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A GO/MPTS coating on a Zn coating electrodeposited on carbon steel was prepared by immersing zinc
samples into suspension of graphene oxide/(3-mercaptopropyl) methyldimethoxysilane GM and then
drying at 80°C. The silanol groups reacted with oxygen-containing functional groups on the GO during
the hydrolysis process, and the GO was stacked layer by layer to construct a dense organic coating over
the etched zinc surface. The synthesized GM coatings were characterized by FTIR, XRD, Raman
spectroscopy and SEM. The corrosion behaviour of the galvanized carbon steel (GCS) and GCS coated
with a GM composite coating exposed to a 3.5% NaCl solution were studied by potentiodynamic
polarization and EIS. The results confirm that the GM coating can effectively protect GCS. Combined
with the physical characterization of the GM-coated GSC explaines its markedly increased corrosion
resistance.

Keywords: Zn coating; (3-mercaptopropyl) methyldimethoxysilane; corrosion resistance; GO,;
galvanized carbon steel

1. INTRODUCTION

A zinc coating can be used as a sacrificial anode to protect a cathode, because zinc is more
susceptible to corrosion than steel. However, the zinc coating also has some disadvantages, such
relatively insufficient protection performance when dealing with the increasingly harsh natural
environment. To develop zinc coatings isolated from corrosive media, many researchers have tried new
methods. For example, chromate passivation is a typical process to improve the corrosion resistance of
zinc coatings with simple operation, low cost and good film adhesion. Unfortunately, hexavalent
chromium ions are very harmful to the environment. To protect the living environment and delay the
corrosion of zinc coating, an extra organic or inorganic coating over the Zn coating can further improve
the corrosion resistance.
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It has been reported that organic and inorganic coatings, including rare earth conversion films[1,
2], silane films[3], conductive polymer films[4] and self-assembled films[5], can enhance the corrosion
resistance of zinc coatings to some extent. Recent studies have shown that graphene oxide (GO), a two-
dimensional nanofiller composed of sp? hybrid carbon atoms, can significantly improve the anticorrosion
ability of metals by extending the diffusion path of corrosive agents and reducing the porosity of the
coating. For example, Rekha et al.[6] successfully prepared zinc-GO composite coatings by
electrodeposition. Compared with that of the base zinc samples, the polarization resistance of zinc-GO
samples increased significantly, and the corrosion rate decreased. Park et al.[7] directly deposited a GO-
water suspension on the surface of carbon steel by electrophoresis to prepare a protective coating.
However, the adhesion between this graphene film and the substrate was relatively weak, and it was
difficult to provide sufficient protection for the steel because it does not form a sufficiently dense film.
Parhizkar et al.[8] prepared 3-aminopropyl triethoxysilane-covalently modified GO films on a steel
surface. The results show that the silane-modified GO film effectively improved the anticorrosion
performance and decrease the cathodic delamination rate of the coating by inhibiting the penetration of
the corrosive medium.

To ensure the effective dispersion of GO in metals and enhance the interfacial bonding between
GO and metals, surface modified GO is usually chosen, which is an effective method to prevent the
agglomeration of GO and enhance the anticorrosion ability of the coating. GO nanosheets contain a large
number of epoxy functional groups, i.e., hydroxyl and carboxyl groups, providing sites for covalent
functionalization[9]. Alkoxy groups in silane molecules are easy to hydrolyse in a water dispersion
system to form silanol groups, which can condense with hydroxyl groups on the metal surface and silanol
groups on adjacent silane molecules[10]. Therefore, the modification of GO with silane is a promising
approach to improve the properties of composites. The alkoxy silane coupling agent groups react with
the oxygen-containing groups of GO, and then undergo dehydration condensation with the hydroxyl
groups on the metal matrix, thereby forming a dense protective film on metal surface.

