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Abstract: Graphene oxide (GO) is considered an ideal material for applications involving corrosion
resistance due to its excellent properties. However, the structure, surface functional groups, and
distribution of GO in zinc-rich coatings (ZRCs) have a remarkable influence on coating properties.
GO was reduced in a hydrochloric acid environment using spherical zinc powder, and the resulting
products were subsequently dried and incorporated into waterborne inorganic ZRCs. Results show
that zinc powder effectively reduces oxygen-containing functional groups on the GO surface, and
reduced GO (rGO) is deposited on the surface of zinc powder. This improves the electron migration
efficiency of rGO and decreases its surface energy. The electrochemical impedance spectroscopy (EIS)
and salt spray test results demonstrate that among the coatings, the ZRC containing 0.2 wt.% rGO
(40Zn-0.2rGO) exhibits the highest impedance modulus at the low frequency end. Its impedance
modulus reaches 1 x 10* Q-cm? after 216 h immersion. Furthermore, 40Zn-0.2rGO exhibits no signs
of corrosion at the marked areas even after 216 h of the salt spray test. The good dispersion effect of
the added 0.2 wt.% rGO in the coating, coupled with its exceptional electrical conductivity, facilitates
the enhanced contribution of zinc powder to cathodic protection, thereby mitigating the matrix
erosion caused by corrosive media. Following zinc powder corrosion, the surface of the coating can
still be adorned with insoluble corrosion products such as ZnO or Zns(OH)gCl,, thereby offering
shielding protection to the substrate.

Keywords: waterborne inorganic zinc-rich coating; reduced graphene oxide; corrosion resistance;
cathodic protection; shielding protection

1. Introduction

In marine engineering structural components, vehicles, ships, aircraft, and various
steel structure engineering facilities on land, only a fraction of stainless steel can produce
passivation layers without the need for special protection [1,2]. In addition, low-alloy
steel, which is widely utilized for its commendable weldability, cutting performance, and
exceptional toughness, necessitates subsequent protection due to its limited alloy con-
tent and inadequate passivation against corrosive environments [2,3]. The application of
coatings represents a cost-effective and practical approach for safeguarding the surface
integrity of steel structures against corrosion [4]. Waterborne inorganic zinc-rich coatings
(ZRCs) have garnered considerable attention among a plethora of anti-corrosion coatings
due to their rapid drying rate, non-toxic nature, and environmental friendliness [1,4,5].
However, the performance of ZRCs primarily relies on the zinc powder content, and
an excessive amount of zinc powder can lead to reduced adhesion between the coat-
ing and the matrix, increased resource consumption, and other associated issues [6-9].
The incorporation of suitable functional fillers into ZRCs to optimize the utilization
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of zinc powder and enhance their corrosion resistance has emerged as a prominent
research focus [10-12].

Graphene oxide (GO) is regarded as an ideal material in the field of corrosion pre-
vention due to its outstanding properties such as impermeability, high electron mobility,
and thermal stability [13-15]. However, its structure, surface functional groups, and dis-
tribution state in ZRCs exert substantial influence on coating properties, necessitating
further investigation in relevant studies. In 2021, Yong Tian et al. [16] modified GO using
sulfonated multiwall carbon nanotubes (SMWCNTs). This approach resulted in the forma-
tion of SMWCNT-modified GO (SM-GO). Their results suggest that GO was effectively
non-covalently modified by SMWCNTs. In SM-GO, interlayer spacing increased, and the
dispersal quality is enhanced. The addition of GO, SWCNTs, and the resulting SM-GO
facilitates enhanced electrical connectivity between zinc particles and the underlying metal-
lic substrates, thereby augmenting the corrosion-preventive properties. The same year
witnessed the design of a heterojunction structure by Lu Shen et al. [17]. In this struc-
ture, highly conductive MXene (Ti3Cy) was grafted onto GO nanosheets. The addition of
0.5 wt.% TizC, or GO-TizC; to an epoxy ZRC proved to be effective in improving cathodic
protection. In addition, the incorporation of GO-Ti3C; into ZRC conferred remarkable
corrosion resistance properties because GO-Ti3C; in the coating enhanced the efficient
utilization of zinc particles, while GO offered shielding protection against the spread of
corrosives. In 2023, Wenhui Sun et al. [18] synthesized GO@(PDA+KH-550-Zn) nanocom-
posites fabricated by grafting dopamine (DA) onto a GO backbone via a silane coupling
agent (KH-550), followed by the loading of zinc ions to enhance their properties. Upon pen-
etration of the electrolyte into the coating matrix, the migration of zinc ions facilitated the
development of oxide layers along the crack interfaces, while the polymerized diacrylate
(PDA) matrix effectively immobilized ferrous or trivalent iron cations (Fe2* /Fe3t), thereby
enhancing its adhesive and cohesive properties through the self-repairing mechanism.
However, currently, the majority of research focuses on organic or waterborne epoxy ZRCs,
giving limited attention to waterborne inorganic ZRCs that possess superior environmental
attributes. The introduction of oxygen-containing functional groups into GO disrupts the
pristine two-dimensional structure of graphene, leading to electron scattering and localized
changes in charge distribution [19]. Consequently, this effect hampers electron mobility
and charge carrier transport, thereby diminishing conductivity.

