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In this work, waterborne epoxy resin and graphene/ZnO (Gr/ZnO) were employed as the matrix and

nanofiller to construct composite coatings with enhanced anticorrosive performance. The corrosion
protection properties of the coatings were significantly improved by the dispersed Gr sheets, as well as
the parallelly assembled ZnO nanoparticles. The most remarkable improvement was achieved by adding
0.04 wt% of Gr and 0.4 wt% of ZnO in the Waterborne Epoxy (WEP) coatings, where the highest
impedance was 200 530 Q cm? on Grg ga—ZnOg 4, far more than pure epoxy with 6186 Q cm? after 7
days of immersion in electrolytes. Furthermore, the Grg g4—2ZnQOg 4 coatings and corresponding corrosion
products immersed in a 3.5% NaCl solution for 30 days were also characterized, which could further
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reveal anticorrosion mechanisms of the graphene modified WEP coatings and the passivated effect of

ZnO. Through the mechanism analysis, we also found that ZnO could be employed as the barrier
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1. Introduction

Metallic corrosion generally occurs in the field of construction,
marine environments, transportation, aerospace and our daily
life. In addition, the personnel safety and economic losses
caused by metallic corrosion are continually increasing, which
has posed a serious threat to the natural environments and
industrial structure.'” However, according to the statistics, the
annual global loss resulting from metallic corrosion was more
than 2.0 trillion dollars.* Thus, it is very necessary to prevent the
metal surfaces from coming into contact with corrosive media
(such as H,0, O,, H" and CI7), and protect metals against
corrosion.” Nowadays, the ubiquitous approach for anticorro-
sion mainly focuses on the development of the surface modi-
fication or coatings. Compared with the conventional
anticorrosive paints, the waterborne epoxy paints (WEP) have
various kinds of advantages, including expediting setting, good
mechanical properties, and environmentally ingredient.*®
Although the commercial technology of WEP paints is mature,
they still suffer from some intrinsic disadvantages, such as
decreased shielding ability of vapor diffusion, inferior water-
resistant lifetime and poor long-term anticorrosive ability.>'®
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reinforcement to improve the dispersibility of graphene in WEP coatings, and the parallel assembly of
graphene occurs spontaneously, leading to remarkable improvement of anticorrosion properties.

Furthermore, due to the defective coalescence of epoxy particles
during the anticorrosive process, there are incomplete particles
or surfactants at the interface of WEP coating, which providing
a unique mechanism by which the H,0, O,, H' or Cl~ rapidly
penetrate the coatings.™

Introducing the nano-additive into WEP coatings is an
effective way to solve above disadvantages, such as MoS,,">"
BN," TiO,,"*"” graphene oxide (GO)*® or graphene (Gr)." Among
them, graphene has attracted much attention due to its excel-
lent physical properties, electrical conductivity, and honeycomb
lattice structure by single sp>~ bonded C atom.?* For doping
graphene in WEP coatings (Gr/WEP), the well dispersive of
graphene nanosheets can form long and tortuous paths which
restricts the diffusion of H,0, O,, H" and Cl~, thus improving
the anticorrosive properties of WEP coatings.”* For example,
Huan et al. reported that waterborne epoxy resin E44 and gra-
phene were employed as the matrix and nanofiller to construct
composite coatings with enhanced anticorrosive performance.*
In addition, Li et al. fabricated sulfonated graphene (SG) to fill
in the WEP coatings by introducing the sulfonic acid groups on
graphene sheets and the most remarkable improvement was
achieved by adding 1.0 wt% of SG, where the impedance
modulus at 0.1 Hz was 193 times higher than the neat WEP
coatings after 150 days of immersion.”® Unfortunately, due to
the poor dispersibility in the WEP and excess water dispersible
of graphene, which will limit the anticorrosive application of Gr
(or other nanomaterials) and even accelerated corrosion on
WEP coatings. In other word, direct incorporation of graphene
into WEP coatings is not a good strategy since the rapid
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agglomeration can accelerate corrosion.>** Therefore, an
appropriate doping content and the well dispersibility of Gr are
conducived to decrease the agglomeration in WEP coatings.

