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Abstract: This study reports a facile method to prepare
silica-coated graphene oxide nanoflakes (SiO2–GO). Re-
sults of X-ray diffraction analysis, Raman spectroscopy,
Fourier transform infrared spectroscopy, scanning electron
microscopy, transmission electron microscopy and atomic
force microscopy reveal that silica was successfully coated
on the GO flakes. The effect of SiO2–GO nanosheets on the
corrosion protection and barrier performance of the epoxy
coating was investigated in this work. Results indicate that
the mechanical properties of all coatings added with GO
and SiO2–GO were significantly improved. Furthermore,
electrochemical impedance and Tafer polarisation curves
showed that added 0.5 wt% SiO2–GO nanoflakes into
zinc-rich epoxy coating could greatly improve the anti-
corrosion performance of the sample, and the corrosion
protection efficiency increased from 67.01 to 99.58%.

Keywords: barrier properties; corrosion resistance; EIS;
epoxy coating; SiO2–GO.

1 Introduction

Organic coatings play an important role in physical barriers
and inhibitors between metal surfaces and corrosive media.
They can greatly reduce the corrosion rate of metal surfaces
and have been widely applied for anti-corrosion protection
(Arman et al. 2013; Jalili et al. 2015; Ramezanzadeh et al.
2015, 2016a,b,c) . However, these organic coatings did not
provide universal corrosion protection, with some corrosive
substances still able to breach the surface of the coating
through different corrosion paths (Maksimovic and
Miskovic-Stankovic 1992), resulting in accelerated corrosion
of the coating surface and the formation of pores anddefects
(Alam et al. 2013; Liu et al. 2009), thereby decreasing barrier
performance. To remedy this defect, many metals or metal
oxideswere used as fillers in epoxy coating. Addingmetallic
nanoparticles such as aluminium, titanium and zinc is a
general way for enhancing the barrier and anticorrosive
performance of epoxy coatings (Schaefer andMiszczyk 2013;
Zhang et al. 2007). Zinc power as an organic coatings filler
has excellent corrosion resistance in marine environment
(Ito et al. 2011). At present, the most widely used organic
coatings are zinc-rich epoxy (Zn-EP) coatings. They can
protect metal substrate effectively by sacrificing anode to
protect cathode. In traditional zinc-rich coatings, active zinc
powderwas considered to be an anode constitutedwith iron
matrix to compose a “corrosion battery”. Ironwas protected
as cathode because the corrosion potential of zincwasmuch
lower than iron (Akbarinezhad et al. 2011; Gergely et al. 2011;
Ramezanzadeh et al. 2017). However, the conductivity of
zinc and iron principally relies on the contact of vast zinc
powder in the coatings and zinc formed zinc oxide
and others formed some corrosion products during the
process of anode protecting cathode, greatly impeding zinc-
rich epoxy coatings’ development (Chavrier et al. 1988).
Although it can provide some barrier effect, the coating is
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easy to fail due to reduction of the contact between zinc
particles and particles (Kalendova et al. 2015; Stejskal et al.
2006). In order to decrease the high porosity of the coating
and dosage of zinc powder, diverse inorganic nanofillers
have been infused into the polymer matrices. Recently,
various methods have been proposed to enhance the inter-
facial interaction between fillers and the polymer substrate,
particularly chemical modification on the surface of
nanoparticles.

Compared to conventional fillers, nano-sizedmaterials
have small size and large surface area,which could offer an
excellent barrier to corrosive electrolyte diffusion (Shi et al.
2003). Graphene is transparent but not penetrable by
visible light. It has outstanding electrical conductivity,
physical and mechanical properties and shielding of water
molecules and air (Bohm 2014). These characteristics make
graphene have broad development prospects for applica-
tion in metal anti-corrosive coatings. However, although
graphene provides a good physical barrier, it has high
conductivity which accelerates the rate of electrochemical
corrosion of the steel surface by forming a conductive path
with zinc power in the Zn-EP coating. If the coating has
slight cracks or scratches, this accelerates local electro-
chemical corrosion, resulting in corrosion of the exposed
area and reduced strength and toughness of the metal (Cui
et al. 2017). It is this effect that has restricted the applica-
tion of graphene in metal anti-corrosive coatings.

Graphene oxide (GO), made from graphite oxidation,
has a two-dimensional hydrophilic lamellar structure (Kim
et al. 2010). GO has numerous epoxy groups, hydroxyl,
ketone and carboxyl functional groups, which makes it
conducive to functionalisation with organic and inorganic
materials through chemical cross-linking (Liu et al. 2011).
Additionally, GO is amphiphilic with a largely hydrophobic
basal plane and hydrophilic edges, which could assist its
dispersion in epoxy matrices and combined with epoxy
resin networks by covalent bonding (Dreyer et al. 2010; Yu
et al. 2015). In recent years, modified nano-sized materials
in polymer coatings feature highly protective properties,
attracting tremendous attention in materials science.
Silane coupling agents have frequently been employed to
embellish GO because of their hybrid organic–inorganic
structure, allowing them to bind with both organic and
inorganic materials (Layek and Nandi 2013; Wang et al.
2013; Yang et al. 2013). Jiang et al. (2015a,b) studied the
anti-corrosion performance of EP coating strengthened
with active amino silane precursors on Q235 steel. Data
analysis indicates that the introduction of silane coupling
agents promoted interfacial adhesion bonds and reduced
the spalling degree of the coating. Ramezanzadeh et al.
(2016a,b,c) investigated that functionalized graphene

oxide nanosheet could increase the anti-corrosion perfor-
mance of epoxy coatings and reduce the cathodic stripping
of steel matrix.