Based on the above analysis, in this work, a GM composite coating was successfully prepared
on galvanized carbon steel (GCS), denoted as the G-GM composite coating. The GCS sample prepared
by the electrodeposition method was immersed in suspension of GO covalently modified with (3-
mercaptopropyl)methyldimethoxysilane (MPTS), and the gel film was deposited on the surface of the
GCS. After curing, a uniform and continuous composite coating with good anticorrosion performance
was obtained on the surface of GCS. The micromorphology, chemical composition, and crystal structure
of the GM composite coatings were systematically analysed. The electrochemical properties of the GCS
and G-GM samples were also studied and their corrosion resistance mechanism was discussed.

2. EXPERIMENTAL

2.1 Preparation of GSC

To synthesis the graphene oxide (GO), the potassium permanganate, hydrogen peroxide (30%),
phosphorus pentoxide and the graphite powder were purchased from Aladdin Reagents (Shanghai,
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China). Other materials i.e sulphuric acid (98%) and potassium persulfate were purchased from Titan
Technology Co., Ltd. (Shanghai, China). (3-mercaptopropyl)methyldimethoxysilane (MPTS), nitric
acid, sodium hydroxide, glacial acetic acid, and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). The chemicals used in the experiments were analytical grade.

The Zn coating was deposited on a 2 cm x2 cm x 0.2 cm mild steel plate (Q235) in
zincelectroplating bath with current density of 7 A/dm? and temperature of 30°C for 5 min. The
composition of the zinc chloride-based electroplating solution can be found in the literature[11].
Subsequently, the galvanized carbon steel (GSC) sample prepared by electrodeposition was etched in
10% HNO3 solution to obtain a uniform rough structure.

2.2 Preparation of the G-GM composite coating

GO was prepared by the Hummer method[12], and GO(0.1 g) nanosheets were dispersed in 50
ml of deionized water and then treated with ultrasonication for 2 h. A GO suspension was obtained by
adding ethanol (150 ml) to the mixture and stirring vigorously for 2 h. The graphene oxide/(3-
mercaptopropyl)methyldimethoxysilane (GO/MPTS) suspension was obtained when MPTS (1 ml) was
added dropwise to the GO suspension, and the pH value of the suspension was adjusted to 4 with glacial
acetic acid. To hydroxylate the surface of the etched GSC, the sample was immersed in a 20% NaOH
solution for 5 minutes. For comparison, the hydroxylated GSCs were immersed in the above two
suspensions (GO suspension and GO/MPTS suspension) for 30 min to prepare different films on the
surface of the GSCs. Then, the samples were removed and placed into an oven at 80°C for curing. After
cooling to room temperature, the samples were reimmersed in the above two suspensions (GO
suspension and GO/MPTS suspension) for 30 minutes. After repeating this operation three times, the
GSC-GO (G-G) composite coating, and the GSC-GO/MPTS (G-GM) composite coating were obtained.

2.3 Characterization

To analyse the functional groups present in substances, an infrared spectrum was obtained by
means of a Spectrum Two Fourier transform infrared spectrometer, and the scanning range was 400-
4000 cm™™. To analysed the defect degree of the material structure, Raman spectra over the wavenumber
range of 300-3000 cm™ were obtained by means of a Dilor Labram-1B multichannel confocal
microspectrometer, and the emission wavelength and the power were approximately 514 nm and 20 mV,
respectively. To analyse the phase composition of the sample, X-ray diffraction (XRD) patterns were
obtained on a Bruker D8 Advance X-ray diffractometer with Cu Ka radiation and analysed by means of
Jade software. The morphology of the GSC and G-GM composite coatings was analysed by means of a
Japanese JSM-7800F field emission scanning electron microscope (SEM). The acceleration voltage used
in the test was 5-20 kV. In addition, the elements contained in the composite coating were analysed and
determined by using an attached energy spectrometer.