Dispersing nanoparticles in WEP coatings will provide
a solution to the failure of single coating. Researchers have
added a variety of nanoparticles into the polymer coating to
alter its mechanical, optical or chemical properties, which
meaning that the choice of nanoparticles can depend on the
properties of WEP coating. For example, Fe,O; nanoparticles
can be used to improve the magnetic response and corrosion
resistance of coatings;*® The selection of TiO, nanoparticles can
be used to improve the photo-oxidation stability, self-cleaning
and antibacterial properties.”” In order to improve electrical
conductivity and anticorrosion, Al,O; or ZnO nanoparticles
were added. In a word, adding these inorganic nano-fillers to
the organic coatings can fully reflect the advantages of each
component, which effectively reduce or eliminate the short-
comings of each component.***® In addition, nanoparticles can
also prevent depolymerization of epoxy resin during curing.
When nanoparticles tend to occupy pore defects formed by local
shrinkage of WEP, which will act as bridges for intermolecular
interconnection, resulting in reduced tendency to more
uniform.® Among them, it is pointed out that ZnO nanoparticles
can be more uniform on the surface of Gr. When the WEP
coatings is disturbed or vibrated, ZnO nanoparticles will
produce a certain outward expansion tension, which can open
Gr sheets into small flakes.* Finally, ZnO nanoparticles and Gr
can be evenly dispersed in the epoxy resin, which play a better
physical barrier effect to the anticorrosive
performance.

Herein, graphene and ZnO were doped into WEP coatings
(denoted as Gr,~ZnO,, x and y represent the weight percent of
WEP coatings) was synthesis by cost-effective stirring process in
the presence of the epoxy resin and water solvent. During the
stirring process, graphene has been extensively introduced to
polymer coatings, and simultaneously ZnO nanoparticles were
uniformly created on the surface and interlayer of graphene.
Among them, graphene nanosheets were prepared according to
our reported literature.*® The large-scale graphene nanosheets
with a high concentration were directly fabricated from bulk
graphene by a facile, cost-efficient and scalable ball-milling
method, which provides an opportunity for their practical
application. For comparison, different doping content of gra-
phene and ZnO in the WEP coatings were prepared to explore
the appropriate doping content. The as-prepared Gr,~ZnOy,
particularly Gry 04—ZnO, 4, which exhibited the highest imped-
ance of 200 530 Q cm? and the lowest corrosion current of 4.15
x 10~® A em™? for 7 days immersion in 3.5 wt% NaCl solution.
Comparing with pure WEP coatings (Gr,-ZnO,) and Grg g4—
ZnO,, the anticorrosion and mechanical properties of Grg g4~
ZnO, 4 coatings were improved after adding the appropriate
0.04 wt% content of graphene. We also found that ZnO can be
employed as the barrier reinforcement and improved the dis-
persibility of graphene in WEP coatings. When the filler content
of ZnO reached 0.4 wt%, the parallel assembly of graphene
sheets occurred spontaneously and instead of forming
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agglomerations, which leading to a remarkable improvement of
anticorrosion property.

2. Materials

The exfoliated graphene nanosheets was prepared according to
our previous report.*® Zinc oxide nanoparticles (ZnO, 99.99%)
and NaCl (99.9%) were purchased from Guangzhou Zhongwan
New Material Co. Ltd. Waterborne epoxy dispersion, waterborne
epoxy curing agent, defoamer and cosolvent were purchased
from Alfa Aesar. All reagents were used without further treat-
ment. The Q235 steel substrates (size: 0.3 mm x 20 mm x 20
mm) for corrosion study were firstly polished with 500, 1000 and
1500 mesh of abrasive paper, then ultrasonic cleaning in
alcohol, and finally dried in air.