From the other point of view, different metal oxides
nanofillers such as silica (SiO2), titania (TiO2), alumina
(Al2O3), zinc oxide (ZnO), zirconium oxide (ZrO2) and iron
oxides (Fe2O3/Fe3O4) also can provide the higher corrosion
resistance. These inorganic nanofillers with surface func-
tionalities can increase the coating cross-linking density
and enhance its barrier performance (Eduok et al. 2017;
Najjar et al. 2018; Shi et al. 2017). They can provide addi-
tional advantages for polymer coatings; for example, TiO2

as an inorganic nanofiller improves the chemical and
corrosion stability, it also has good electrical properties,
photocatalytic activity and ability to absorb UV light
(Mahulikar et al. 2011). Al2O3 is widely used to enhance the
abrasion resistance of polymer coatings because it is a hard
material (Dhoke et al. 2013). Nano ZnO is one of the metal
oxide with unique properties including high hardness and
low refractive index, high hydrophobicity and barrier
performance (Ammar et al. 2016). ZrO2 with properties such
as high strength, fracture toughness, wear resistance,
hardness and good chemical resistance is widely used as
an anti-corrosive material in polymer coatings (Mirabedini
et al. 2012). Like other nanomaterials, nano-silica has a
small size and a large surface area, so it has extremely
strong ultraviolet absorption. Adding it to the coating as a
filler will forman isolated layer on the coating surface, thus
achieving the purpose of anti-UV ageing and thermal
ageing. In addition, the isolated layer can effectively pre-
vent alien species from invading and avoid the corrosion of
the steel substrate. Shi et al. (2009) found that SiO2 nano-
particles could markedly improve the coating substrate by
changing its microstructure, subsequently enhancing both
its antiseptic properties andYoung’smodulus. Therefore, it
was decided to investigate a hybrid SiO2–GO nanofiller, to
prepare a nanohybrid material with a unique three-
dimensional network structure, to increase the interfacial
adhesion and antiseptic performance of Zn-EP coating.

The zinc powder filler in the Zn-EP coating can effec-
tively fill the loose void on the surface of the coating, but
there are still obvious gaps between the particles and the
particles, so we need to find a material with lamellar
structure to fill the gap. Therefore, in this research,
SiO2–GO nanosheet was prepared using TEOS hydrolysis.
The prepared SiO2–GO nanosheet provided a compact
oxide film on the Zn-EP coating to remedy the defect of
loose Zn-EP coating surface. The schematic illustration of
the synthesis of SiO2–GO nanosheet is shown in Figure 1.
The SiO2–GO was characterised by X-ray diffraction (XRD)
analysis, Fourier transform infrared spectroscopy (FT-IR),
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Raman spectroscopy and thermogravimetric analysis
(TGA). The surface morphology of SiO2–GO nanosheet was
collected by scanning electron microscopy (SEM) and
transmission electron microscope (TEM). In addition, the
prepared SiO2–GO nanosheet was dispersed in Zn-EP
coatings, becoming the nanofillers. The influence of GO
and SiO2–GO nanosheet on the hydrophobic of the coating
surface was measured by the contact angle (CA). The anti-
corrosion performance of Zn-EP coating, GO/Zn-EP coating
and SiO2–GO/Zn-EP coating was investigated by Tafel
polarisation curve, open-circuit potential (OCP), electro-
chemical impedance spectroscopy (EIS), salt spray and
cathodic delamination tests.

2 Materials and methods

2.1 Materials

Tetrathoxysilane (TEOS, C8H20O4Si), poly(N-vinyl-2-pyrrolidone)
(PVP), ethanol (99.8 wt%), ammonia and acetone were obtained from
ChengduKelongChemical Reagent Co. Ltd. Deionizedwaterwasmade
in-house. All chemicals were analytical grade, unless otherwise
stated, and used without further purification.

The steel panels (Q235) were purchased from Dehaoke
metal material Co. Ltd. The steel panels had dimensions of
60 mm × 40 mm × 1 mm and were polished using 400, 600 and 1000
grade sand papers. They were then decontaminated with dilute
hydrochloric acid (5–7 wt%). Epoxy coatings and polyamine hardener
were obtained from Beijing Benzema Coatings Co. Ltd.

2.2 Preparation of SiO2–GO nanocomposite

First, the GO aqueous solution was obtained by modified Hummer’s
method. Then, SiO2–GO nanocomposite was synthesized by the sol–
gel method. Generally, GO aqueous solution (1% w/v, 4 ml) and PVP
(0.4 g) were mixed in ethanol (80 ml), and the mixture ultrasonicated
for 1 h at room temperature, with a cycle of 2 s ultrasonication and 2 s
pause, giving a total ultrasonication duration of 0.5 h. Then, the

compound was magnetically stirring at 40 °C for 30 min. Whilst still
stirring, ammonia (4ml) and TEOS (1ml) were added to themixture by
micropipette, and the resultant brownish solution refluxed stirring at
40 °C for 12 h with continuously. Subsequently, the compound was
repeatedly centrifugated andwashed. Finally, the samplewas dried at
60 °C for 12 h under vacuum to yield the SiO2–GO nanocomposite.

2.3 Preparation of GO/Zn-EP and SiO2–GO/Zn-EP
nanocomposite coatings

A series of GO/Zn-EP coatings and SiO2–GO/Zn-EP coatings with
different contents (0.1, 0.5, 1 and 2 wt%) were prepared by the me-
chanical agitation. Hardener was added prior to coating on the steel
substrate. The stoichiometric ratio of Zn-EP coating and curing agent
was 5:1 byweight. The coated substratewas cured at 25 °C for 72 h,with
the thickness of the coating controlled at 120 ± 5 µm.

2.4 Characterisation of materials

GO and SiO2–GO were characterised by Fourier transform infrared
spectroscopy (FT-IR, EQUINOX-55, Germany) and X-ray diffraction
analysis using Cu Kα radiation (XRD, D/Max-3C, Rigaku, Japan),
Raman spectroscopy using 532 nm laser excitation (Raman spec-
trometer, Vantes Co.) was used to detected the crystal structure of GO
and SiO2–GO. Thermal analysis of samples from 30 to 800 °C were
recorded on a thermogravimetric analysis (TGA, STA449C, Germany)
with a heating rate of 10 K/min. The surface topography and chemical
composition of the SiO2–GO was gathered by field-emission scanning
electron microscope (SEM, Zeiss Gemini LEO 1550) and transmission
electron microscope (TEM, FEI Tecnai G2 F20 S-TWIN). The thickness
of composites was characterized by atomic force microscope (AFM).

