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Abstract:

Multifunctional coatings with simultaneous antibacterial and anticorrosive properties
are essential for marine environments, oil & gas industry, medical settings, and
domestic/public appliances to preserve integrity and functionality of pipes, instruments,
and surfaces. In this work, we developed a simple and effective method to prepare graphene
oxide (GO) hybridized waterborne epoxy (GOWE) coating to simultaneously improve
anticorrosive and antibacterial properties. The effects of different GO filler ratios (0.05,
0.1, 0.5, 1 wt.%) on the electrochemical and antibacterial behaviors of the waterborne
epoxy coating were investigated over short- and long-term periods. The electrochemical
behavior was analyzed with salt solution for 64 days. The antibacterial effect of GOWE
coating was evaluated with Shewanella oneidensis (MR-1), which is a microorganism that
can be involved in corrosion. Our results revealed that concentrations as low as 0.5 wt.%
of the GO was effective for superior anticorrosive and antibacterial performance than the

waterborne epoxy coating without Graphene oxide. This result is due to the high
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hydrophilicity of the Graphene oxide fillers, which allowed great dispersion in the
waterborne epoxy coating matrix. Furthermore, this study used a corrosion relevant
bacterium as a model organism, i.e., Shewanella oneidensis (MR-1), which is more relevant
for real word applications. This as-prepared GO-hybridized waterborne polymeric hybrid
film provides new insight into the application of 2D nanomaterial polymer composites for

simultaneous anticorrosive and antibacterial applications.
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Epoxy Coating.

1. Introduction

Metals or alloys are widely used materials in industry and in our daily life, however
they are prone to electrochemical corrosion and biofilm-formation, which can impact their
performance'~. The global economic loss of biofilm and corrosion is enormous, which
is estimated to be 2.5 trillion (3.4% of the global GDP) 3. Additionally, there is urgent
health concerns involving increased chances of infection caused by various bacterial
biofilms, especially in medical facilities®. To prevent such issues, special surface
modifications involving antibacterial and anticorrosion properties are required for long
term applications of these metallic materials in industrial facilities (e.g. oil & gas
equipment’ and marine industry® ), biomedical implants (e.g. bone/tissue implants %), and
domestic appliances'!. Hence, both anticorrosive and antibacterial coatings must be

developed for these metallic surfaces.
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Epoxy is an efficient coating material and is commonly used to enhance the interfacial
surface property due to its strong adhesion, excellent corrosion resistance, low curing
shrinkage, good reservoir for additive corrosion inhibitors, and outstanding chemical
properties '*'*. However, the main drawback of epoxy coatings is their tendency to suffer
from surface abrasion resulting in localized defects and corrosion, and the potential
polymer degradation under UV radiation '°. Therefore, recent studies have been conducted
to incorporate inorganic fillers in the epoxy matrix to stimulate a synergic effect and
overcome these challenges. For instance, inorganic particles, like montmorillonite, was
shown to provide good barrier effect and enhance the bonding strength at the surface
interface. However, there are still some issues with the incorporation of these inorganic

fillers, such as complex manufacturing, high dosage, or easy cracking '®!7.

More recently, nano-sized fillers (like SiO», TiO2, ZnO) have been studied to alleviate
microscopic defects and enhance the crosslinking density of the coating due to their high

specific surface area '8. Among the nanofillers, graphene oxide (GO), as a relatively new
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class of materials for corrosion control'”, has been considered as an ideal candidate for real

potential large scale applications due to its outstanding properties, including mechanical,
electrical, low cost, aqueous/thermal stability, barrier effect, high specific surface area
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(~2630 m*/g), and inherent antibacterial property . Researchers have shown great
g

interest in Graphene oxide or Graphene oxide derivative composites for anticorrosive

protection 2>%,

Furthermore, researchers have also found that Graphene oxide composite polymeric

coatings are promising antibacterial materials due to its ability to induce oxidative stress



by reactive oxygen species (ROS) *. For instance, Liu et al.>* have reported that a solvent-
borne epoxy with GO exhibited high antibacterial capability against E.coli. Graphene oxide
has also shown to improve the antibacterial property of other polymers (e.g., poly DMA,
poly (DMA-co-MEA)) in our previous studies >>%¢. Additionally, graphene/GO and their

derivatives have even exhibited a potential effect against COVID-19 7.