2.1 Synthesis of Gr/ZnO composite

Prior to the synthesis of Gr/ZnO composite, and graphene was
prepared according to our previous report.*® Graphene (0.01 g)
and ZnO (0.1 g) were well dispersed in H,O (30 mL) by ultra-
sonic dispersion for 30 min to prepare Gr/ZnO dispersion. At
the end of the reaction, Gr/ZnO was obtained by washing with
deionized water for several times by suction filtration and
freeze-drying for 12 h.

2.2 Preparation of Gr,~-ZnO, composite epoxy coatings

Firstly, 0.018 g of graphene and 0.184 g of ZnO nanoparticles
were dropped into waterborne epoxy dispersion (30 g) and then
stirred for 30 min to produce a homogeneous solution. After
that, 0.5 g of defoamer were added into as-prepared solution
and then stirred for 30 min to obtain component A. Component
B is waterborne epoxy curing agent (polyamide). These two
components were mixed with the weight ratio of 2 : 1 (A/B) and
stirred at 1500 rpm min~" for 30 min at room temperature. The
coatings solidified at room temperature until the surface of the
coating was dry, then cured at 60 °C for 12 h to obtain 0.04 wt%
of Gr/0.4 wt% of ZnO/epoxy coating, which was named as Gry o4~
Zn0Oy 4. Gy 94-Zn0, 4 composites were fabricated on the Q235
steel substrates using the wire bar coater (25 pm), and these
coatings were naturally cured 48 h at room temperature. For
comparison, the pure epoxy coating (Gr,-ZnOy), 0.04 wt% of Gr/
epoxy coating (Gry.04~Zn0O), 0.02 wt% of Gr/0.4 wt% of ZnO/
epoxy coating (Grg ¢,-Zn0y 4) and 0.06 wt% of Gr/0.4 wt% of
ZnO/epoxy coating (Grg ,-Zn0y 4) were also fabricated via the
same procedures, just only without adding varied content of
graphene or ZnO. In addition, we also prepared Grg 04—ZnOy,
and Gry 0,-Zn0y 6 epoxy coating to explore the influence of
adding ZnO content. The compositions of the investigated
samples have been added in the revised manuscript (Table S67).

2.3 Characterizations

The surface morphologies of samples were observed under
Field Emission Scanning Electron Microscope (FESEM) (JEOL,
JSM-7500F, Japan). Infrared spectroscopy (FTIR) were taken by
spectrometer with He-Ne radiation (Thermo Nicolet, NEXUS
670). A optical microscope (KEYENCE, VHX-970F) was used to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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evaluate the thickness of the coatings, and we measured three
times to take average value. To study the adhesion of coating
and substrate, the drawing method was used to determine the
interfacial bonding strength. According to the Chinese National
Standard GB/T5210-2006 “The pull method adhesion test for
paint and varnish”. The drawing method for adhesion test
refers to the application of vertical and uniform tension to
observe the force required for the coating detach from the
substrate. The testing machine is single column electronic
universal material testing machine (SHIMadzu, EZ-LX).

2.4 Electrochemical measurements

Electrochemical experiments were performed on the electro-
chemical work station (CHI760E), 0.1 M solution of KHCO; was
used as the electrolyte. The three electrodes system was adop-
ted, in which the working electrode, Ag/AgCl electrode (the
saturated KCI solution) and Pt sheet were used as the reference
electrode, and the counter electrode, respectively. The Q235
steel with coatings samples was used as the working electrode,
and the effective area on Q235 steel of working electrode was 1
cm’. The electrochemical impedance spectroscopy (EIS) was
performed using periodic potential disturbances of 10 mHz to
100 kHz in frequency and 10 mV in amplitude. Before the
measurements, the coating samples were immersed in 3.5 wt%
NaCl solution. In addition, the Tafel polarization test was
carried out with a constant weep rate of 2 mV s~ ', the corrosion
potential (E.o;) and corrosion current density (i.or;) were ob-
tained by this method. All electrochemical reductions were
conducted for 2 h with a pH value of 6.8 at room temperature.
The potentials were recorded versus RHE with the conversion,
using the formula: E (vs. RHE) = E (vs. Ag/AgCl) + 0.197V +
0.0591 x pH. Each group of electrochemical experiment was
performed more than five times, and until the data of EIS were
stabilized.