2.5 Coating properties characterisation

2.5.1 Surface morphology characterisation: The coating surface
morphology and the dispersion of different fillers in the coating were
characterised by scanning electron microscopy (SEM, Zeiss Gemini
LEO 1550). The static contact angles of the coating surface hydro-
phobicity–hydrophilicity were recorded on an OCA 15 plus type con-
tact angle measuring system.

Figure 1: The schematic diagram of the
synthesis of SiO2–GO nanosheets.
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2.5.2 Mechanical properties characterisation: The thickness of the
Zn-EP coating was detected by a portable thickness gauge (DUAL-
SCOPE®MPO). The adhesion strength of the Zn-EP composite coatings
was implemented on a pull-off adhesion tester (Posi Test AT-A). The
impact resistance of the coating was tested by a BEVS impact tester
(BEVS1601). The hardness of the coating was recorded on a pencil
hardness tester (BEVS 1301). All equipment was purchased from
Guangzhou Shenghua Technology Ltd., China.

2.5.3 Electrochemical performance test: The anti-corrosion perfor-
mance of the GO/Zn-EP andSiO2–GO/Zn-EP coatingswasmeasured by
corrosion weight loss, electrochemical impedance spectroscopy (EIS)
and the Tafel polarisation test. The EIS were curve-fitted satisfactorily
(errors < 10%) with appropriate equivalent circuits. The corrosion
weight loss test was performed in dilute sulphuric acid (20 wt%) for a
specific immersion duration, and the rate of corrosion determined by
mass loss. A three-electrode system was used to conduct the EIS
analysis with saturated Ag/AgCl as the reference electrode, Pt as the
counter electrode and coated steel sample as the working electrode, in
NaCl aqueous solution (3.5 wt%) as the electrolyte. EIS and poten-
tiodynamic polarisation measurements were recorded on a CHI760E
electrochemical workstation (Chenhua, Shanghai). For the EIS mea-
surements, the frequency was kept between 100 kHz and 10 mHz with
signal amplitude of 10 mV at OCP. After that, measurements were
measured on 1.33 cm2 of the coating immersed in NaCl solution (3.5 wt
%) for different immersion times of 2, 20 or 40 days. Tafel polarisation
curves were performed by scanning the electrode potential from −250
to +250 mV at a scanning rate of 1 mV s−1. The measurements were
taken three times.

2.5.4 Salt spray test:The salt spray test was used to perform the anti-
corrosion performance of the coating. Two scratch lines angled 60° to
each other were made in the sample, which was then placed in a salt

spray test chamber at an angle of 60°. Atomized NaCl solution (5 wt
%, pH 7.0, temperature 37.5 °C) was sprayed on the sample in
succession.

3 Results and discussion

3.1 Characterisation of GO and SiO2–GO

As seen in Figure 2a, a sharp diffraction peak at 2θ = 10.24°
can be seen, corresponding to the (001) reflection of GO.
For SiO2–GO sample, an additional diffraction peak
appeared at 2θ = 22.33°, which is in keeping with the
reflection of amorphous silicon (Liu et al. 2015). However,
the reflection of GO in SiO2–GO appeared at 2θ = 10.41°,
which indicated that the modified GO has good order
structure. This shift and the additional peak suggested that
SiO2 was successfully incorporated with the GO (Wan et al.
2014; Yang et al. 2009).

As displayed in Figure 2b, the D and G band intensities
increased for SiO2–GO compared with the original GO. For
GO, the G and D bands were at 1580 and 1345 cm−1, sever-
ally, and correspond to sp2-ordered crystalline graphite-
like structure and sp3-disordered carbon structure, sever-
ally (Pourhashem et al. 2017). For SiO2–GO, the G and D
bands were at 1623 and 1370 cm−1, severally. A shift to
higher wavenumbers indicated GO flakes fall off after
embedding silicon dioxide nanometre flakes. These results
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Figure 2: Characterisation of GO and SiO2–
GO by: (a) XRD, (b) Raman spectroscopy, (c)
FT-IR and (d) TGA.
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provided further evidence for the successful coating of SiO2

on the GO surface.
As displayed in Figure 2c, the FT-IR spectrum of GO

indicates C–OH stretching as a broad peak at 3420 cm−1,
C–O stretching of –COOH at 1738 cm−1, C–C skeletal vi-
brations at 1625 cm−1, O–H vibration of the C–OH groups at
1400 cm−1, and stretching vibration of the epoxy groups at
1059 cm−1 (Konios et al. 2014; Parhizkar et al. 2018;
Remyamol et al. 2013; Sharif and Gudarzi 2012; Wan et al.
2014; Yang et al. 2009). After the reaction between GO and
TEOS, SiO2–GO showed two new characteristic peaks at
470 and 798 cm−1, which were due to Si–O–Si bending
vibration and Si–OH stretching, severally (Kathi and Rhee
2008). In addition, the peak at 1090 cm−1 was attributed to
the Si–O–C asymmetric stretching vibration (Zhu et al.
2012); this peak was intense, indicating that the –OH of GO
reaction with the –OC2H5 of TEOS promotes non-covalent
interactions. Furthermore, the Si–O–C bands indicated
that the Si–OH group produced by the hydrolysis of TEOS
has been bonded to the GO surface.

TGAwas performed to quantitatively analyse the SiO2–
GO, and the results are shown in Figure 2d. At approxi-
mately 100 °C, the weight of GO decreased by about 21%,
possibly because of the water loss. The weight of GO
decreased by 31% at 100–230 °C, possibly from removal of
the oxygenated functional groups of GO (Zhang and Choi
2012). SiO2–GO had less loss of mass (24 wt% total),
because of SiO2’s superior thermal stability and resistance
to high temperature. Furthermore, the weight decrease of

SiO2–GO occurred at 250–500 °C, which was likely due to
the oxidative thermal decomposition of incompletely
reacted TEOS. Previous research has shown that, when
using silane coupling agents to modify certain carbon
materials, silane groups are formed, thereby improving the
thermal stability of the materials (Becerril et al. 2008). All
of these results demonstrated that SiO2 was effectively
functionalised onto the GO sheets.

