS. The presence of zinc and sulfur peaks in the EDS spectrum of the
coating (Figure 8b) is attributed to the presence of the ZHS nanoplates in the coating. In
addition, the corresponding elemental maps clearly show the uniform dispersion of ZHS
nanocompounds inside the epoxy resin (Figure 8c–e). Quantitative EDS results were not
reported since the accuracy of the analysis for the light atoms (such as carbon and oxygen)
is low.

Another essential feature of the coatings is their uniformity, which generally changes
after incorporating the nanocompounds. Therefore, the topography of the epoxy resin
before and after incorporating the ZHS nanoplates was investigated using the AFM tech-
nique (Figure 9a,b, respectively). A change in the topography of the epoxy coating after
the addition of the ZHS nanoplates can be easily seen. The surface roughness (Sa) of the
neat epoxy coating was about 1.1 µm, and increased to about 2.1 µm after adding the ZHS
nanoplates. Increased surface roughness after incorporating the ZHS may be explained
by the presence of nanoplates on the surface of the epoxy coating. Usually, at high con-
centrations of nanocompounds, their aggregation increases, which leads to a decrease in
their concentration on the surface of the coating and a decrease in the roughness. In the
present study, a relatively low concentration of the ZHS nanoplates was added into the
epoxy coating, and as previously shown, aggregation of the incorporated particles was low.
Therefore, the surface roughness of the coating has increased due to the dispersion of the
nanocompounds in all parts of the coating, including the surface [35].
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Figure 9. Topography of the neat (a) and ZHS-containing (b) epoxy coatings obtained by the AFM.

The wettability of the neat and ZHS-containing epoxy coatings was also studied by
measuring the static water contact angle on the surface (Figure 10). The average contact
angle of the epoxy coating was about 82.1◦, and increased to 90.8◦ after incorporating the
ZHS nanoplates. Due to the increase of the contact angle to above 90◦, the ZHS-containing
epoxy nanocomposite can be classified as a hydrophobic coating [36]. The hydrophobic
characteristic of coatings is dependent on the surface. Rough surfaces hold a greater amount
of air packets, leading to an increase in the water contact angle. Therefore, the increase in
the water on the surface of the epoxy nanocomposite may be related to the increase in the
surface roughness after incorporating the ZHS nanoplates, as confirmed by AFM [37]. In
addition, the improvement in the hydrophobic properties of the coating can be related to
the filling of possible defects with the incorporated nanoplates, which limits water diffusion
in the coating.
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3.2.2. EIS

Finally, the effect of the ZHS-nanoplate incorporation on the corrosion resistance of
the epoxy resin was evaluated by EIS. For this purpose, various EIS measurements in a
3.5 wt. % NaCl solution were carried out. Figure 11 shows the typical Nyquist plots for the
neat (a) and ZHS-containing (b) epoxy coatings at various immersion times. Corresponding
Bode plots were also reported as Supplementary Material (See Figure S2a,b). At high and
medium frequencies, a capacitive semicircle is clearly observed in the Nyquist plots. This
semicircle is related to the capacitive behavior and resistance of the epoxy coating on the
steel alloy. The coating resistance element (Rc) as well as a constant phase element (CPEc)
to account for the non-ideal capacitive behavior of the epoxy coatings can be considered
in any equivalent circuit chosen to fit the experimental data. At low frequencies, typical
behavior for the finite-length Warburg (FLW) element was observed. Initial evaluations
using the zview2 software showed that the fractal FLW element has the best fit with the
experimental data at low frequencies. Deviations from the ideal FLW behavior may be
attributed to the frequency dispersion on the heterogeneous surface. FLW impedance is
typically observed in systems with a one-dimensional diffusion through a finite-length film
and fixed activity of the diffusing species. The impedance of the fractal FLW element can
be described by the following equation [38,39]:

Z f .FLW =
Z0

(jωτ0)
n tan h(jωτ0)

n, n ≤ 0.5 (1)

where Z0 represents the Warburg coefficient; in this case, the diffusion resistance at the
low-frequency limit. In addition, j, ω, τ0 are imaginary unit, angular frequency, and
characteristic time constant, respectively. The factor n shows the deviation of the FLW
element from the ideal state. For n = 0.5, Equation (1) takes the form of the ideal FLW
impedance. By considering the fractal FLW element (Wf.FLW), solution resistance (Rs),
Rc, and CPEc, an appropriate equivalent circuit for the studied coatings was obtained
(Figure 11c). The recorded experimental data were fitted using the equivalent circuit
and the results were summarized in Table 1. Each experiment was repeated four times,
and the quantitative results were averaged. Since the corrosion process show diffusion-
controlled kinetics, the polarization resistance (Rp) values in Table 1 have been calculated
by summing the coating resistance (Rc) and Z0. The polarization resistance has an inverse
linear relationship with the corrosion rate. Therefore, increasing the polarization resistance
of the coating means improving its corrosion resistance [38].