3. Results and discussion
3.1 Characterization of samples and coatings

The surface morphologies of samples and coatings are observed
by scanning electron microscope (SEM) (Fig. 1). From the local
magnification of (b1 and b2), it can be seen that there are holes
in the mixed film, which mainly due to the agglomeration of
graphene. During the mixing and preparation of materials in
the early stage, the lamellar structure of graphene is not fully
demonstrated, and its physical barrier properties cannot be
fully utilized in an efficient manner. As a result, microscopic
defects appear in the film scraping of Gry-ZnO, 4 coating, and
the fatal defects appear in the anticorrosive coating for the later
stage. But at the same time, compared with the sectional
drawing of Gry-ZnO, coating, Gr, 0,—Zn0O, was much compact
than Gry-ZnO,, as the figure of the magnified images (a1l and
b1). This means that graphene could be inserted into the epoxy
coating, which increasing the thickness of the coating and
eliminating the porous interior of the film. But when 0.4 wt%
ZnO particles were added, compared with Gry-ZnO, and Grg g4~
ZnO,, the cross section of Grg ¢,~Zn0, 4 coating became more

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dense (c1 and c2). These results due to the existence of ZnO
nanoparticles, so that the modified Gr could not be agglomer-
ated. Gr-ZnO were also well dispersed in epoxy resin, which
making wafers compact and multilayers in the Grg ¢4~ZnOg 4.
There were two main reasons for the analysis: (1) the nano-effect
of materials and the excellent dispersion effect of graphene and
ZnO, which can enhance the interfacial bonding strength with
epoxy resin and facilitate the stress transfer. (2) When the
substrate is impacted by the external environment, micro-
cracks occur between particles and substrate, so that the
corrosive medium on the EP is transferred to the nanoparticles
through the interface, so that more impact energy is absorbed
and the impact resistance are significantly improved.

The few-layer exfoliated graphene had a lamellar structure
without obvious agglomeration, and its surface was flat and
smooth (Fig. S11). And the Fig. Slat shows the SEM images of
the as-synthesized Gr/ZnO sample, in which the petaloid ZnO
nanoparticles are uniformly distributed in the surface of gra-
phene, thus graphene offer large surface areas for supporting
ZnO nanoparticles. The addition of ZnO nanoparticles did not
only change the lamellar structure of graphene, but also
enhanced the dispersion of layer. In addition, Zn" could react
with the active site of graphene layer by solution diffusion,
which contributing to the better distribution of ZnO nano-
particles and the higher specific surface area of Gr/ZnO. In
addition, a optical microscope was used to evaluate the thick-
ness of the coatings, and we measured three times to take
average value. As shown in Fig. S2,f the thickness of Grg g4~
ZnO, 4 coatings was 25 £ 2, which was consistent with the result
of using wire bar coaters (25 um).

The molecular structure of coatings were analysed by
infrared spectroscopy (FTIR). As the Fig. 2a of the Gr/ZnO
sample, the characteristic absorption peak of 499 cm™*,
1080 cm™ ', 1636 cm ™ ' and 3413 cm ™ ' were ZnO, C-0, Zn-O and
O-H, respectively, thus indicating ZnO nanoparticles are
distributed in the interspace of graphene layers. As for Gry,—
Zn0,, these peaks around 1030-1080 cm ', 1616 cm !,
2900 cm™* and 3400 cm™! can be indexed to the C-O, C=C,
C-H and O-H absorption peak of pristine EP coating.*®
Comparing the FTIR patterns of the Gry-ZnO, and Grg 4~Zn0Oy 4
(Fig. 2b and c), we found that the Zn-O diffraction peaks of
Grg,04~Zn0y 4 Was obviously appeared at 1636 cm ™, indicating
that graphene layers/ZnO nanoparticles were successfully
doped and stable existed in EP coating.