The morphology and microstructure of the prepared
SiO2–GO nanosheets were carried out by SEM. Figure 3a
clearly depicts the blocky structure in a low magnification
and wrinkle structure in a high magnification of the GO,
which is the characteristic morphology of GO (Dhawade
and Jagtap 2012). In Figure 3b, many free-standing sheets
about 500 nm to several micrometres similar to the
morphology of GOwere observed in a lowmagnification. In
addition, there were no dissociative silica particles or
pristine GO flakes in Figure 3a. This suggested that silica
was successfully coated on the GO flakes’ surface.
Elemental mapping of carbon, silicon and oxygen in SiO2–
GO flakes can further determine the nature of the structure
(Figure 3c–e), which revealed the homogenous dispersion
of C, Si and O in the SiO2–GO sheets.

Figure 4 demonstrates the TEM and AFM images of GO
and SiO2–GO. In Figure 4a, the GO has a transparent
lamellar structure and obvious folds at the edge of the GO
sheets, which corresponds to the SEM diagram of GO. For
Figure 4d, the surface was covered with a thick film, this
mainly due to the SiO2 produced by hydrolysis of TEOSwas

Figure 3: Typical scanning electron
microscopy (SEM) images of the GO (a) and
SiO2–GO (b); elemental mapping images of
SiO2–GO sheets: (c) C, (d) Si and (e) O.
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indeed attached to the surface of GO. Meanwhile, there
were no dissociative silica particles or pristine GO flakes.
From Figure 4b and d, the thickness of the SiO2–GO
nanosheets is about 10 nm, which is significantly thicker
than the film thickness of the GO. In Figure 4j, it can be seen
from the elemental mapping images that the C, O and Si
elements of SiO2–GO are uniformly distributed, respec-
tively. At the same time, the electron diffraction patterns of
GO and SiO2–GO can also provide strong evidence that the
synthesized SiO2–GO nanosheets is a two-dimensional
nanoflake structure. The AFM analysis also was obtained,
suggesting that the average thickness of SiO2–GO was
16.266 ± 0.5 nm. The higher thickness of SiO2–GO sample

compared to GO sheets (1.278 ± 0.2 nm) represents that SiO2

have uniformly covered the surface of GO sheets.

3.2 Morphology analysis of the coating

Toobserve thedispersity and interface reactionofnanofillers
on the substrates, the surface morphology and the cross-
sectional morphology of the pure Zn-EP, GO/Zn-EP and
SiO2–GO/Zn-EP coatings on steel matrix were collected by
SEM (Figure 5). The surface structure and the cross section
morphology of Zn-EP coating is demonstrated in Figure 5a1.
Many grainy zinc powder was obviously seen in the coating,

Figure 4: Typical transmission electron
microscope (TEM) and atomic force
microscope (AFM) images of: (a) low
magnification and (b) high magnification of
GO, (d) low magnification and (e) high
magnification of SiO2–GO; (c) and (f) was
the electron diffraction patterns of GO and
SiO2–GO, respectively; (g) Dark-field TEM
image and corresponding mapping images
for C, O andSi elements of SiO2–GO; (h) and
(i) was the AFM image of GO and SiO2–GO,
respectively.
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which led to numerous inevitable holes and cracks on the
coating. It has beenmarkedwith a red circle in the Figure (a1.
These unavoidable defects can affect the cathodic protection
and coatingproperty of zinc powder. In Figure 5b1, b2, b3, the
number of pores on the GO/Zn-EP coating were obviously
reduced and the internal structure of the coating more
compact. Figure 5c1, c2, c3 shows the smooth surface struc-
ture and internal structure of the SiO2–GO/Zn-EP coating,
arising from its homogeneous dispersion and being well-
embedded in the Zn-EP coating via strong interface interac-
tion between the polymer substrate and Si–OH bonds of the
SiO2–GO nanosheets. This indicated that the SiO2–GO
nanosheets have a good compatibility with the coatings.
Results show that the addition of SiO2–GO nanosheets could
effectively improve the defects of the coating itself and
greatly prolong the corrosion paths of the corrosive medium
to the matrix, hence effectively improving the protective
properties of the steel substrate.

3.3 Mechanical properties of coatings

The protective properties of a coating are determined by its
impermeability. In general, the higher the impermeability
of the coating, the better its performance in metal protec-
tion. In order to ensure that the coating could provide a
good physical isolation layer for the steel substrate against
corrosive substances from the external environment, the
coating must have sufficient adhesion strength (Treossi
et al. 2009). As seen in Figure 6a and Table 1, the adhesion
force of the coating variedwith the amount of GO and SiO2–
GO. Adhesion force reached a maximum when the amount
of GO or SiO2–GO was 0.5 wt%, which was because the
large surface area and excellent mechanical performance
of the nanofillers could effectively compensate for defects
arising from the loose structure of the Zn-EP coating sur-
face (Dong and Liu 2016). At the same time, Figure 6b and c
indicates that SiO2–GO nanoflakes also have a crucial

Figure 5: SEM images of the surface morphology of: (a1) pure Zn-EP, (b1) 0.5 wt% GO/Zn-EP , and (c1) 0.5 wt% SiO2–GO/Zn-EP nanocomposite
coatings; the cross-sectional morphology with different magnification of (a2, a3) pure Zn-EP, (b2, b3) 0.5 wt% GO/Zn-EP and (c2, c3) 0.5 wt%
SiO2–GO/Zn-EP nanocomposites coatings.
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influence on the hardness and impact strength of the
samples. This was mainly due to the fact that SiO2–GO
nanosheets with three-dimensional network structure can
increase the cross-linking density with the polar groups in
the Zn-EP coating. Because SiO2 has a large specific surface
area, and after being compounded with GO, the SiO2–GO

surface carries an active group-silicon hydroxyl group,
which strongly interacts with the ether bond or epoxy
group in the matrix. It forms a good interfacial bond be-
tween the inorganic phase and the organic phase, thereby
increasing the cross-linking density with the polar groups
in the Zn-EP coating and increasing the interfacial bonding
force of the two phases. The results demonstrate that the
addition of SiO2–GO can enhance the absorption and
adhesion of the coatings (Dashtizadeh et al. 2011). How-
ever, the adhesion, hardness and impact strength of the
coatings decreased rapidly when the content of filler was
further increased, which might be due to agglomeration
resulted from the uneven dispersion of nanofillers in the
coating, so then cannot perform their excellent mechanical
properties.