Recently, modification of waterborne polymeric coatings with Graphene oxide and its
derivatives was exploited for specific functions and barrier performance enhancement,
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including antibacterial and anticorrosive properties”*”. This interest arise from the

increasing pressure for low carbon emission requirements, where waterborne polymers
have been considered as a promising coating material with negligible VOC emission 3!,
More recently, Graphene oxide or their derivatives have been incorporated into waterborne
polymeric matrix coatings, such as waterborne epoxy (WEP) and waterborne polyurethane
(WPU) for simultaneous anticorrosive and antibacterial properties*2. However, most of the
studies used Escherichia coli (E. coli) as their model organism, which is not involved in
corrosive activity. Herein, in our study, to simulate the actual steel corrosion environment,
a Fe (IIT) reduction bacterium (IRB) model, Shewanella oneidensis MR-1, which can

contribute to steel corrosion®’, was applied to systematically investigate the antibacterial

function for potential real applications.

Specifically, the objectives of this study are to systematically investigate the doping
concentration of Graphene oxide on the corrosion resistance of GOWE coating through a
long-term electrochemical testing and to determine the antibacterial property of GOWE

towards Shewanella oneidensis biofilm formation for both short-term and extended periods



using confocal laser scanning microscopy (CLSM) analysis. The materials produced were
fully characterized to determine the dispersion of the Graphene oxide nanofiller in the WEP
matrix as well as the successful formation of GOWE films through optic spectra, Raman,
and field emission scanning electron microscopy (FESEM) analysis. Our research presents
an effective strategy to produce a GOWE coating with simultaneous anticorrosive property
and antibacterial function, with the potential for further applications in industrial, medical,

and domestic fields.

2. Experimental

2.1. Materials

Waterborne epoxy resin (BECKOPOX EP 385W) and polyamine curing agent
(BECKOPOX EH 613W) were obtained from Allnex Company (Langley, SC, USA).
Luria-Bertani (LB) broth medium were purchased from Fisher-Scientific (Massachusetts,
USA). Graphite (< 20 um), sulfuric acid (H2SOs4, 98 wt. %), sodium nitrate, potassium
permanganate, and hydrogen peroxide (30 wt.%) were purchased from Sigma Aldrich
(Austin, TX, USA). Propidium iodide (PI) and SYTO9 dyes were obtained from Invitrogen
Corporation (CA, USA). All reagents and solvents were used without further purification.

All the chemicals were ACS grade.
2.2. Preparation of Graphene oxide nanoplates

Graphene oxide nanofiller was synthesized from natural graphite flakes using the
modified Hummer’s method, which was reported in our previous study **. Briefly, 2.5 g of
graphite, 25 mL of concentrated H>SO4, and 2.0 g of KMnO4 were mixed in an ice bath

and followed by stirring at 35 °C for 10 h. Then the mixture was further heated at 90 + 1
5



°C for 1.5 h with drop wise dosing of H2Oz solution. Finally, the Graphene oxide suspension
was centrifuged at 8000 rpm and washed 4-5 times with distilled water. The washed

samples were further freeze-dried to achieve the final product.