In this study, GO is employed as the precursor material, and spherical zinc powder
is selected for its reduction in an acidic environment. This approach aims to effectively
diminish the presence of oxygen-containing functional groups on the surface of GO and
enhance electrical conductivity. The waterborne inorganic ZRC base material is prepared
by incorporating a small amount of organic emulsion into lithium silicate solution and
then adding reduced GO (rGO) at varying concentrations. This study investigates the
effect of different rGO additions on the corrosion resistance of the waterborne inorganic
ZRCs, thereby expanding the technical approach for graphene-based anti-corrosion ap-
plications and helping develop high-performance and environmentally sustainable anti-
corrosion coatings.

2. Experimental
2.1. Materials

Q235 mild carbon steel specimens, measuring 200 mm x 100 mm X 2 mm, were
procured from Anhui Gangtong Steel Co., Ltd. GO was sourced from Suzhou Tanfeng
Graphene Technology Co., Ltd., Suzhou, China. Spherical and flake zinc powders, with
particle sizes of 5-10 um, were supplied by Xiamen Empire New Material Technology Co.,
Ltd., Xiamen, China. Lithium silicate solution was obtained from Linyi Lusen Chemical Co.,
Ltd., Linyi, China, whereas silicone acrylic emulsion was purchased from Beijing Donglian
Chemical Co., Ltd., Beijing, China. The defoaming agent BYK-024 and dispersant BYK-110
were provided by BYK-Chemie GmbH (Berthelsdorf, Germany). The film-forming agent
OE-300 was acquired from Eastman Material Innovation Company (Keansburg, NJ, USA).
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Hydrochloric acid, anhydrous ethanol, distilled water, and sodium chloride (NaCl), all of
analytical grade, were supplied by Chengdu Chron Chemical Co., Ltd., Chengdu, China.
All reagents utilized in this study were of analytical grade, ensuring the highest purity for
experimental accuracy.

2.2. rGO Preparation

Initially, quantitative GO was completely dispersed in a beaker containing 200 mL
of distilled water using an electric mixer at 500 rev/min. The pH of the dispersion was
adjusted to pH ~ 4 with hydrochloric acid. The weak acidity solution was conducive to
removing the thin oxide layer on the surface of zinc powder particles. The specific chemical
formula for this reaction is

Zn0O + 2HCl — ZnCl, + Hy,O

Subsequently, spherical zinc powder with particle sizes ranging from 5 to 10 um
and a mass ratio of 1:4 to GO was introduced into the beaker and stirred for 30 min.
Upon observation, the original earthy-yellow solution of GO transformed into a color-
less transparent solution as GO was reduced and coated by zinc powder, eventually
settling at the bottom along with zinc powder. The excess solution was filtered through
filter paper, whereas the resulting mixture was transferred to another beaker containing
200 mL of anhydrous ethanol and magnetically stirred for 3 min. This step was repeated
two to three times to minimize water content. Finally, the mixture was vacuum-dried in an
oven for 6-8 h before retrieval for further use.

2.3. Coating Preparation

A Q235 steel plate, measuring 100 mm x 200 mm x 2 mm, was processed us-
ing an electric spark wire cutting machine to prepare samples with dimensions of
10 mm X 10 mm X 2 mm and 30 mm x 30 mm X 2 mm. Subsequently, the surface of
the samples was sequentially polished using silicon carbide sandpaper with mesh sizes
of 200#, 400#, 800#, and 1000#. The polished samples were then ultrasonically cleaned in
anhydrous ethanol for decontamination and oil removal and dried in a 60 °C air oven for
6-8 h. Finally, the samples were removed from the oven and sandblasted in accordance
with ASTM D609 standards, resulting in Sa2; /, surface roughness.