3.2 Electrochemical properties of GEP coatings

Tafel polarization curves of five kinds of coatings were shown in
Fig. 3a. The specific data of electrochemical measurements (i.e.
corrosion potential (E.o), corrosion current (icor;) and corro-
sion rate (n) measured in 3.5 wt% aqueous NaCl electrolyte) for
one week were listed in Table S1.1 Information about E.,, and
i.orr can be obtained by the point of intersection of cathodic and
anodic polarization curves. In general, when the value of E,; is
larger or i., is smaller, which indicates that the corrosion
resistance of coating is better.>® For the pristine EP (Gry-ZnO,)
coating, its corrosive potential and current are —631.36 mV and
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Fig. 1 The fracture surface SEM of Grg—ZnOq coating (a), Grg.g4—ZNnOq coating (b), Grg 04—Zn0Oq 4 coating (c).

9.40 x 10 ® A cm™?, respectively. And there were many micro-
pores and microcracks on the surface or interior of Gry-ZnO,, so
H,0 and O, could diffuse through these mic-channels to the
metallic surface, resulting in poorer anticorrosion.” The Tafel
polarization curves of different Gr,~ZnO,, coatings are displayed
in Fig. 3a, as the graphene addition amount increases, the E.q;
increases and the i ., decreases. But when 0.04 wt% graphene
is added, the E.,,, increased with increasing graphene content
and reached a maximum of —527.80 mV on Gr 4~Zn0Oy 4, larger
than those for E o 0n Gry-ZnO, (—631.36 mV), Gry g,-Zn0y 4
(—599.13 mV) and Gry 06-ZnOy 4 (—560.74 mV), which showing
outstanding anticorrosion property. For comparison, Fig. 4a
also showed the Tafel polarization curves of Grg 4~Zn0Oyg, GIg 04—
ZnOg 1, Grp0s~Zn0p, and Gry¢,~ZnO; by the different ZnO
content. And the highest E,, or the lowest i, was appeared on

Gry,04—Zn0, 4 among them (Table S271), which indicated that the
best corrosion resistance of Grg o,~Zn0O, , for the moderately
doping Gr and ZnO. When graphene and ZnO were added into
the pristine EP coatings, these micropores could be occupied
and the diffusion of H,O and O, could also be effectively
inhibited, so the electrochemical reactions could be decreased
and thus the corrosive current decreased. Due to ZnO nano-
particles were adsorbed in the gap between Gr and EP, which
reducing the chance of oxygen entering the coating interior and
also increasing the corrosion path.

In addition, the EIS technique is another electrochemical
way to evaluate the anticorrosion nature of organic coatings. In
this work, the impedance spectra of Gr,~ZnO, coatings were
measured in 3.5 wt% NacCl solution at room temperature. The
Nyquist plots of Gry-ZnOy, Gry 04—2Zn0y, Gy 0,~ZN0g 4, G 04—
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Fig. 2 FTIR spectra of Gr/ZnO (a), Gro—ZnOgq (b), and Grg 04—ZnOg 4 (c) coatings.
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Fig. 3 After 1 week of immersion, (a), (b) and (c) are the Tafel image, Nyquist plots and Bode modulus plots of different EP coatings, respectively.