Table 1. EIS parameters of the neat and ZHS-containing epoxy coatings after different immersion times.

Days Sample CPEc
(nsnΩ−1cm−2) nc

Rc
(MΩ cm2)

Z0
(MΩ cm2)

τ0
(s) nf.FLW

Rp

(MΩ cm2)
Chi-Squared

4
Epoxy 0.56 0.8914 1.25 3.57 99.5 0.327 4.82 ± 3.58 0.0066

Epoxy-ZHS 0.04 0.9998 0.53 8.33 8.5 0.489 8.86 ± 3.02 0.0136

5
Epoxy 0.27 0.8990 1.67 3.81 56.5 0.349 5.47 ± 4.44 0.0050

Epoxy-ZHS 0.10 0.9278 0.77 7.25 8.9 0.494 8.02 ± 1.92 0.0047

6
Epoxy 0.24 0.8980 1.56 2.98 43.0 0.333 4.54 ± 4.00 0.0049

Epoxy-ZHS 0.13 0.9072 0.70 6.25 8.5 0.473 6.96 ± 3.39 0.0076

7
Epoxy 0.28 0.8879 0.80 1.59 41.5 0.341 2.39 ± 1.70 0.0084

Epoxy-ZHS 0.11 0.9193 0.80 6.62 10.6 0.453 7.42 ± 2.84 0.0091

10
Epoxy 0.23 0.8924 1.09 2.96 15.5 0.372 4.05 ± 4.84 0.0084

Epoxy-ZHS 0.07 0.9523 0.99 7.40 26.1 0.392 8.39 ± 3.81 0.0126
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Table 1. Cont.

Days Sample CPEc
(nsnΩ−1cm−2) nc

Rc
(MΩ cm2)

Z0
(MΩ cm2)

τ0
(s) nf.FLW

Rp

(MΩ cm2)
Chi-Squared

14
Epoxy 0.25 0.8789 0.61 1.88 63.7 0.314 2.48 ± 2.46 0.0053

Epoxy-ZHS 0.44 0.9134 1.04 6.69 22.9 0.390 7.73 ± 4.50 0.0062

21
Epoxy 0.21 0.8762 0.70 2.14 41.7 0.346 2.84 ± 2.44 0.0147

Epoxy-ZHS 0.14 0.9199 1.10 10.38 47.8 0.354 11.47 ± 9.33 0.0045

28
Epoxy 0.32 0.8513 0.55 1.49 47.9 0.275 2.03 ± 2.44 0.0100

Epoxy-ZHS 0.07 0.9027 1.26 8.21 23.1 0.425 9.47 ± 8.83 0.0077

The diffusion resistance (Z0) value of the epoxy coating containing the ZHS nanoplates
is higher than that of the neat coating at all immersion times. This result shows that the
presence of ZHS nanoplates prevents the easy diffusion of corrosive agents into the epoxy
coating. Since the corrosion process is under the diffusion control, increasing the diffusion
resistance means reducing the corrosion rate of the steel after adding the ZHS nanoplates
into the epoxy coating.

The polarization resistance of both coatings changed with the immersion time. The
change in the polarization resistance is related to several factors such as penetration of the
corrosive agents, temporary closing of the pores with the corrosion products, dissolution of
the corrosion products, swelling of the coatings due to the accumulation of gases resulting
from corrosion, etc. Regardless of the changes in Rp that have occurred over the immersion
period, the polarization resistance of the ZHS-containing coating is higher than the neat
epoxy coating at all immersion times, especially after 21 and 28 days. As reported in
Table 1, the polarization resistance of the epoxy coating at the end of the immersion in a
3.5 wt. % NaCl solution was about 2.03 MΩ cm2, and increased to about 9.47 MΩ cm2 by
the incorporation of the ZHS nanoplates. This means that the corrosion resistance of the
ZHS-containing epoxy coating is about four times higher than the neat coating. Considering
the results obtained in similar studies [40–42], the improvement in the corrosion resistance
of the epoxy coating is significant in this study.

Various factors such as penetration of the corrosive species, porosity, accumulation of
hydrogen gas bubbles, etc. can change the capacitance of the epoxy coating. However, one
of the most important factors affecting the CPEc value is the amount of water diffused into
the coating [43]. The calculated CPEc value for the ZHS-containing coating is lower than
the neat epoxy coating at all immersion times. The dielectric constant of water is high and,
therefore, water penetration increases the capacitance of the epoxy coating. Therefore, this
result shows an improvement in the barrier properties of the epoxy coating after adding
the ZHS nanoplates.