2.3. Graphene oxide-water epoxy composite (GOWE) coating fabrication

Concentrations (wt.%) of 0.05, 0.1, 0.5, and 1 Graphene oxide were first dispersed in the
waterborne epoxy resin by ultrasonic treatment for 1 h in an ice bath. Subsequently, a
stoichiometric amount of polyamine curing agent was added to the dispersion. The above
mixture was magnetically stirred for 20 min, followed by sonication for 15 min to remove
air bubbles. Then the coating mixture was applied onto a steel substrate (QD36, Q-Lab
Corporation, Ohio, US) to prepare GOWE coatings. The prepared coatings were left at
room temperature for 24 h, followed by thermally curing at 120 °C for 1 h. The film
preparation procedure is shown in Figure 1. The dry film thickness of the control (without
adding Graphene oxide) and GOWE coatings were around 60 um measured by a thickness
gauge (byko-test 8500, BYK). The formulation of the waterborne epoxy coating with

Graphene oxide nanofillers is shown in Table 1.



Table 1. Formulation of graphene oxide hybridized waterborne epoxy coating.

GO Waterborne epoxy resin Curing agent Dry thickness
(mg)  (Solid content: 56 wt.%) (Solid content: 80 wt.%) (pm)
(2 (2

GOWE-0 0 5 0.79 60+3
GOWE-0.05 1.72 5 0.79 63+2
GOWE-0.1 3.43 5 0.79 62+4
GOWE-0.5 17.16 5 0.79 64+5
GOWE-1 34.32 5 0.79 61+3
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Evaporation

i
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Figure 1. Schematic illustration of the GOWE coating preparation.

2.4. Corrosive resistance measurement

Product

The corrosion resistance of coated samples was measured through electrochemical

impedance spectroscopy (EIS) measurements by using the Reference 600+ Potentiostat

(Gamry Instrument). The testing coatings were immersed in 3.5 wt.% NaCl solution with

an exposure area of 7.07 cm?. The steel panel, saturated calomel electrode (SCE), and

platinum mesh with 6.25 cm? surface area were used as working, reference, and counter



electrodes, respectively. All EIS tests were run in a Faraday cage at room temperature using
10 mV AC perturbation with a frequency range of 10°~10" Hz.

For the biofilm testing, the coating samples were cut into 2x2 cm small coupons. The
backside and the edges of the coating coupons were applied with epoxy coating to avoid
water penetration. The coating coupons after the biofilm testing were immersed in 3.5 wt.%
NaCl solution for corrosion resistance assay.

2.5. Antibacterial performance testing

Antibacterial experiments were performed using a model metal reduction bacterium (S.
oneidensis MR-1, Gram negative). S. oneidensis MR-1 was cultured overnight in a freshly
prepared Luria-Bertani broth medium (LB, 1.0 wt.% tryptone, 0.5 wt.% yeast extract, 1.0
wt. % NaCl, 1.5 wt.% agar powder) with constant shaking (150 rpm, 30 °C) by using a
shaker (Thermo Fisher, U.S.A.). The pH of the medium was adjusted to 7.0. The initial
concentration of bacteria in the LB media was in the range of ~ 3.0x10” CFU/mL (ODsoo
= 0.60). The details of the microbial biofilm growth were described in our previous study
335 Briefly, bacterial growth was batch cultivated in a sterile 6-well plate (BioLite, U.S.)
at 28 °C in LB medium. Before transferring to the plates, each coated steel plate was
sterilized with UV light for 15 min in the biosafety hood. After that, 100 pul of the S.
oneidensis culture was dosed to 10 mL of LB growth media. Then 100 ul of the above
diluted culture mixture plus 6 mL of LB medium were transferred to six sterilized steel
plates. The plates were further incubated at 30 °C for short term (72 h) and long term (10
days) under static conditions. For the long-term test, the S. oneidensis culture medium was
replaced with 2 mL fresh media each day. After the testing, the specimens were gently

rinsed three times with Phosphate Buffered Saline (PBS) to remove nonadherent bacteria
8



for further characterization 3. All the testing were performed in triplicate and repeated at

least three times for analysis.
2.6. Characterization and analysis

All coupons coated with the GOWE for corrosion and biofilm growth were
characterized using Fourier transformed infrared spectroscopy, Raman spectroscopy,
Scanning Electron microscopy (SEM) and confocal microscopy. The spectra were obtained
with the Nicolet iS10 FT-IR Spectrometer (resolution: 4 cm’'; scan number: 32) equipped
with Nicolet smart attenuated total reflectance. The range of scanning wavenumber was
from 4000 to 400 cm™'. The Raman measurements were conducted to analyze the elemental
composition using a Czerny-Turner Raman microspectroscopy (IHR320, HORIBA
Scientific). The analysis was done with an excitation wavelength of 532 nm. The field
emission SEM (Tescan Lyra3) was used for capturing the structural morphology of the
coated samples.