Zn0Oy 4 and Gry ¢s-Zn0, 4 coatings as shown in Fig. 3b, which
clearly indicated that the Gry4-Zn0O,4 coatings shows the
largest impedance arc among these coatings. For comparison,
the Nyquist plots of Grg 04—2n0Oy, Gr¢04-Zn0g 1, GIg 04—ZN0y 4
and Gry0,—2Zn0; coatings by the different ZnO contents as
shown in Fig. S371 clearly indicated that the sample Grg o4~
ZnO, 4 shows the largest impedance among these coatings. And
Tables S3 and S47 also implied that Grg ¢,-ZnO, 4 has greater
electrochemical impedance (200 530 Q c¢m?) than Gry-ZnO,
(6186 Q cm?), Grg 0,-Zn0g4 (42 096 Q cm?) and Grg 4e-Zn0y 4
(56 695 Q cm?) coatings. Thus, the anticorrosion property of
waterborne epoxy resin coating was enhanced by the appro-
priate addition of Gr. When the 0.04 wt% of Gr and 0.4 wt% of
ZnO were used as the nano-filler in pristine EP coating, a few
micropores could be occupied and the diffusion pathway of
corrosive media could be hold back, so the anticorrosion
property of waterborne epoxy-based coating was enhanced. The
EIS data (Tables S3 and S4t) was analyzed and obtained by
ZSimpWin software. As the figure, Gry-ZnOy, Grg 04—ZnOy,
Gr.02-Zn0y 4, GI.04—ZN0y 4 and Grg 06~Zn0Oy 4 all have only one
time constant, which indicates that the coating corrosion is still
in the stage of electron transfer. And the equivalent circuit in
Fig. S51 can fit the EIS data with only one time constant, where
R represents the solution resistance, R, represents coating

a -2
-4 4
T -6
G
x
<
5 ] .
5)
= v
104 > > Gr,2no,
& Gr -ZnO
T T T T T L
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
E (V)

Fig. 4

resistance, C represents coating capacitance. In addition, Y, and
n are admittance and empirical constants, respectively. The
value of n is 0 = n = 1, which is related to the roughness and
homogeneity of the coating. When the value of n closes to 1, the
constant phase element tends to be pure electricity. On the
contrary, the coating approximates pure resistance as the value
of n approaches 0. Combined with Table S31 and Fig. 3b, the
Nyquist curve of Gr,-ZnO, shows the characteristic of cross
current impedance from charge transfer to diffusion process,
because the coating structure is not dense enough and the
corrosive medium penetrates the coating and contacts the
substrate. For comparison, it can be seen that the R, and C value
of Gry04-Zn0y 4 is the largest, indicating that the optimized
coating is the most dense and can more effectively prevent the
corrosive medium from infiltrating into the metal matrix.

The Bode modulus plots of different content of Gr-ZnOg 4
coatings are also displayed in Fig. 3c. The value of Bode
modulus (f= 0.01 Hz) is an another important electrochemical
parameter to evaluate the anticorrosion property of coatings,
and the higher Bode modulus exhibites the better anticorrosion
performance.” The low frequency impedance (Log |Z|) of the
pristine EP coating was not exceed 10* Q cm?, but the coating
containing Gr/ZnO for Log |Z| were all more than 10* Q cm®. In
particular, the Log |Z| of Grg04,~Zn0O, 4 Was greater than 10° Q

—m— Gry04-ZN0,
5000 4 :
adda, o Gry,-Zn0p 4
A
e a A Grog-Zn0Oyy
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(a) After 1 week of immersion, the Tafel image of Grg.g4—2ZNnOg, Gro.04—ZN0Og 1, Gro 04—ZNOg 4 and Grg 04—2ZNn0O;. (b) After one month of

immersion, the electrochemical impedance of Grg g4—2ZnOg, Gro.02—2ZNn0Og 4, Gro.04—2ZN0Og 4 and Grg g6—ZN0Og 4.
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Fig. 5 Schematic diagram on the enhanced anticorrosive mechanism. (a), (b), (c) are Gro—ZnOq coatings, Grg.94—ZnOq coatings and Grg g4—

ZnQOg 4 coatings, respectively.