Quantitative lithium silicate solution was added into a beaker, and silicon acrylic
emulsion with a mass ratio of 4:1 to the lithium silicate solution was slowly added into
the beaker at a rate of one drop per second while being stirred with an electric mixer for
30 min at 500 rev/min. During stirring, the defoamer, film forming agent, and dispersant
were added in turn, and the solution changed from colorless to cream white in color.
Subsequently, the rGO prepared in the previous step (0.1-0.4 wt.%) and 5-10 um flake zinc
powder were slowly added in turn and stirred at a high speed of 1200 rev/min for 30 min.
An appropriate amount of distilled water was added during the process until the coating
was evenly dispersed. The required test coating can thus be obtained. The sample naming
format is 40Zn-XrGO, where X is the mass percentage of the amount of rGO added. The
specific sample names and coating configurations are shown in Table 1.

Table 1. Raw material ratio of the rGO composite waterborne inorganic zinc-rich coatings.

Sample Zinc (wt.%) Binder (wt.%) Additive&H,0 (wt.%)  rGO (wt.%)
40Zn 40 38 22 0
40Zn-0.1rGO 40 38 219 0.1
40Zn-0.2rGO 40 38 21.8 0.2
40Zn-0.3rGO 40 38 21.7 0.3

40Zn-0.4rGO 40 38 21.6 0.4
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The coating was applied onto the prepared Q235 mild steel surface with dimensions
30 mm x 30 mm x 2 mm and 10 mm x 10 mm X 2 mm using a 50 pm wire rod coater.
The thickness of the coating after curing at room temperature for 7 d was measured to be
50 £ 5 pm using a coating thickness gauge.

2.4. Characterization

Herein, the coating thickness was measured using the coating thickness gauge with
0.1 pm measurement accuracy (EC-770, Yuwen Measurement Technology Co., Ltd., Shen-
zhen, China). Raman spectroscopy (HORIBA Scientific LabRAM HR Evolution, Kyoto,
Japan) was performed with a laser wavelength of 532 nm and a spectral resolution of
0.6 cm ™! to characterize the degree of GO reduction. The test wave number range was set
at 5004000 cm !, and random points were selected for testing. The micromorphology of
GO and its modifications, as well as the changes in the surface micromorphology of the
ZRCs before and after corrosion, were investigated using a scanning electron microscope
(SEM, Hitachi Regulus 8100, Tokyo, Japan) in combination with energy-dispersive X-ray
spectroscopy (EDS). An accelerating voltage of 15 kV and a scanning range of 5°-90° were
applied during SEM. Furthermore, EDS was conducted to characterize the distribution of
main elements within the coatings after immersion. The composition of corrosion products
was analyzed through X-ray diffractometry (XRD, Rigaku Ultima IV, Akishima-shi, Japan).
The scanning range was 5°-90° with a scanning speed of 10°/min. The obtained data were
processed using Jade6 software. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha United States, Waltham, MA, USA) was employed with an Al K« microfocusing
monochromatic source as the X-ray source. The composition and chemical structure of
coating corrosion products were determined by employing C 1s as the standard peak for
correction. Avantage software was utilized for subpeak fitting.

2.5. Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) was performed using a CHI660E elec-
trochemical workstation equipped with three electrodes. A saturated mercuric chloride
electrode served as the reference electrode in a 3.5 wt.% NaCl solution. The auxiliary
electrode comprised platinum, and the working electrode was a sample coated with water-
borne inorganic ZRCs measuring 10 mm x 10 mm x 2 mm. All samples were connected
using copper wires and securely fixed with epoxy resin, ensuring that only the coating
layer remained exposed. Prior to testing, each test sample was immersed for 15-20 min in
the 3.5 wt.% NaCl solution.

The open circuit potential (OCP) values of all samples were measured at different
soaking times and recorded when fluctuations were less than 10 mV. EIS measurements
were performed at the OCP value of the recorded sample in the frequency range of
10~2-10° Hz, with a sine wave amplitude of 10 mV and a signal acquisition frequency of
10 recordings per 10 times the frequency. The measured impedance data were analyzed
using ZSimpWin software to obtain the relevant information of the corrosion process. All
tests were conducted at approximately 25 °C, and three parallel samples were used for
each type of coating to ensure repeatability of the tests.