A confocal laser scanning microscope (CLSM, Leica Lasertechnik, Heidelberg,
Germany) was used to investigate the distribution of living and dead cells on the coating
interface. For the confocal imaging, the coating samples were removed from the liquid
culture under a biosafety hood. The biofilms were stained with a live/dead backlight
bacterial viability kit (Invitrogen) '2. This kit contains two nucleic acid dyes: SYTO 9 and
propidium iodide (PI) ?°. The detailed procedure of the biofilm formation quantification is
described in our previous study . All analyses were done in triplicate.

3.  Results and discussion

3.1. Anticorrosive property of GOWE coating
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Before electrochemical impedance measurements, the open circuit potential (OCP) was
measured to achieve a steady potential. In this study, the OCP value of Graphene oxide
hybrid coating (GOWE-0.1) was higher than the pure epoxy coating sample (data not
shown), which indicated the barrier role of Graphene oxide nanofiller in the epoxy matrix.

EIS measurements were performed to semi-quantitatively evaluate the overall
anticorrosive properties of the developed GO-hybridized composite coatings with different
nano doping ratio at various immersion periods (0 day to 64 days in 3.5 wt.% NaCl
solution). The Bode plots of log |Z| vs log f for the prepared coatings are shown in Figure
2. The initial measurements showed that the impedance modulus at 0.01 Hz of all the
coatings was larger than 10'© Ohm-cm?, which indicated an excellent corrosion
protection®®. All the GOWE coatings maintained a much higher initial impedance modulus
at 0.01Hz (~10"' Ohm-cm?) (Figure 2b) than the pure epoxy coating (~10'° Ohm-cm?),
which revealed that generally the graphene oxide nanofiller could significantly improve
the inherent corrosion resistance of waterborne epoxy coatings. On the other hand, during
the long-term immersion time in the saline solution, due to the diffusion of water and
corrosion ions into the coating substrates®’, both GOWE and pure epoxy coatings showed
a decreasing trend of impedance modulus at 0.01 Hz. This phenomenon was more evident
for the pure waterborne epoxy coatings, since the impedance modulus of GOWE-0 at low
frequency region reduced sharply with longer immersion time. The result shows a steep
degradation of impedance modulus, which dropped about six orders of magnitude
(1.90x10' Ohm-cm? to 6.5%10* Ohm-cm?) in 29 days of immersion, then remained stable

for 64 days (Figure 2a).
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In contrast, for GOWE-0.05 and GOWE-0.1 coatings, the impedance modulus at
0.01Hz showed a much slower degradation trend as compared to the other coatings and
maintained a value of up to 9.0 x 10° Ohm-cm? and 9.7 x10° Ohm-cm? after 64 days of
immersion, which corresponded to two and one orders of magnitude decline for GOWE-
0.05 and GOWE-0.1, respectively. The results suggested that the Graphene oxide nanofiller
could effectively prevent corrosion. However, interestingly, with the increasing of GO
doping ratio, GOWE-0.5 and GOWE-1 coatings exhibited a higher initial low-frequency
impedance modulus but they dropped three and four orders of magnitude, respectively,
after 64 days of immersion. This drop could be the result of the aggregation of 2D Graphene
oxide nanosheets in the coating, and thus some local “defects” were generated during the
coating curing process, which deteriorated the barrier capability of the coatings®®. This
phenomenon was further confirmed via SEM imaging (Figure 2b). As a result, the
concentrations of 0.1 wt.% Graphene oxide presented the best corrosion resistance than the
other Graphene oxide concentrations. These results illustrated that well-dispersed

Graphene oxide can effectively enhance the barrier properties of anti-corrosion coatings.
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Figure 2. (a) Bode plots of neat waterborne epoxy coating GOWE-0 (without Graphene oxide) in
the immersion of 3.5 wt.% NaCl solution; and (b) Bode plots of GOWE coatings (GOWE-0.05,
GOWE-0.1, GOWE-0.5, GOWE-1) in the immersion of 3.5 wt.% NaCl solution. The formulation
of GOWE coatings is listed in Table 1.