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization measurements
of the GSC and G-GM composite coatings were performed on a Chenhua CHIG60E electrochemical
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workstation with a three-electrode system in a 3.5 % NaCl solution. Before the AC impedance test, an
open-circuit potential test was carried out for 400 seconds to stabilize as the initial potential in the AC
impedance test. The test frequency was 0.01 Hz to 100k Hz, the amplitude was 0.005 V, and the scanning
rate was 0.005 V/s. In order to study the reliability of the GSC and G-GM composite coatings, samples
were tested for a long time with 5% NaCl solution in a neutral salt spray machine. The pH value of the
5% NaCl solution is within 6.5-7.2, the test temperature is 35°C, and the sedimentation rate of salt spray
Is between 1.0-2.0 m1/80 cm:h.

3. RESULTS AND DISCUSSION

3.1 Structure of the G-GM composite coating

XRD is usually used to analyse the phase composition of materials. Fig. 1(a) shows the XRD
patterns of graphite and GO. The XRD peaks of GO and graphite are obviously different, and the
diffraction peak of the (002) crystal plane of GO appears at 26=11°, which demonstrates the successful
synthesis of GO. The XRD pattern of GO is similar to that reported in the literature[13-15]. Fig. 1(b)
shows the Raman spectra obtained for the graphite, GO, and GO/MPTS (GM) samples. The Raman
spectra of the GO and GM samples show D and G bands located at approximately 1328 cm™ and 1595
cmL, respectively. The other peaks at approximately 2600 cm™ correspond to the 2D band. Similar
patterns were also observed by others[13, 14].The structurally disordered or defective bands at the edges
of GO are associated with the D bands[16]. The stretching motion of the in-plane bond formed by sp?
carbon atoms is related to the G band. The second-order D band is the 2D band, which corresponds to
the vibration of two phonon lattices. Compared with the weak D band and narrow G band of natural
graphite, there are two obvious peaks and a slight redshift in both the G band and D band in the spectra
of the GO and GM samples, indicating that hydroxyl and carbonyl groups have been grafted onto the
carbon skeleton[17, 18]. The degree of the disorder or order of the samples was evaluated by the intensity
ratio of the D band and G band (Io/1g)[19]. The calculated Ip/lc values for GO and GM are 1.15 and
1.59, respectively, indicating that GO was successfully functionalized by silanol groups[20, 21]. Fourier
transform infrared (FTIR) spectroscopy was also used to further analyse the functional groups of GO
and GM, and the results are shown in Fig. 1(c). Compared with the infrared absorption peaks of graphite,
the characteristic infrared peaks of GO include more obvious O-H, C=0, and C-O absorption peaks near
3198 cm?, 1608 cm?, and 1177 cm™ [22, 23]. The presence of these oxygen characteristic peaks
indicates that GO was successfully synthesized from graphite powder by the Hummer method. For GM,
the absorption peaks attributed to C-Si appeared near 1260 cm™ and 1400 cm™, characteristic peaks of
Si-O-Si and S-S appeared near 1100 cm™ and 400 cm™ respectively, and the stretching vibration of Si-
C appeared near 700 cm™. The presence of these characteristic peaks proves that the reaction of MPTS
with GO is a silanylation reaction of the silanols to form Si-O-C. The electronegativity of sulfur in the
sulfhydryl group is weaker than that of the oxygen atom; therefore, the activity of the hydroxyl hydrogen
should be higher than that of sulfhydryl hydrogen. Hydroxy hydrogen more easily attacks the epoxy
group, while the sulfhydryl reaction is slightly less favourable, so the sulfhydryl group in MPTS does
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not undergo a ring-opening reaction with the epoxy group. MPTS and GO successfully formed siloxane
network[18, 24]. XRD patterns was used to analyse the crystal structure of the GSC, G-G, and G-GM
composite coating, and the results are shown in Fig. 1(d). The as-deposited pure Zn coating on GSC
sample exhibited a typical hexagonal crystal structure with five diffraction peaks corresponding to the
(002) (26=36.04°), (100) (26=38.40°), (101) (26=43.24°), (102) (26=54.15°), and (110) (26=70.24°)
crystal planes. For the G-G composite coating, in addition to these five characteristic peaks, an obvious
steamed bread like diffraction peak also appeared at a diffraction angle of 26=10°, which exactly
corresponds to the characteristic peak of GO[25, 26]. Such characteristic peaks corresponding to GO
also appear in the diffraction pattern of the G-GM sample. The XRD results show that the GM film was
successfully prepared on the GSC. No peaks of any other phases were observed for the G-GM composite
coating, indicating that the structure of the GM nanocomposites remained unchanged after covalent
modification[27].
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Figure 1. (a) XRD patterns of graphite and graphene oxide; (b) Raman spectra of graphite, GO and GM;
(c) Infrared spectra of graphite, GO, GM; (d) XRD patterns of GSC, G-G and G-GM