3.2.3. Corrosion Protection Mechanism

The epoxy coatings contain micro-defects produced during the application process.
Corrosive electrolyte easily finds the micro-defects to diffuse towards the steel substrate,
initiating corrosion. The added ZHS nanoplates have a high surface-to-thickness ratio.
Therefore, if located in the defects, they can effectively impede the penetration of the
corrosive electrolyte, thereby improving the corrosion resistance. Filling the coating defects
creates torturous electrolyte pathways that increase the time it takes for the NaCl solution
to reach the steel surface, leading to increased corrosion resistance. In addition, when
the corrosive electrolyte penetrates into the ZHS-containing epoxy coating, the partially-
hydrated ZHS nanoplates transform into tri-, tetra-, and pentahydrate forms by trapping a
part of the penetrated water molecules. In this way, the amount of water that can reach the
steel surface is reduced and the corrosion resistance is increased. In addition, the swelling
of the ZHS nanoplates via trapping the water molecules further suppresses the penetration
of the aggressive electrolyte. The ZHS nanoplates are also able to increase the corrosion
resistance of the epoxy coating by trapping the aggressive chloride ions. The chloride-ion
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trapping occurs via a stable chemical bonding with the crystal framework of the hydroxide
layers, not by simple ion insertion or exchange processes. The chemical bond between the
chloride ions and the structural network of the ZHS plates induces a negative charge, which
compensates via the absorption of the sodium ions. Since the sodium ions tend to hydrate,
a significant amount of water is trapped along with them by the ZHS nanoplates [31].
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Figure 11. Nyquist plots of the neat (a) and ZHS-containing (b) epoxy coatings along with the
appropriate equivalent circuit (c).

3.2.4. Surface Analysis after the Corrosion Tests

The visual images of the neat and ZHS-containing epoxy coatings after 28 days of
immersion in the 3.5 wt. % NaCl solution were taken by a digital camera (Figure 12). In
each case, three different samples were selected. As it is evident, all the neat epoxy samples
were seriously corroded so that severe corrosion damage can be easily observed on the
surface. However, the samples containing the ZHS nanoplates remained almost intact after
28 days, and only limited corrosion effects were visible on their surface.
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In addition, FESEM and EDS-mapping analyses were performed to study the mor-
phology and chemical composition of the corrosion products, respectively. The parts of the
epoxy sample that did not appear to be damaged by the corrosion process were examined
at higher magnifications using the FESEM (Figure 13a,b). It is clear that even those parts
are seriously damaged by corrosion. The formation of holes with a diameter of several tens
of micrometres is obvious. In the high-magnification image (Figure 13b), the formation of
crystals, most likely iron oxide/hydroxide, is visible. Corrosion product accumulation was
confirmed by examining the elemental map of the affected area. There are large amounts
of iron and oxygen as well as chlorine in the damaged area, indicating the formation of
iron hydroxide/oxide as well as iron chloride in the damaged area (Figure 13c1–5. In
addition, the lack of carbon in the mentioned area means that there is no epoxy coating in
the damaged area, which is also evident in the relevant microscopic image.
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coatings after corrosion tests.

Conversely, except for areas in the visual image where the accumulation of the iron
rust is evident, no corrosion effects were observed in other areas of the ZHS-containing
epoxy coating (Figure 13d). Furthermore, high concentrations of iron, oxygen, or chlorine
were not observed in the relevant element maps (Figure 13e1–3). In addition, low amounts
of zinc and sulphur were observed in the prepared maps, which are related to the added
ZHS nanoplates. These results, which show the improvement of the corrosion resistance
after incorporating the ZHS nanoplates, are in good agreement with the results of the
EIS measurements.

4. Conclusions

1. Successful synthesis of the hexagonal ZHS nanoplates with a moderate number of the
hydration water was confirmed by FTIR and XPS.

2. The thermal decomposition of the ZHS nanoplates includes successive dehydration,
dehydroxylation, and SO2 evolution.

3. The specific surface area, mean pore diameter, and the most probable pore size of the
ZHS nanoplates were 8.72 m2 g−1, 2.3 nm, and 1.9 nm, respectively.

4. The ZHS nanoplates were uniformly distributed inside the epoxy coating without
changing its morphology.

5. The surface roughness of the epoxy coating was increased from about 1.1 to 2.1 µm by
the incorporation of the ZHS nanoplates.

6. The water contact angle on the epoxy coating was changed from 82.1 to 90.8◦ after
incorporating the ZHS nanoplates.

7. The results of the EIS measurements indicated a significant increase in the corrosion
resistance of the epoxy coating after the addition of the ZHS nanoplates.
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