Furthermore, from the SEM characterization of the coatings, the GOWE-0.1 coating
film exhibited the best Graphene oxide dispersion within the epoxy matrix, presenting a
more homogeneous and smooth coating surface without significant defects or clusters

(Figure 3b). The GOWE-0.5 (0.5 wt.% GO) (Figure 3c¢), on the other hand, showed obvious

12



defects on the coated surface, which came from the heterogenous dispersion of Graphene

oxide in the epoxy matrix when the graphene oxide content was high.

Figure 3. SEM images of the coatings a) WEP (control, without Graphene oxide), b) GOWE-0.1
(0.1 wt.% Graphene oxide) and ¢) GOWE-0.5 (0.5 wt.% Graphene oxide).

3.2. Antibacterial property of GOWE coatings

3.2.1. Effects of Graphene oxide concentration on biofilm formation

13



The growth of S. oneidensis on the coated surface was monitored to determine the
antibacterial performance of the GOWE coatings. S.oneidensis growth mainly includes the
process of initial attachment, cells rapid division on the surface, and isolated microcolonies
formation. Eventually biofilms will develop into an extensive three-dimensional structure
with strong interactions with the surface due to electrostatic, Van der Waals, and

hydrophobic forces 3.

The analysis of the biofilm formed on the GOWE coatings was done via the live-dead
staining and observation through confocal microscopy. In this work, the waterborne epoxy
films (control) and GOWE films with different Graphene oxide concentrations (0.05 wt.%,
0.1 wt.%, 0.5 wt.%, 1 wt.%) were exposed to the culture of S. oneidensis MR-1 in LB
growth medium (containing 1 wt.% NaCl) overnight to simulate a real environmental
condition. As illustrated in Figure 4, the CLSM images for the surfaces of the control
coating (without GO) and the bare steel coupon were almost completely green and had a
thick biofilm after 72 h exposure, which demonstrated that a healthy biofilm was formed
on these surfaces. In contrast, an overwhelming fraction of dead cells were observed on the
surfaces of GOWE coating films, which demonstrated that Graphene oxide had a high
ability to inhibit bacterial growth (see supporting information). When Graphene oxide
content increased from 0.05 wt.% (Figure 4c) to 0.5 wt.% (Figure 4e), less biofilm was
observed on the coated surfaces. However, as the GO concentration increased to 1 wt.%
(Figure 4f), the antibacterial capacity reduced as seen from the increasing numbers of live
cells (green) on the coated surface. The less uniform biofilm growth 1 wt.% Graphene
oxide loading could be due to Graphene oxide aggregation and subsequent random

distribution in the coating. Considering the results of the salt corrosion above and the
14



antimicrobial experiments, the 0.1 wt.% Graphene oxide concentration was considered the

optimal dosage for the coating for simultaneous antibacterial and anticorrosion properties.