2.6. Salt Spray Test

A coating sample, measuring 30 mm x 30 mm x 2 mm, was marked with an “X” on
its surface. Its sides and back were sealed with epoxy resin to expose the coating layer only.
The neutral salt spray test was conducted in a controlled environment chamber using a
5 wt.% NaCl solution (pH =~ 6.5-7.2) at a temperature of 35 °C and an air pressure main-
tained between 0.1 and 0.2 MPa. Throughout the experiment, continuous testing was
performed on the sample to ensure consistency and reliability of results. Three parallel
samples were employed for each type of coating to guarantee repeatability.
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3. Results and Discussion
3.1. Characterization of rGO Sheets

The surface microstructure of the spherical zinc powder before and after reduction of
GO was characterized through SEM analysis, and the changes in the microstructures of the
spherical zinc powder and GO were studied. Figure 1a illustrates that the spherical zinc
powder exhibits a smooth and spherical surface with a diameter of approximately 8 pm.
However, as depicted in Figure 1b, upon the reduction of GO by zinc powder, the surface
of zinc powder is coated with numerous folded rGO sheets that are tightly interconnected
to its surface due to the substitution reaction between zinc powder and H* in an acidic
environment, resulting in the formation of Zn?*. Subsequently, Zn?** adsorbs onto the
surface of the spherical zinc powder, rendering it positively charged. The oxygen atoms in
the oxygen-containing functional groups on the surface of GO possess additional electrons,
resulting in a negative charge (approximately —37 mV) [11,20]. This phenomenon can be
ascribed to the higher electronegativity of oxygen than that of carbon, which attracts shared
electron pairs and causes the accumulation of negative charges around carbon atoms. As a
result of its negatively charged surface, GO exhibits electrostatic interactions with positively
charged ions or molecules, being attracted to the positively charged spherical zinc powder
surface and forming a coating structure. Despite having negative charges on its surface,
GO still demonstrates a strong affinity for electrons and tends to receive electrons from
external sources, consequently undergoing reduction. The specific chemical equation for
the reduction of GO by zinc powder at this stage can be represented as

aGO +bZn — arGO + bZnO.

(d)

1,/1=1.39

Intensity (a.u.)

1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Figure 1. Characterizations of GO and rGO. SEM images of (a) pure zinc powder and (b) GO reduced
by zinc powder; TEM images of (c¢) GO; and (d) Raman spectral results.

This process can also be interpreted as the dehydration and reduction of GO. In an
acidic environment, hydrochloric acid provides a sufficient concentration of H*. This
situation leads to the dehydration reaction between the oxygen-containing functional
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groups on the surface of GO and H*. This reaction facilitates immediate charge transfer,
resulting in the reduction of GO [21]. The specific chemical formula for this reaction is

GO+ aH"+be™ — rGO + cH,0.

The TEM diagram in Figure 1c reveals the thinness of GO and its unique folded struc-
ture on its surface. This characteristic is attributed to the introduction of oxygen-containing
functional groups during preparation. Raman spectroscopy was employed to characterize
GO and rGO, enabling a microscopic investigation into the changes experienced by GO
upon reduction by spherical zinc powder. The corresponding results are presented in
Figure 1d. GO and rGO exhibit D peaks at approximately 1350 cm~! Raman shift and G
peaks at approximately 1580 cm~! Raman shift [20,22,23]. The structural defects in GO
can be qualitatively assessed by analyzing the peak intensity ratio (Ip/Ig) between D and
G peaks. A high peak intensity ratio between D and G peaks is indicative of the high
defect degree of GO, indicating complete reduction [20,22-24]. This phenomenon can be
attributed to reductions in the average size of sp2 structure regions and the number of
oxygen-containing functional groups on the surface of GO after reduction. The intensity
ratio Ip/Ig of GO is 0.93, whereas that of rGO after zinc powder reduction is 1.39, which is
higher than the Ip /Ig value of GO. These results suggest that GO has partially recovered.

3.2. Anti-Corrosion Performance of the Coatings
3.2.1. EIS Measurements

EIS is widely recognized as one of the most effective characterization methods for
studying the corrosion of materials [25,26]. Herein, EIS was conducted to investigate
whether the incorporation of zinc powder rGO can enhance the corrosion resistance of
waterborne inorganic ZRCs and to determine the optimal quantity of rGO. Five different
coatings were immersed in a 3.5 wt.% NaCl solution for 288 h and regularly subjected to
EIS at various time intervals. The obtained test results were fitted with ZSimpwin software
using the equivalent circuit diagram shown in Figure 2. The fitting outcomes align well
with expectations. Herein, Rs represents the corrosive fluid resistance; Rc and Qc denote
the coating resistance and the coating capacitance, respectively; and Rct and Qdl represent
the charge transfer resistance and the double layer capacitance, respectively [27].

R, Solution

Coating

Steel substrate

Figure 2. Equivalent circuit diagram of the numerical simulation of EIS measurements.