3.2 Surface morphology of the G-GM composite coating

Fig. 2 shows the SEM images of the GSC, G-G composite coating and G-GM composite coating.
Fig. 2(a) shows the surface of GSC, which presents a staggered dendritic uplift and collapse structure.
Fig. 2(b) shows the surface morphology of the G-G composite coating. The surface morphology of GSC
was significantly changed after immersing the GSC samples in the GO suspension. As shown in Fig.
2(b), the staggered dendritic structure on the GSC surface disappears, and the surface shows a relatively
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flat morphology with many irregular granular hills. In a magnified view of these hills, as shown in Fig.
2(b2), these granular hills show obvious fold characteristics, which is characteristic of GO aggregation|[7,
26]. The morphological features observed in Fig. 2(b) show that simple graphene oxide is prone to
agglomeration on the GSC. A certain portion is uniform, and some parts of the GO film are unaffected,
which will make the corrosion resistance poor. Fig. 2(c) shows the surface morphology of the G-GM
composite coating. The surface of the G-GM composite coating does not have an irregular hump
structure, but the whole surface presents a typical fold structure, which means that the GO modified by
MPTS can evenly cover the surface of the GSC. It can better provide a physical barrier for the surface
of GSC to prevent the invasion of the corrosive medium, thereby improving the corrosion resistance of
the composite material[7].

3.3 Chemical composition of the G-GM composite coating

To study the distribution of different elements in the composite coatings, the entire surface area
of the G-GM sample shown in Fig. 2(c2) was analysed by SEM-EDS. The results are shown in Fig. 3,
which shows that, Zn, C, O, Si, and S were detected on the surface of the G-GM sample, and the contents
of each element are listed in Fig. 3(g). Fig. 3 shows that the distributions of Zn, C, O, Si and S were even
in the detection area, which means that the GM film uniformly covered the surface of the GSC. The
uniform composite coating further protected the GSC and prevented the intrusion of corrosive media,
thereby improving the corrosion resistance.

Figure 2. SEM images of the surfaces a(1) and a(2) for the GSC; b(1) and b(2) for the G-G composite
coating; c(1) and c(2) for the G-GM composite coating
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COMPOSITION(Wt. %)

SAMPLE Zn C O Si S

G-GM  48.09 24.5612.32 7.66 7.37

Figure 3. SEM images of (a) the G-GM composite coating; EDS mapping spectrum of (b) Zn, (c) C,
(d) O, (e) Si, and (f) S; EDS analysis (wt %) of (g) the G-GM sample