cm?®, which reached the highest in all samples and exhibited
better anticorrosion performance. Fig. S4f also showed the
Bode modulus plots of Grg ¢4—ZnOy, Grg 94~Zn0g 1, Gro.04~ZN0y 4
and Gry o,~Zn0O; by the different contents of ZnO. And the
Log |Z| of Grys—ZnOy, also the largest than Gry4—ZnOy,
Gry94—Zn0y; and Grg ¢,—Zn0,, which had the best anticorro-
sion property among these samples, in accordance with the
analysis of Nyquist plots and Bode modulus plots. In addition,
the corrosion resistance for one month of immersion was pre-
sented in Fig. 4b. The electrochemical impedance of Grg g4~
Zn0, 4 was about 200 530 Q cm” at the beginning and gradually
decreased to 21 068 Q cm? after 30 days of immersion duration,
which was also far better than Gr, 4~Zn0O, (1430 Q cm?), Grg oo~
Zn0yg 4 (2202 Q ecm?) and Gry 06-Zn0g 4 (4190 Q cm?) coatings.
Moreover, it seems that 0.04 wt% of Gr and 0.4 wt% of ZnO
content was enough to form the barrier network in the
composite WEP coatings. The barrier network formation can be
regarded as a percolation phenomenon and the critical filler
content is the percolation threshold. The corrosion resistance of
WEP coatings becomes worse once the filler content exceeds the
percolation threshold. In addition, the typical Nyquist and Bode
diagram were added as the Fig. S6 and S71 by ZSimpWin soft-
ware, which demonstrating a negligible error between the
experimental data and the fitting data.

To assess the corrosion resistance of substrates with
different coatings in a simulated seawater environment, the
bare Q235, Gry—ZnOy, Gry gs—ZNOy, Gy 92—ZnO0yg 4, Gy 04—Zn0y 4
and Grg o6—Zn0, 4, were immersed in 3.5 wt% NacCl for acceler-
ated corrosion test at room temperature (Fig. S81). At the initial
stage of 1 day immersion, the surface of the bare Q235 had more
obviously passivated layer, and it can also be seen that Gr,-
Zn0y, Gryos—Zn0y, Gryg-Zn0g4, Gry0s~ZnOy, and Gryge—
ZnOy 4 all had corrosion resistance to substrate. However, after
soaking for 1 week, Gr,-ZnO, coating had been completely
peeled off. And blisters, cracks and rust appeared on the edges
of Gry 04—Zn0,, rust stains gradually spread to the center with
the increase of soaking time. Even after 2 weeks, the lower half
of Gry-ZnO, coating was removed from the substrate, which
mean that the substrate lose its protective layer and thus
produced yellow porous Fe,O3; products. Compared with bare
Q235 steel and Gry-ZnOy, Gry 04—Zn0, 4 sample were still stable
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without obvious rust spots and peeling after soaking for 1
month. In addition, Fig. S9f also provides the interfacial
bonding strength of different GEP coatings, and Grg 4~ZnOy 4
presents a largest interfacial bonding strength of 7.77 Mpa,
which is far better than Gry-ZnO, (2.89 Mpa). These phenom-
enon is consistent with the results of electrochemical tests,
which is attributed to the good dispersion of Gr/ZnO composite
in the coating and the physical barrier effect. In addition, these
nano-scale particles can be inserted in the micropores of
coating, then more corrosive media are blocked on the surface.
As listed in Table S5,1 although different graphene derivatives
were added with different filler content, our materials (Grg g4
ZnO, ,) offered the highest anticorrosion properties with the
longest immersion duration and the smallest filler
content.?>3'3*