3.4 Corrosion resistance performance of the
coating

3.4.1 Contact angle test

The most intuitive method for evaluating the hydropho-
bicity of the coating is the CA test. Water was used as sol-
vent to calculate contact angle of sample. Young and
Neumann equations (Gao et al. 2008) (Eqs. (1) and (2)
below, respectively), were utilised to calculate the work of
adhesion (WA) and surface free energy of the film (γsv),
where γlv is the surface tension of water (γlv = 7.28 µJ/cm2),
θ is the contact angle of water and β is 0.01247 ± 0.0010
(µJ/cm2)−2. CA, WA and γsv values for diverse samples are
shown in Figure 7.

WA � γlv(1 + cosθ) (1)
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Figure 6: The (a) adhesion, (b) hardness and (c) impact strength of
pure epoxy coating and its composites with different filler loadings.

Table : Adhesion test of pure epoxy coating and Zn-EP composite
coating.

Content
(wt%)

Coating Pressure
(MPa)

Duration
time (s)

Dolly
(mm)

Rate
(MPa/s)

Result

 GO . .  . Pulled
SiO/GO . .  . Pulled

. GO . .  . Pulled
SiO/GO . .  . Pulled

. GO . .  . Pulled
SiO/GO . .  . Pulled

 GO . .  . Pulled
SiO/GO . .  . Pulled

 GO . .  . Pulled
SiO/GO . .  . Pulled
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WA � 2(γlvγsv)
1/2 exp[− β(γlv − γsv)

2] (2)

From Figure 7, a change of CA of GO/Zn-EP and SiO2–GO/
Zn-EP coatings compared with EP coating can clearly be
observed. There was a marked increase in CA of the
coating when 0.5 wt% GO or SiO2–GO nanosheets was
added into the Zn-EP matrix; this increase was greatest
for the SiO2–GO/Zn-EP coating where the CA increased
from 56.8 to 85.1°. SiO2–GO increase the water contact
angle on coatings because it decreases the hydrophilicity
of coatings and leads to decrease of water absorption on
Zn-EP coatings. This showed that the SiO2–GO/Zn-EP
coating surface has good hydrophobicity and barrier
performance. In Figure 7, WA and γsv decrease markedly
for the 0.5 wt% SiO2–GO/Zn-EP coating, which indicated
that the corrosive substances were difficult to stay on the
surface of the coating, so it has a good protective effect on
the steel substrate (Zaslavsky et al. 1990). Therefore,
addition of an appropriate amount of SiO2–GO to the Zn-
EP coating could lengthen the diffusion path of the
corrosive species and thereby significantly improve its
corrosion-protective properties.

3.4.2 Corrosion weight loss test

Figure 8 depicts the impact of 0.5 wt% GO or SiO2–GO
composites on the acid anticorrosion performance of the
Zn-EP coating. Different coatings and steel substrates were
dipped into 20 wt% sulphuric acid solution, and the anti-
corrosion performance of the Zn-EP coatingswas estimated

by the rate of weight loss. As seen in Figure 8, the weight
loss rate increased with increased soaking time of the
coatings. After immersion for 60 min, for the bare steel
without any protection, the weight loss rate was as high as
2.25%. For the Zn-EP coating, the weight loss rate
decreased to 0.64%, which indicated that the protective
current produced by the dissolution of zinc powder in the
coating inhibited the corrosion of the steel surface. By
comparison, the corrosion weight loss rates for samples
with GO and SiO2–GO coating were 0.48 and 0.15%,
respectively. This result demonstrated that the GO and
SiO2–GO nanosheet could formed a dense network struc-
ture with epoxy groups, which reduced the dissolution of
zinc powder and prolong the transport path if corrosive
medium, thus effectively protects the steel substrate from
being eroded.

3.4.3 Tafel polarisation measurements

The corrosion resistance of Zn-EP coating with or without
GO and SiO2–GO was studied by electrochemical mea-
surements (Lu et al. 2017). Figure 9 depicts the Tafel
polarisation plots for bare steel and sample with the three
coating systems. Corrosion potential (Ecorr), corrosion
current density (Icorr) and corrosion protection efficiency
(CPE) were derived from Table 2. In this study, the Icorr was
gathered from the Tafel plot by extending a straight line
along the linear portion of the cathodic or anodic plot and
by extrapolating it to the Ecorr axis. CPE was used to
compare the protective effect of GO/Zn-EP coating and
SiO2–GO/Zn-EP coating on steel substrate. The CPE was

calculated using the following Eq. (3), where I0corr is the
corrosion current (µA/cm2) of bare steel, and Iccorr is the
corrosion current (µA/cm2) of the coated specimen (Mo
et al. 2015):

0
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8

12

16
SV( 2)WA( 2)

EP GO/EP SiO2-GO/EP

Figure 7: Contact angle measurements results, work of adhesion
and surface free energy results for Zn-EP, GO/Zn-EP and SiO2–GO/
Zn-EP coatings.
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Figure 8: Corrosion weight loss ratio curves of the bare steel and
various coating samples.
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CPE(% ) � I0corr − Iccorr
I0corr

×100% (3)

Generally, low Icorr and high Ecorr, CPE indicates greater
corrosion protection. As seen in Figure 9, the coated sample
exhibited higher positive corrosion potential than does the
bare steel sample. The hyperbolic plot shifts towards a lower
current density indicated that the anti-corrosion perfor-
mance increase with the addition of GO and SiO2–GO.

As shown in Table 2, the icorr (127.800 µA) of the bare
steel substrate was far higher than that of the icorr
(16.750 µA) of Zn-EP-coated substrate, which indicated the
protective effect of the Zn-EP coating. Incorporation of GO
and SiO2–GO nanofillers into the Zn-EP substrate lead to
crucial reduction of the icorr and an appreciable increase of
the CPE from 86.98% for the EP-coated substrate to 98.85
and 99.55% for GO and SiO2–GO, respectively. This was
mainly due to the barrier properties provided by GO and
SiO2–GO. Additionally, for the SiO2–GO/Zn-EP coating the
icorr decreased to 0.561 µA (comparedwith 16.750 µA for the
EP coating), accompanied by the highest CPE value. The
low icorr and high CPE indicated the superior barrier ability
of this coating because of its hydrophobicity, which can
hinder the permeation of corrosive species and provides

unexceptionable corrosion resistance properties (Chang
et al. 2014).