3.4 Corrosion resistance of the G-GM composite coating

Electrochemical workstations were used to obtain the polarization plots of GSC and G-GM with
a three-electrode system in 3.5% sodium chloride solution, and the test results are shown in Fig. 4. Fig.
4 shows that the GSC and G-GM samples exposed to 3.5% sodium chloride solution for 0 h and 72 h all
exhibited similar anodic polarization behaviour with an obvious passivation process. A similar
passivation region also appeared in the polarization plot of the G-G composite coating studied by Li et
al[26, 28]. This phenomenon is common in zinc coatings and is caused by the adsorption of corrosion
products on the coating surface[26]. For the GSC and G-GM composite coatings of 0 h exposure time,
the anodic polarization process underwent plateau passivation before entering the severe anodic
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corrosion stage[29]. Furthermore, upon preparation of the G-GM composite coating, the polarization
plot position of the G-GM composite coating was significantly shifted, which indicated the anticorrosion
ability of the coating had changed. Two important electrochemical parameters, corrosion potential
(Ecorr) and corrosion current density (icorr), obtained from the polarization plot, as quantitative
indicators to evaluate the corrosion resistance of the prepared materials. The values of these parameters
density were extracted from the intercept of their Tafel slopes, and the results are listed in Table 1.
According to Table 1, the ecorr value of the G-GM sample was approximately -1185 mV, which is 87
mV higher than that of GSC. The icorr value of the G-GM sample was 1.883x10, which is nearly two
orders of magnitude smaller than that of GSC.

For the GSC and G-GM composite coatings of 72 h exposure time, ecorr value of the GSC (72
h) sample is was approximatelyabout -1292 mV, which is 20 mV lower than that of the GSC (0 h). The
icorr value of the GSC (72 h) sample is was 8.833x10*, which is 6.950x10™* A.cm higher than that of
the GSC (0 h). And the icorr value of the G-GM (72 h) sample is was 4.836x10°°, which is 2.718x10®
A.cm higher than that of the G-GM (0 h). A shift towards positive Ecorr values and smaller icorr values
indicates improved corrosion resistance. After 72 hours immersion, the icorr value of G-GM composite
coating changed less than that of GSC coating. The above results indicate that the GM film can
effectively reduce the corrosion rate of the zinc coating and can provide good protection for the GSC.
The reason for improving the corrosion resistance of composite coatings after successful preparation of
GM film on GSC is that it provides a physical barrier.
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Figure 4. Polarization plots of the GSC and G-GM samples in a 3.5% sodium chloride solutionat O h
exposure time and 72 h exposure time

To study the electrochemical improvement mechanism of GM nanosheets on GSC in detail,
electrochemical impedance spectroscopy (EIS) of the coatings was performed. Fig. 5 shows the
electrochemical impedance diagrams of the GSC and G-GM samples in a 3.5% NacCl solution, including
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the Nyquist diagram and Bode diagram. The equivalent circuit model previously proposed by Kumar et
al.[30] (Fig. 5(d)) was used to simulate the electrode/solution interface and fitted with the aid of Z-view
software.

Table 1. Corrosion potential (Ecorr) and corrosion current density (icorr) of the GSC and G-GM composite

coatings
Sample corrosion current density(A.cm) corrosion potential(mV)
GSC 0 h 1.883*10* -1272
G-GMOh 2.118*10° -1185
GSC72h 8.833*10* -1292
G-GM 72 h 4.836*10°° -1168

The fitting data extracted from the equivalent circuit are summarized in Table 2, corresponding
to exposure to the 3.5% NaCl solution for 0 hours. Fig. 5(d) shows the equivalent circuit, where Rs, Rcoat,
and Rt represent the solution, coating and charge transfer resistance, respectively. The constant phase
element of CPE is used to replace the capacitance element, and represents the nonuniform distribution
of current and potential caused by the contribution of electrode porosity, surface roughness and coating
composition. In Table 2, a value of the frequency dispersion factor ‘n’ greater than 0.9 indicates almost
ideal capacitance behaviour. A lower ‘n’ value as observed for the coating (n<<0.5) usually corresponds
to a high roughness surface and indicates that the location where the oxidation—reduction reaction occurs
is not uniform. Furthermore, a value of n between 0.5 and 0.8 indicates an uneven charge distribution on
the electrode surface, which may be attributed to the ultrafine grain size and greater surface roughness
resulting in a large grain boundary area[31]. Fig. 5(a) shows that the semicircle diameter of the Nyquist
plots of the G-GM sample was larger than that of the GSC, which indicates a higher corrosion resistance
performance of the G-GM samples[32]. The polarization resistance (Rp) is an important parameter for
evaluating the corrosion resistance of materials, and is the combined effect of the coating resistance
(Rcoat) and the charge transfer resistance (Rct) referred to as the total polarization resistance
(Rp=Rcoat+Rct)[32, 33]. Rp is inversely proportional to the charge transfer rate; that is, the larger the
polarization resistance is, the slower the corrosion rate. The Rs value is determined by the conductivity
of the 3.5% NaCl solution. As seen from Table 2, the polarization resistance value of the G-GM
composite coatings was larger than that of GSC, which is consistent with the results of the
abovementioned polarization plot and the impedance radius.