3.3 Enhanced anticorrosive mechanism of Grg s~ZnOg 4
coatings

Based on the results obtained in this work, the enhanced anti-
corrosive mechanism of the synergistic effect for graphene and
ZnO in EP coatings is illustrated in Fig. 5. Since large numbers
of micropores and microcracks could be formed inside the EP
coating during its curing process, the corrosive media like H,O,
0,, H' or ClI™ could easily permeate through these micropores
and microcracks into the interface between EP coating and
metallic surface, where the electrochemical corrosion reactions
could easily happen on the metallic surface. The electro-
chemical corrosion reactions can be described as follow:** (1)
oxidation reaction: 2Fe — 2Fe*" + 4e~; (2) reduction reaction:
2H,0 + O, + 4e~ — 40H"; (3) Fe*" + 20H~ — Fe(OH),. If one of
(1) or (2) reactions was inhibited, the overall redox would be
suppressed. In addition, it is well known that O, and H,O are
requisite for the corrosion reactions, and if O, and H,0 were
impeded to the interface of EP coating and metal, the corrosion
reactions would be prevent and the metallic surface was pro-
tected. As shown in Fig. 5b, when the right amount of graphene
was added into the EP coating, the micropores and microcracks
could be occupied and the permeation of corrosive media would
be hindered. Compared with the primary EP coating, the elec-
trochemical reactions of corrosion were more slow, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00959e

Open Access Article. Published on 22 March 2022. Downloaded on 3/8/2026 12:39:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

corrosion path would become longer. Accordingly, graphene
cannot be completely dispersed in the EP coating, and a few
micropores or microcracks would exposed to form a corrosive
path. However, when ZnO nanoparticles and graphene were
added into WEP coatings (Fig. S107), the value of contact angle
increased from 43.5 & 3° recorded for the unfilled WEP to 77.6
=+ 2° (Grg.04~ZnO, sample) to 87.1 £ 2° (Gry ¢4—Zn0y 4 sample).
This rise seems to be linked to the quantity of nanofifiller (Gr/
ZnO) contained in the resin; in fact, the contact angle
increased as more filler was added, which conferring to the
surface a slightly higher hydrophobicity and improving the
anticorrosive performance. In addition, due to the exfoliated
graphene had more good electrical conductivity, the electrons
generated by the oxidation reaction could be quickly migrated
from the corrosive sites and thus the corrosion reactions would
be decelerated. Consequently, the addition of graphene and
ZnO nanoparticles could enhance the anticorrosive perfor-
mance of waterborne EP coating, which might be attributed to
three factors: (i) high surface area and superior dispersion of
graphene in the EP coating, (ii) good electrical conductivity of
small flakes graphene, and (iii) the better physical barrier effect
of graphene and ZnO. In this work, few-layer ZnO/graphene
with high surface area was synthesized and collectively
employed as the nanofiller in EP coating. Thus, the micropores
and microcracks in the EP coating could be fully occupied by
these nanofiller, effectively blocking the intrusion of corrosive
media.

4. Conclusions

The synergistically assembled of graphene and ZnO were filled
in the WEP coatings to improve the corrosion protection
properties of WEP. The previous exfoliated graphene sheets can
be stably dispersed in both water and WEP emulsions, which
caused the demulsification of WEP. After doping ZnO nano-
particles, which did not only enhance the dispersion of layer,
but also play a better physical barrier effect for anticorrosive
process. With low graphene content of 0.02-0.06 wt%, the gra-
phene sheets presented a single-layer dispersion state. Both
well-dispersion and synergistically assembled Gr/ZnO sheets
can improve the corrosion protection properties, the most
remarkable improvement was achieved because the large
number of Gr/ZnO sheets blocked the penetration of electro-
lytes. Comparing with Gry-ZnO, (6186 Q cm?) and Grg 04~Zn0Oy
(19 560 Q cm?), the anticorrosive properties of Grg os~ZnOq 4
coatings were both obviously improved, which exhibited the
highest impedance of 200 530 Q ¢cm® and the lowest corrosion
current of 4.15 x 10~% A em™? for 7 days immersion in 3.5 wt%
NacCl solution. Through the mechanism analysis, we also found
that ZnO can be employed as the barrier reinforcement to
improve the dispersibility of graphene in WEP coatings, which
leading to a remarkable improvement of anticorrosion property.
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