The fitting results of the Nyquist and Bode plots obtained after immersing the
five coatings in the 3.5 wt.% NaCl solution are presented in Figure 3. A larger impedance
arc radius in the Nyquist plot indicates that a coating has good corrosion resistance [27-29].
Comparing the Nyquist plots Figure 3al—el reveals that the impedance arc radius of the
40Zn and 40Zn-0.1rGO gradually decreases with increasing immersion time, indicating
that the corrosion resistance of these coatings gradually decreases as well. By contrast,
the impedance arc radii of 40Zn-0.3rGO and 40Zn—-0.4rGO initially increase and then
decrease with increasing immersion time. The impedance arc radius of 40Zn-0.3rGO,
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which has a slightly larger real part of impedance than 40Zn, reaches its maximum value
at 72 h. However, the maximum real part of the impedance of 40Zn-0.4rGO is only
1170 Q-cm?, which is considerably smaller than that of 40Zn without rGO. This discrepancy
may be attributed to the fact that while the excessive addition of rGO enhances electrical
connectivity between the coating and the substrate to a certain extent, it also leads to
agglomeration, resulting in defects, such as reduced adhesion and increased porosity
within the carbon steel matrix—coating interface. Consequently, this effect diminishes
the overall corrosion resistance of the coating. During prolonged immersion tests, only
40Zn-0.2rGO exhibits a notable enhancement in the corrosion resistance of the ZRCs. The
impedance arc radius of the ZRC with 0.2 wt.% rGO gradually increases during 216 h
of immersion. This phenomenon can be attributed to the improved electrical connection
between zinc powder and the substrate, facilitated by the addition of an appropriate
amount of rGO to the waterborne inorganic ZRC. Consequently, additional activated zinc
powder participates in cathodic protection. Notably, the optimal addition of rGO ensures
even dispersion within the coating, minimizing agglomeration and reducing porosity.
Additionally, the timely coverage of holes by corrosion products resulting from the reaction
of zinc powder enhances the shielding effect of the waterborne ZRC.

The Bode plots (frequency-phase angle) of Figure 3a2-e2 reveal the presence of
two time constants, indicating that the erosive fluid undergoes two stages of cathodic
protection and coating shielding protection. In the Bode (frequency—modulus) diagram,
the impedance modulus at the low frequency end serves as a crucial indicator for assessing
the impermeability of coatings. A high impedance modulus at the low frequency end
(f = 0.01 Hz) corresponds to good barrier properties, whereas a low value indicates poor
performance [29-31]. As depicted in Figure 3a3-e3, with the increase in immersion time,
40Zn and 40Zn-0.1rGO exhibit a gradual decrease in impedance moduli at their respective
low frequency ends. The gradual increase in corrosion holes caused by immersion may
contribute to this phenomenon because the corrosion products generated by the cathodic
protection of zinc powder are insufficient for filling excessive corrosion pits, resulting in
a gradual reduction in shielding protection performance. The low-frequency impedance
moduli of 40Zn-0.3rGO and 40Zn-0.4rGO initially increase with immersion time but sub-
sequently decrease possibly due to agglomeration resulting from the excessive addition
of rGO to the coating. Although the corrosive medium can be partially isolated under
the good impermeability of rGO, the negative effects caused by its defects become in-
creasingly pronounced over time. Among the five coatings, only 40Zn-0.2rGO exhibits
a low-frequency impedance modulus above 1 x 10* Q-cm?, likely due to the optimized
dispersion of 0.2 wt.% rGO within the waterborne inorganic ZRCs. The excellent imper-
meability and large specific surface area of rGO enable prolonged contact between the
corrosion medium and the carbon steel matrix. The appropriate addition of rtGO not only
enhances the electrical connection between zinc powder but also promotes the activation of
additional zinc particles for cathodic protection. Consequently, this situation facilitates the
complete coverage of corrosion pits and various holes by the resulting corrosion products.
The low-frequency impedance modulus of 40Zn—0.2rGO gradually increases within 216 h
prior to immersion and corrosion, providing further evidence for this phenomenon.
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Figure 3. Nyquist and Bode plots of the composite ZRCs with different rGO addition levels at
different time points during 288 h of immersion in a 3.5 wt.% NaCl solution: (al,a2,a3) are 40Zn,
(b1,b2,b3) are 40Zn-0.1rGO, (c1,¢2,c3) are 40Zn-0.2rGO, (d1,d2,d3) are 40Zn-0.3rGO, and (e1,e2,e3)
are 40Zn-0.4rGO.
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3.2.2. Tafel Polarization Measurements

Figure 4 presents the Tafel polarization curves of the composite ZRCs with different
rGO addition levels 72 h of immersion in a 3.5 wt.% NaCl solution. The Tafel polarization
such as corrosion potential (Ecorr), corrosion current density (icrr), and cathodic and anodic
Tafel slops (Bc and ;) gathered from the Tafel plot by Tafel extrapolation method, as well
as polarization resistance Ry, are listed in Table 2.