It has been reported that the phase angle(-0) at high frequencies can be used to assess the integrity
of coatings immersed in the electrochemical test solution[34]. Fig. 5(b) shows that the increase in the
phase angle in the high-frequency range increased with the successful preparation of GM films on
etchedGSC. It This shows that GO/MPTS GM films can improved the compactness and reduced the
defects of the GSC surface.Compared with the Nyquist diagram, the impedance value |Z| also has the
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same change trend. The low-frequency impedance modulus (|Z|) is also often used as a parameter to
evaluate the overall corrosion protection performance of coatings[35]. Compared with that of the GSC
samples, the |Z| value of the G-GM composite coating was higher at low frequencies, which shows that
the corrosion resistance of the G-GM samples was the best. Therefore, these results indicate that GM
films can effectively improve theresistance of GSCs.
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Figure 5. (a) Nyquist plot, (b) phase angle, and (c) Bode plot of GSC and the G-GM composite coating
in a 3.5% sodium chloride solution

Table 2. Fitting parameters of the EIS data of GSC and G-GM composite coating in a 3.5% NaCl

solution
Sam Ies Rs Rcoat RCt CPEl CPE2 Rp
P (Q-cm?) (Q-cm?) (Q-cm?)  Yiwlem%")  np Yo (Wlem?) N (Q-cm?)
GSC 7.903 635.5 448.3 1.473x10° 091 5.286x10° 0.76 1083.8
G-GM 7.386 1009 1890 7.716x10°% 0.89 2.331x10° 0.80 2899

In addition, Fig. 6 shows the results of the difference between the mass of the samples and that
of the initial state, which was tested via the neutral salt spray (NSS) test during the 300 hours of the
experiment. The change in the quality of the G-GM composite coating is always less than that of GSC
within the 300 hours of the long-term experiment in the 5% NaCl salt fog test.

According to 1ISO 8407[36], the expression of the corrosion rate is as follows:

v=10Xm/(AX 8 Xt) (1)

where, m is the mass loss, A is the area exposed to corrosion, 6 is the material density, and t is
the exposure time[37]. The calculated corrosion rates for the GSC and G-GM composite coatings were
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8.629 um/year and 2.569 um/year, respectively. This indicates that the G-GM composite coating has
stronger resistance to long-term corrosion than the GSC.
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Figure 6. Mass change plot of different samples in the NSS experiment in a 5% NaCl solution

4. CONCLUSIONS

In this paper, G-GM composite coating was prepared by immersion in a suspension of graphene
oxide (GO) covalently modified with (3-mercaptopropyl)methyldimethoxysilane (MPTS). After the
dehydration condensation reaction of MPTS and GO, the typical fold structure of the GM coating was
clearly observed on the composite coating. Electrochemical analysis showed that the G-GM composite
coating has higher corrosion resistance than GSC. The corrosion potential and current density of the G-
GM composite coating were approximately -1185 mV and 1.883x10°°, respectively, which are nearly
two orders of magnitude smaller than those of GSC. In addition, a neutral salt spray (NSS) test of the
coatings exposed to a corrosive 5% NaCl solution for 300 h showed that the G-GM composite coatings
exhibited better corrosion resistance than GSC. The above results indicate that the GM film can
effectively reduce the corrosion rate of GSC and can provide a good protection for GSC.
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