The polarisation resistance (Rp) was related to the
corrosion current density Icorr, through the Stern–Geary
equation:

Icorr � βaβc
2.303(βc − βa)Rp

(4)

where βa and βc are, respectively, the anodic and cathodic
Tafel slopes.

It was found that the Rp of the GO/Zn-EP coating was
30.825 kΩ cm2, about five times higher than for the EP
coating (2.869 kΩ cm2). The increase on account of the
physical barrier properties offered by the appearance of GO
sheets in the sample. Compared with the Zn-EP and GO/Zn-
EP coatings, the hydrophobic SiO2–GO/Zn-EP coating had
the highest Rp value (78.031 MΩ cm2), which indicated that
the SiO2–GO film could be used as a physical isolation layer
to impede the transmission of corrosion media to the
interface of the coating andmetal and there by enhance the
corrosion resistance of the sample (Syed et al. 2017).

With extended immersion time, the impedance spectra
changed markedly for all of coatings, and the Rp values for
all the samples were greatly reduced. These phenomena
were due to penetration of corrosive species and dissolved
oxygen to the interface of the coating and metal. However,
compared with the Zn-EP and GO/Zn-EP coatings, the
SiO2–GO/Zn-EP coating still maintained a relatively high
Rp value. This demonstrated that use of SiO2–GO nano-
flakes could increase the physical barrier and anti-
corrosion performance of the metal coating.

3.4.4 EIS measurements

EIS was obtained with an efficient way to estimate the anti-
corrosion performance of the coatings. The anti-corrosion
properties of diverse samples could be calculated by fitting
the EIS data using equivalent circuits, which can provide
selective information about the coating corrosion (Bahla-
keh et al. 2017). Nyquist and Bode diagrams are offered in
Figure 10.
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Figure 9: Tafel plots for bare steel, Zn-EP-, GO/Zn-EP- andSiO2–GO/
Zn-EP-coated samples after immersion in 3.5 wt% NaCl solution for
48 h.

Table : Potentiodynamic polarisation parameters.

Coating system Ecorr (mV) icorr (µA cm−) βc (mV dec−) βa (mV dec−) Rp (kΩ) Corrosion protection
efficiency (CPE) (%)

Bare steel − . . . . /
EP coating − . . . . .
GO/EP coating − . . . . .
SiO–GO/EP coating − . . . . .
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The Nyquist and Bode plots of the Zn-EP, GO/Zn-EP and
SiO2–GO/Zn-EP samples immersed for 2, 20 and 40 days in
3.5 wt%NaCl solution are exhibited in Figure 10. The inset of
Figure 10a demonstrates that the absolute impedance of the
SiO2–GO/Zn-EP coating was increased compared with the
GO/Zn-EPandZn-EP coating samples. Figure 10b also shows
that only one relaxation time could be found in the Bode
diagrams of all coatings after 2 days immersion, which could
be ascribed to thedielectric capacity of the polymeric coating
which slows the corrosion of the metal surface (Rame-
zanzadeh et al. 2016a,b,c). In the initial immersion stage, the

zincpowder in the coating could beusedas aprotective layer
to stop corrosion medium from infiltrating in to the coating.
This corrosion process could be simulated by the equivalent
circuit of Figure 11a. In the equivalent circuit, Rs was the
solution resistance, Rc was the coating resistance, CPEc was
the coating constant phase element, Rct was the charge
transfer resistance of electrochemical reaction in the metal/
coating interface, and CPEdl was the double layer constant
phase element.

However, coating barrier performance declined as
immersion time increased. After immersion in 3.5 wt%
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Figure 10: Nyquist and Bode diagrams of the
Zn-EP EP, GO/Zn-EP and SiO2–GO/Zn-EP
samples immersed in 3.5 wt%NaCl solution
for (a) and (b) 2 days, (c) and (d) 20 days and
(e) and (f) 40 days; (a), (c) and (e) are
Nyquist diagrams, (b), (d) and (f ) are Bode
diagrams.
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Figure 11: Electrochemical parameters
extracted from Bode plots of the Zn-EP,
0.5 wt% GO/Zn-EP and 0.5 wt% SiO2–GO/
Zn-EP samples immersed in 3.5 wt% NaCl
solution for 2, 20 and 40 days.
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NaCl solution for 20 days, two time constants could be seen
in the Bode diagrams (Figure 10d) of Zn-EP and GO/Zn-EP
coatings. At the same time, the impedance of the Zn-EP
coating reduced obvious in Figure 10c. This was mainly
because of the porous structure of the Zn-EP coating and
the dissolution of zinc powder,which lead to the reducedof
contact between zinc particles, and therefore gave rise to
evident weakening of cathodic protection. For the GO/Zn-
EP coating and SiO2–GO/Zn-EP coating, the coating still
maintains a relatively high impedance value in the middle
of the immersion. This indicated that the corrosivemedium
was only in contact with zinc, and then corrosion products
were formed to fill the microporous defect in the zinc-rich
layer. Moreover, the oxide formed passivation layer with
the lamellar GO and SiO2–GO, which prevented the corro-
sive medium from penetrating to the surface of the steel
matrix.

With further increase in immersion time, the Zn-EP
coating showed one time constant in the Bode plot of
Figure 10f. However, in Figure 10e Nyquist plot, two
capacitive arcs corresponding to directly corrosion on the
surface of the metal were observed, and thus some corro-
sive products appeared under the coating. In fact, some
corrosive electrolyte has been penetrated into the coating
substrate through micro-pores and defects on the Zn-EP
coating surface, resulting in damage to the coating and in
reducing the barrier performance (Hassan 2007). For GO/
Zn-EP and SiO2–GO/Zn-EP, two time constants could still
be seen in Figure 10f. The coating behaviour with diverse
frequency range was mostly resistive, and the capacitive
behaviours could be observed only under the high fre-
quency. The results reveal that the coating deterioration
and destruction of interfacial adhesion bonds, allowing
corrosion agents to penetrate beneath the coating.