Gy s

Yumo

Figure 4. CLSM images of biofilms growth for 72 h on different coating surfaces. a) bare steel; b)
WEP coating (control); c) GOWE-0.05 (0.05 wt.% GO); d) GOWE-0.1 (0.1 wt.% GO); e) GOWE-
0.5 (0.5 wt.% GO); ) GOWE-1(1 wt.% GO). The green color corresponds to living bacterial cells
growing on the surface. Experiments were run at 25 °C under static batch condition. The units are

in micron.
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3.2.2. Long-term antibacterial performance

In this investigation, the above optimized GOWE-0.1 coating was selected for the long-
term exposure investigation of S. oneidensis MR-1 in LB growth medium to evaluate the
coating antibacterial performance. As shown in Figure 5a, most of the S. oneidensis cells
were alive (green) with almost no dead (red) cells visible on the surface of the pure epoxy
coating (control) after 24 h exposure. In contrast, a relatively higher fraction of dead cells
was observed on the surface of GOWE-0.1 specimen (Figure 5d). As the exposure
continued to 96 h, the living cells with green fluorescence still dominated on the surface of
the pure epoxy coating (Figure 5b), while dead (red) cells accounted for a large proportion
on the surface of GOWE-0.1 coatings (Figure 5e). Furthermore, it noteworthy that healthy
biofilms were formed on the surface of the pure epoxy coating. In comparison, biofilms on
the surface of GOWE-0.1 coating were built up by loosely attached cells, which could be
easily peeled off from the surface due to large number of dead cells and, therefore, less
production of EPS (extracellular polymeric substance) secretion that can make the biofilm
sticky #!. This result showed the beneficial addition of Graphene oxide to the epoxy to
alleviate biofilm growth. As the exposure time continued to 10 days, almost all living
(green) cells were still on the surface of the control coating (Figure 5c). Whereas almost
all cells were dead (red) on the surface of the GOWE-0.1 coating (Figure 5f), which clearly

demonstrated the sustainable ability of this coating to prevent biofilm formation.

After the antibacterial performance test, the coating samples were cleaned by
sonication and DI water to be further analyzed to investigate the surface morphology

through SEM. From the SEM images in Figure 6, there were no significant surface damages

16



and accumulated corrosion products on the surface of the GOWE-0.1 coating during the
10 days testing, while rough surface and unremoved accumulated products were easily

observed on the surface of the pure epoxy coating.

Figure 5. CLSM images of biofilms grown for (a) 24 h, (b) 96 h, and (c) 10 days for the WEP

coating (control) and (d) 24 h, (e) 96 h, and (f) 10 days for GOWE-0.1 coating. The coating was

17



stained with SYTO9 and PI prior to microscopic observation. The red color corresponds to dead

bacterial cells and the green color corresponds to living bacterial cells. The scale is in microns.

Figure 6. Surface morphology of WEP coating (control) and GOWE-0.1 coating (0.1 wt.% GO)
after the exposure in S. oneidensis culture for a) 24 h, control b) 96 h, control and ¢) 10 days, control;
d) 24 h, GOWE- 0.1 coating; €) 96 h, GOWE-0.1 coating and f) 10 days, GOWE-0.1 coating.
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3.3. Effects of biofilm formation on anticorrosive performance of the GOWE

coating

In this study, Shewanella oneidensis MR-1, a facultative metallic-reducing bacterium
with metabolic versatility including aerobic respiration and dissimilatory Fe (III) reduction,
was employed as a Fe (III) reduction bacterium (IRB) model since it can be found under
steel corrosion conditions*”. The influence of Fe reduction bacteria on corrosion
performance remains controversial. Recent literature reviews have demonstrated that the
effects of Shewanella sp. biofilm on corrosion behavior of a material can be negative or
positive, highly dependent on the specific environmental factors, such as aerobic or anoxic
(anaerobic) conditions, the presence of different electron acceptors, associated metabolic

activities and metabolic versatility*

. For example, Faisal et al. discovered that
Shewanella oneidensis sp., could inhibit corrosion of X52 carbon steel through iron
respiration’. Contrarily, more recently, Li et al. reported Shewanella sp. could accelerate
uniform or pitting corrosions via bioanodic (biocathodic) EET (extracellular electron
transfer) ***’. Similarly, Miller et al. reported S. oneidensis MR-1 promoted corrosion
under nitrate reducing conditions. 3

Therefore, understanding how Shewanella sp. contributes to the material corrosion is
important since multiple environmental factors could synergistically promote or inhibit
corrosion. Another aspect to be considered is the fact that most approaches for the
protection of electrochemical corrosion and biofilm mediated corrosion has been
developed by using nano patterning and surface treatment, which can resist bacterial

attachment *°, thus efficiently impeding short-range electron transfers between bacteria and

substrates. However, from this angle, the actual effects of Shewanella oneidensis MR-1 on
19



the composite polymeric coating, such as epoxy coating are still rarely reported. Hence, in
this context, the real effects of the Shewanella oneidensis MR-1 on corrosion was also
investigated in this experiment.