0

2} /

<
®
-~ 6} 1 *— 40Zn
: + 40Zn-0.1rGO
+— 40Zn-0.2rGO
i v 40Zn-0.3rGO
-8 40Zn-0.4rGO
-10 L 1 L 1 1
-1.6 -1.2 -0.8 -04 0.0
Potential (V)

Figure 4. Tafel plots for 40Zn, 40Zn-0.1rGO, 40Zn-0.2rGO, 40Zn-0.3rGO, and 40Zn-0.4rGO samples
after immersion in a 3.5 wt.% NaCl solution for 72 h.

Table 2. The electrochemical parameters of Tafel plots.

Sample Ecorr (mV) Ieorr (LA cm—2) Bc (mV dec™1) Ba (mV dec™1) R, (k)
40Zn —1052 0.196 7.672 3.412 2
40Zn-0.1rGO —1054 0.166 7.88 7.046 1.752
40Zn-0.2rGO —886 0.0464 4.815 7.296 5.852
40Zn-0.3rGO —998 0.396 8.526 2.258 1.017
40Zn-0.4rGO —1073 0.216 6.535 7.111 1.454

As shown in Figure 4, 40Zn-0.2rGO and 40Zn-0.1rGO make polarization curves shift
to more positive values, but 40Zn-0.3rGO and 40Zn-0.4rGO shift to more negatively values
compared with 40Zn. Among all the coatings, 40Zn-0.2rGO exhibits much positive Ecor
and lower ico; furthermore, the R, of 40Zn-0.2rGO is also higher than other coatings. This
indicates that the anticorrosion property of 40Zn—0.2rGO is better than others, consistent
with the results of EIS. Additionally, 40Zn-0.2rGO shows higher §, values, confirming the
inhibited anodic reaction.

3.2.3. Salt Spray Test

The macroscopic image of waterborne inorganic ZRCs with varying additions of
rGO after exposure to neutral salt spray corrosion is presented in Figure 5. The coating
without rGO (40Zn) exhibited corrosion under exposure to salt spray for 72 h, resulting
in the presence of red rust in the marked area. Subsequently, after 144 h of corrosion,
pitting is observed around the marked area, and the red rust gradually intensifies. At
equivalent corrosion times, the amount of red rust on the coating added with 0.1 wt.% rGO
(40Zn-0.1rGO) is slightly lower than that on the coating without rGO. Moreover, red rust
only appears within the underlined region. Notably, the incorporation of 0.2 wt.% rGO
(40Zn-0.2rGO) remarkably improves the corrosion resistance of ZRCs. In the initial 144 h,
only white corrosion products, without any red rust, are observed on the coating surface.
Subsequently, after 144 h, only a minimal amount of red rust is detected at the intersection
points of lines likely because the incorporation of an appropriate quantity of rGO enhances
the cathodic protection performance of the ZRC and mitigates the corrosion of the carbon
steel substrate [32]. The white corrosion products on the coating surface simultaneously
act as a barrier against the intrusion of corrosive media [33]. However, in the case of



Coatings 2024, 14, 1321

10 of 17

40Zn-0.3rGO and 40Zn-0.4rGO, red rust extensively forms around the marked area 24 h
prior to the salt spray test, gradually spreading thereafter likely because excessive rGO
causes agglomeration, thereby increasing surface defects in the coatings and accelerating
liquid erosion in the substrate [34].

24h 72h 144h 216h 288h

40Zn

40Zn-0.1rGO

Figure 5. Optical images of five composite ZRCs under 288 h salt spray testing as a function of time.

3.3. Characterization of Corrosion Products
3.3.1. XRD and XPS

XRD is commonly used to determine the crystal phase composition and structure of
substances, as well as the crystal arrangement of different elements in substances. The XRD
results of 40Zn and 40Zn-0.2rGO before and after immersion in the 3.5 wt.% NaCl solution
are presented in Figure 6. These results demonstrate that Zn5(OH)sCl, serves as the primary
corrosion product of both ZRCs. Notably, upon immersion, Zns(OH)sCl,, an insoluble
corrosion product, forms a protective layer on the coating surface, safeguarding the carbon
steel substrate from exposure to the corrosive solution. Compared with that of 40Zn, the
diffraction peak intensity of the corrosion product Zns(OH)gCl, of 40Zn-0.2rGO after 288 h
of immersion is substantially enhanced likely due to the high activation rate of zinc powder
in the waterborne inorganic ZRC with 0.2 wt.% rGO addition. This condition increases the
involvement of zinc powder in cathodic protection through conductive pathways, resulting
in the almost complete coverage of the carbon steel substrate by corrosion products and
unreacted zinc powder. The addition of an appropriate amount of rGO is indirectly
demonstrated to enhance the conductivity of the coating, reduce the quantity of zinc
powder, and improve cathodic protection capability.