To quantitatively evaluate the barrier performance of
the coatings and their active corrosion resistance perfor-
mance, impedance spectra used to simulate the corrosion
behaviour of the coated substrates were fitted to the cor-
responding equivalent circuit in Figure 12 (Ozyılmaz et al.
2006). Figure 12a and b was used to fit the EIS results with
two time constants. In the equivalent circuit, Rs was the
solution resistance, Rc was the coating resistance, CPEc
was the coating constant phase element,Rctwas the charge
transfer resistance of electrochemical reaction in the
metal/coating interface, and CPEdl was the double layer
constant phase element, andW is the Warburg impedance
relevant to the diffusion process.

Generally, barrier ability of the coating was demon-
strated by Rc and CPEc. From Figure 11 and Table 3,
increased immersion time resulted in a decrease of |Z|0.01Hz
and Rc for all coatings, which indicated that the coating

surface has been damaged. At the beginning of immersion,
the Zn-EP coating showed low Rc and high CPEc, which
arose from rapid diffusion of the electrolyte solution due to
Zn-EP coating hydrophilicity. In contrast, for GO/Zn-EP
and SiO2–GO/Zn-EP coatings, theRc values increased (from
8.20 MΩ cm2 for the Zn-EP coating) to 1060 and
1760 MΩ cm2, with low CPEc values. The high Rc and low
CPEc values indicated the preferable barrier ability of the
GO/Zn-EP and SiO2–GO/Zn-EP coatings, which prevented
the permeation of corrosive species and provided
outstanding corrosion protection. From Figure 10 and
Table 3, the diagrams with GO/EP and SiO2–GO/EP coat-
ings have no Warburg impedance, indicating that the
corrosion mechanism was changed with the addition of
GO/Zn-EP and SiO2–GO/Zn-EP to the coating (Chang et al.
2012).

In summary, the failure procedure of the coating
mainly includes the following three steps:
– The permeation stage of the corrosive medium. The

rapid decrease of Rc at the initial stage of the experi-
ment was mainly because of the diffusion of corrosion
medium through the microporous structure of the
coating surface. The transmission speed of the corro-
sive species to the coating/metal interface and the
concentration of dissolved oxygen at the interface
increased continuously, resulting in the coating’s
rapid decrease in Rc and rapid increase in capacitance.
Additionally, penetration of the corrosive species
accelerated the cathodic reduction reaction rate on the
metal surface, enhancing the cathodic delamination
procedure and therefore increasing the active area,
further accelerating the decline in the corrosion
resistance of the coating.

Rs

Rc

CPEc

Rct

CPEdl

(a)

Rs

Rc

CPEc

Rct

CPEdl

(b)

Figure 12: The proposed equivalent circuit model for numerical
simulation of EIS data presented in Figure 10. (a) the GO/Zn-EP and
SiO2–GO/Zn-EP samples immersed in 3.5 wt% NaCl solution with
the 2, 20 and 40 days and (b) other coupon.
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– The corrosion stage of the interface metal. The elec-
trochemical reaction area enlarged continuously with
the persistent penetration of corrosive media through
the coating. Abundant corrosion products accumu-
lated at the interface of the coating andmetal when the
electrochemical reaction reached a certain extent;
these corrosion products hindered the diffusion of
corrosive species and reduced the rate of decline of the
coating performance.

– The failure stage of the coating. As the immersion time
increased, accumulated corrosion products were grad-
ually dissolved by penetration of the corrosive electro-
lyte. This led to decreased bonding force between the
coating and metal interface and the coating flaking off.
In addition, Rc dropped significantly and the coating
capacitance increased rapidly. At this point, the pro-
tective impact of the coating was completely lost.

3.4.5 Salt spray test results

The effects of incorporation of GO and SiO2–GO into the Zn-
EP coating on the anti-corrosion performance of the com-
posite coatings were obtained by the salt spray test and
electrochemical measurements. Images of the different
samples following exposure to salt fog box for 360 h are
demonstrated in Figure 13.

Figure 13 reveals that several obvious corrosions were
produced around the scratch and under the coating, sug-
gesting the poor anti-corrosion properties of the coating.
After the 360 h salt spray test, many bubbles and corrosion
spots came out on the Zn-EP coating surface (Figure 13a).
The incorporation of GO to the Zn-EP coating contributed to
a sharp decrease in the amount of corrosion around the
scratch and under the coating. However, it reveals that the
increase of SiO2–GO nanoflakes to the coating led to a very

great reduction in corrosion, especially beneath the
coating. Compared with the SiO2–GO/Zn-EP coating, the
Zn-EP and GO/Zn-EP coatings had a lot of corrosion prod-
ucts, which indicated that corrosive electrolytes had
reached the coating-steel interface. These results demon-
strated that increase of SiO2–GO to the Zn-EP coating
aggrandized its barrier and anti-corrosion performance to a
greater extent than for the GO/Zn-EP coating.

3.4.6 Peel adhesion test

The peel off adhesion strengths of the Zn-EP, GO/Zn-EP and
SiO2–GO/Zn-EP coatings were measured using the pull-off
test. Following exposure to continuous spray for 360 h in a
salt fog box with 3.5% NaCl solution, adhesion loss rate
(Aloss) values were obtained on the basis of Eq. (5). The
adhesion strength and adhesion loss values of diverse
samples are compared in Table 4 and Figure 14. The dry
adhesion strength (A1) refers to the adhesion strength of the
coating after drying; the peel off adhesion strength (A2)
refers to the adhesion strength of the coating after contin-
uous spray for 360 h in a salt fog box.

Table : Electrochemical parameters from the impedance plots for Zn-EP, .wt%GO/Zn-EP and .wt%SiO–GO/Zn-EP immersed in .wt
%NaCl solution for different immersion times; data were normalised with respect to total area (. cm) and the values are themean of three
replicates.