XPS is primarily employed to determine the binding energy of electrons, enabling
the qualitative or quantitative analysis of the complete or detailed spectrum of surface
substances. Such an analysis includes providing information on chemical state labelling,
valence state determination, peak position identification, and other relevant details for
fitting elements. Figure 6b illustrates the full XPS spectra of 40Zn and 40Zn-0.2rGO after
288 h of immersion and corrosion. As depicted in the figure, both samples exhibit similar
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elemental compositions with the presence of Zn, C, O, and Cl. However, considerable
amounts of Fe are detected on the surface of 40Zn after immersion and corrosion likely
because of the loss of the protective effect of the waterborne inorganic ZRC on the carbon
steel substrate when exposed to corrosive liquid conditions. Consequently, this finding
indirectly suggests that incorporating ZRCs containing 0.2 wt.% rGO can provide enhanced
protection to the underlying material during identical corrosion exposure periods.
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Figure 6. (a) XRD patterns and (b) XPS survey spectra of 40Zn and 40Zn-0.2rGO, (c) Zn 2p3, (d) O 1s,
(e) C 1s, and (f) Cl 2p of high-resolution spectra of 40Zn—-0.2rGO.

Figure 6¢—f depict the XPS fine spectra of Zn, O, C, and Cl in 40Zn-0.2rGO following
288 h of immersion and corrosion, respectively. The XPS fine spectra in Figure 6c illustrate
that Zn predominantly exists in the form of Zn and the corrosion product Zns(OH)sCl,.
In Figure 6d, O is present in the form of ZnO, ZnCO3, and Zns(OH)sCl,. Meanwhile,
in Figure 6f, Cl is observed in the form of ZnCl,. This finding shows that the corrosion
products generated by zinc powder exhibit a diverse range of chemical forms, indicating
that not only Zns(OH)gCl, is present. In Figure 6e, the peak at 284.76 eV corresponds to the
C-C bond, that at 286.27 eV can be attributed to the C—O-C bond, and that at 288.63 eV
can be associated with the C-O=C bond present in ZnCOj3 [35]. On the basis of this result,
the corrosion mechanism of zinc powder in the waterborne inorganic ZRC immersed in a
3.5 wt.% NaCl solution can be inferred as follows: Initially, the zinc powder present on the
surface of the waterborne inorganic ZRC reacts with the C1~ and OH™ groups generated by
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H,0O decomposition within the corrosive environment, resulting in the formation of ZnCl,
and Zn(OH);. Subsequently, a combination reaction between ZnCl, and Zn(OH); leads to
the production of Zn5(OH)sCl,. Furthermore, Zn(OH), undergoes a reaction with the CO,
present in air to generate ZnCQOj3. This process not only demonstrates the sacrificial anodic
protection of zinc powder but also actually enhances the binding force of the generated
ZnCOj3 with the coating. This is because the consumption of zinc powder and the formation
of zinc carbonate produce additional bonding effects in the coating, increasing the shielding
effect of the coating, thus improving the binding force of the coating and the substrate.
Additionally, the decomposition of Zn(OH); yields ZnO [12].

Zn+2C17 — ZnCl +2e7, 1)
Zn+20H" — Zn(OH),+2e", (2)
Zn(OH),+CO; — ZnCO;3 + H,0, 3)
47Zn(OH),+2ZnCl, — Zn5(OH)4Cly, 4)
Zn(OH), — ZnO+ H,0. (5)

3.4. SEM-EDS

The micromorphology of waterborne inorganic ZRCs before and after immersion in a
3.5 wt.% NaCl solution was characterized using SEM. Figure 7a,b present the SEM images
of 40Zn and 40Zn-0.2rGO prior to corrosion, respectively. 40Zn exhibits high porosity
and low density, whereas 40Zn-0.2rGO demonstrates reduced pore formation with a
dense arrangement of zinc powder, thus effectively preventing direct contact between the
corrosive liquid and substrate. The SEM images of 40Zn and 40Zn-0.2rGO after 288 h of
immersion and corrosion are shown in Figure 7c,d, respectively. The figure illustrates that
severe corrosion has occurred on the surface of 40Zn, resulting in numerous corrosion pits
and the loss of its protective function for the substrate material. By contrast, the surface of
40Zn-0.2rGO exhibits a considerable amount of corrosion products after immersion for an
extended period of time relative to that before corrosion. These corrosion products fill up
existing pores uniformly and densely, providing effective shielding against corrosive liquid
intrusion to protect the substrate material [36,37].

Figure 7. SEM images of 40Zn (a) before and (c) after 288 h of immersion and corrosion and of
40Zn-0.2rGO (b) before and (d) after 288 h of immersion and corrosion.
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The surfaces of 40Zn and 40Zn-0.2rGO after 288 h of immersion in a 3.5 wt.% NaCl
solution were examined through EDS to determine the distribution and proportion of each
element within the coatings. Figure 8a presents the SEM image obtained after immersing
40Zn in a corrosive environment for 288 h. It reveals that despite the presence of corrosion
products on the substrate’s surface, numerous holes still exist. The elemental distribution
in this region is represented by Zn, O, C, and Cl in Figure 8b—e, respectively. Figure 8f
shows that the content of Zn is lower than that of Cl, with Cl atoms accounting for only
2.99% and 1.05%. Moreover, O and C have high proportions of 72.89% and 22.98%, respec-
tively. The depletion of zinc powder in 40Zn that results in the formation of Zns(OH)sCly,
ZnO, and other corrosion products may account for this phenomenon. These corrosion
products have partially detached under the erosive action of the corrosive liquid, leaving
some areas on the coating surface uncovered. Consequently, these remaining gaps facilitate
the further penetration of the corrosive liquid into the substrate [38]. As a result, the
protective properties of 40Zn for the matrix are drastically compromised.
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Figure 8. EDS maps of 40Zn after immersion in a 3.5 wt.% NaCl solution for 288 h. (a) SEM image of
the scanning area. (b) Zn, (c) O, (d) C, (e) Cl, and (f) EDS results.

Figure 9a presents the SEM image of 40Zn—0.2rGO after 288 h of immersion. Despite
the presence of a considerable amount of corrosion products on the surface of the ZRC,
uncorroded flake zinc powder remains observable. These corrosion products effectively
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fill the coating pores to form a dense protective layer [39]. Figure 9b—e present Zn and O.
Figure 9f illustrates that the atomic proportion of Zn is 19.19%, which is approximately
17% higher than that observed in Figure 9 for pure zinc alone under identical corrosion
time conditions. This finding indicates that even after exposure to corrosion for similar
durations, 40Zn—0.2rGO can ensure the presence of high amounts of unreacted zinc pow-
der or insoluble zinc corrosion products on the carbon steel substrate surface, thereby
exhibiting enhanced corrosion resistance capabilities. This finding further suggests that
the waterborne inorganic ZRC containing only 0.2 wt.% rGO can remarkably enhance
anti-corrosion performance.
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Figure 9. EDS mapping of 40Zn-0.2rGO after 288 h of immersion in a 3.5 wt.% NaCl solution.
(a) SEM image of the scanning area. (b) Zn, (c) O, (d) C, (e) Cl and (f) EDS results.

4. Conclusions

In this study, GO was reduced using zinc powder in a hydrochloric acid environment,
resulting in the successful preparation of a complex comprising rGO and zinc powder.
Different proportions of rGO were then incorporated into a waterborne inorganic ZRC to
create rGO composite coatings. The following results were obtained:

1.  Spherical zinc powder reduces GO well in a hydrochloric acid environment. Raman
spectroscopy results illustrate that GO has been restored to a high degree, and SEM
images show the microscopic morphology of spherical zinc powder coated with rGO.
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2. Although the electrical conductivity of ZRCs can be enhanced to a certain extent by
incorporating rGO, agglomerations exist in the coatings when the additional amount
of 1GO exceeds 0.3 wt.%, leading to surface defects and a decline in the overall
performance of the coatings.

3. Atan rGO content of 0.2 wt.%, the anti-corrosion performance of 40Zn-0.2rGO sur-
passes that of other coatings due to the even dispersion of rGO, which reduces porosity
and provides physical shielding against corrosive liquids. The addition of rGO also
enhances the electrical connection between the coating and the substrate, improving
cathodic protection and increasing the utilization rate of zinc powder without com-
promising corrosion resistance. XRD and XPS reveal that Zns(OH)gCl, is the primary
corrosion product for aqueous inorganic ZRCs exposed to 3.5 wt.% NaCl solution.
This insoluble corrosion product can provide shielding protection to the substrate.
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