Samples Rs (Ω cm) Rc (MΩ cm) CPEc Rct (MΩ cm) CPEdl Ws (Ω− cm− sn)

Yo (Ω− cm− sn) n Yo (Ω− cm− sn) n

Zn-EP(d)  . . × 
−

.  . × 
−

. . × 
−

Zn-EP(d)  . . × 
−

. . . × 
−

. . × 
−

Zn-EP(d) . . . × 
−

. . . × 
−

. . × 
−

GO/Zn-EP(d)   . × 
−

.  . × 
−

. –
GO/Zn-EP(d)  . . × 

−
. . . × 

−
. –

GO/Zn-EP(d)  . . × 
−

. . . × 
−

. –
SiO–GO/Zn-EP(d)   . × 

−
.  . × 

−
. –

SiO–GO/Zn-EP(d)  . . × 
−

. . . × 
−

. –
SiO–GO/Zn-EP(d)  . . × 

−
. . . × 

−
. –

Figure 13: Visual performances of the: (a) Zn-EP, (b) GO/Zn-EP and
(c) SiO2–GO/Zn-EP coatings exposed to the salt spray test for 360 h.
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(Aloss%) � (A1 − A2)
A1

(5)

Table 4 indicates that the increase of GO and SiO2–GO
nanosheets directly affects the dry adhesion strength of the
coating. Incorporation of SiO2–GO nanosheets into the Zn-
EP coating led to a sharp rise in coating adhesion to the steel
matrix. From Figure 14, the adhesion strength of the Zn-EP
coating decreased approximately threefold and GO/Zn-EP
coating declined approximately twofold after the peel
adhesion test. However, the adhesion loss rate declined
sharply after the increase of SiO2–GO nanoflakes into the
coating, due to the hydrophobic surface of this coating and
its physical isolation effect, blocking the diffusion of cor-
rosive electrolyte to the interface of the coating and metal.

3.4.7 Corrosion protection mechanism of
SiO2–GO/Zn-EP coating

All the above results show that covalent functionalisation
of GO nanoflakes with silane led to a high degree of GO
sheet dispersion and intercalation in the Zn-EP substrate,
which primely enhanced the barrier performance and anti-
corrosion performance of the Zn-EP coating. The corrosion
of the metal substrate surface coating undergoes three
stages including water absorption, diffusion of corrosive
agents and corrosive ions reaching the interface of the

coating and metal. Corrosion occurs when corrosive sub-
stances reachmetal surface, which incorporates numerous
redox reactions. The corrosion process and rust formation
are explained by the following equations:

Fe − 2e− → Fe2+ (6)

Fe2+ − e− → Fe3+ (7)

O2(g) + 2H2O + 4e− → 4OH− (8)

2Fe2+(aq) + O2(g) + 2H2O→ 2FeOOH + 2H+ (9)

Equations (8) and (9) show that the formation of rust and
corrosion of steel require sufficient H2O andO2. If any of the
above reactions are prevented, corrosion is inhibited.
Therefore, it was believed that by increasing the length of
diffusion pathways via a suitable coating structure, this
would effectively prevent H2O and O2 from contacting the
substrate surface and thereby provide good anti-corrosion
performance.

A schematic of the anti-corrosion mechanism of
nanocomposite coatings on a metal surface was exhibited
in Figure 15. The anti-corrosion mechanism was modelled
by the morphology of the surface and cross section of the
composite coating. As depicted in Figure 15a and d, the Zn-
EP coating had the weakest corrosion resistance due to its
loose surface structure and large gap between particles
and particles, which makes corrosive media easily pass
through the coating to reach the steel matrix. However, the
corrosion protection of the EP coating increased markedly
upon addition of 0.5 wt% GO or SiO2–GO nanosheets. As
depicted in Figure 15b and e, the GO nanosheets were well
embedded in the Zn-EP coating to form a two-dimensional
network structure. But, because of the poor dispersion of
GO in the coating, there may be a phenomenon of
agglomeration. As depicted in Figure 15c and f, compared
with the GO/Zn-EP coating, the SiO2–GO/Zn-EP coating
had the superior corrosion inhibitive effect. The main
reasons for this phenomenon are as follows: (1) SiO2–GO
nanoflakes could be dispersed more evenly in the Zn-EP
substrate compared with GO, which could increase the
barrier performance and cross-linking density of the epoxy
resin, lengthening the diffusion channel of penetrant spe-
cies in the coating substrate; (2) SiO2–GO nanosheets
greatly increased the contact angle with water, indicating
the decreased hydrophilicity of the coating compared with
GOfiller and resulting in decreasedwater absorption by the
SiO2–GO nanocomposite coating; (3) SiO2–GO nanosheets
improve the coating adhesion on metallic substrate, lead-
ing to improve the barrier properties.

In conclusion, the addition of SiO2–GO nanoflakes in
Zn-EP coating greatly enhanced the hydrophobicity of the

Table : Adhesion force values obtained from .% NaCl solution
pull-off test (adhesion was measured before and after the test) for
the Zn-EP, GO/Zn-EP and SiO–GO/Zn-EP coatings.

Sample coating A (MPa) A (MPa) Aloss (%)

Zn-EP coating . . .
GO/Zn-EP coating . . .
SiO–GO/Zn-EP coating . . .
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Figure 14: Adhesion force of the coatings before and after exposure
to salt spray fog for 360 h.
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coating surface, lengthened the transmission paths of
corrosive ions to the substrate, and therefore improved the
barrier properties and anticorrosive performance of the
coating.

4 Conclusion

In summary, prepared SiO2–GO nanosheets have an
excellent anticorrosion properties when it as a filler for
corrosion protection in a polymer matrix. The SiO2–GO
fillers could efficiently decrease the number of holes on the
coating surface and to increase the barrier performance,
this could be demonstrated by the CA increased from 56.8°
to 85.1°. Also, the EIS test results show that the incorpo-
ration of 0.5 wt% SiO2–GO in the Zn-EP coating improved
the corrosion protection efficiency from 67.01 to 99.58%.
These results showed that SiO2–GO could enhance the
adhesion between the sample and the metal matrix and
enhanced the anticorrosion capacity of the coating surface
through enhancing its barrier performance. Furthermore,
once the coating was damaged by a scratch, the SiO2–GO
nanosheets also acted as a protective layer to cut off the
electron transfer channel for galvanic corrosion, effectively
inhibiting corrosion of the steel substrate.
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