Specifically, to study the influence of biofilm formation on the anticorrosive
performance of the GOWE coatings, the GOWE-0.1 coating samples with and without
biofilm were evaluated by EIS measurement for 14 days. Figure 7 shows the impedance
modulus at 0.01 Hz as a function of the immersion time for the control and GOWE-01
coated samples. Results show that the coating without bacteria exhibited better corrosion
protection than the coating with the bacteria. This fact clearly demonstrated that the biofilm
formed on the coating surface would accelerate the corrosion. This results also supported
the previous study that S. oneidensis could accelerate the corrosion progress of Graphene
oxide composite films under relative anaerobic conditions *. Although our experiments
were not done in strictly anaerobic conditions, the fact that we did not mix constantly the
media with the cells to well-aerate the growth media, could have generated a
microaerophilic and anoxic condition on the surface of the coupons that were at the bottom
of the wells. This could have explained the corrosive effects with the S. oneidensis and the

additional presence of salt in the growth medium.
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Figure 7. Impedance modulus at 0.01 Hz as a function of the immersion time for GOWE-0.1

coatings with and without biofilm testing.

3.4. Characterization of the best GOWE coating
3.4.1 Two-dimensional (2D) Graphene oxide nanolayer characterization

The morphological image of the as prepared Graphene oxide with the modified
Hummers method is shown in Fig. 8a. A sheet-like two dimensional nanolayer structure
was observed. The sharp edges and small few layers can be seen clearly. Fig. 8b indicated
the XRD patterns of the raw material graphite and the synthesized Graphene oxide. A sharp
diffraction peak of pure graphite was present at 20 =26° (002 plane), which corresponds to
the graphite characteristic 002 plane (PDF No: 41-1487) and is consistent with previous

research °!. For the Graphene oxide, the broader peak at 20 =10.7° was observed, which

21



was assigned to (001) diffraction peak due to chemical oxidation action. This result was
very close to the reported value in the literature, and this suggested the successful synthesis
of Graphene oxide. Meanwhile, the disappearance of graphite (002) plane further proved

that the complete oxidation of Graphene oxide occurred after the chemical exfoliation *2.
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Figure 8 SEM image and XRD patterns of Graphene oxide.

3.4.2 Optimal GOWE coating characterization

The coatings prior to the analyses were characterized. Here, we report the
characterization results of the optimum Graphene oxide concentration in the waterborne
epoxy coating, which was determined to be 0.1 wt.% from the above-mentioned
anticorrosive and antibacterial study. Therefore, the GOWE-0.1 coating film was
characterized by Fourier transform infrared (FTIR) and Raman spectroscopy. The FTIR

spectra of WEP (waterborne epoxy), GO (Graphene oxide), and GOWE-0.1 (0.1 wt.% GO)
22
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coatings are shown in Figure 9. The typical characteristic peaks of GO (blue curve in Figure
9) were observed at 1735 cm™ (C = O stretching vibration of —- COOH groups), 3600 cm!
(O — H stretching vibrations), 1095 cm™ (C — O — C stretching vibration), 1260 cm™ (-
COH stretching), 1408 cm! (tertiary C — OH stretching vibration), 1018 and 1636 cm™ (C
= C stretching), and 2968 cm™ (- CH stretching), which are in good agreement with the
previously reported Graphene oxide spectrum 333, Further, the spectrum of waterborne
epoxy (red curve in Figure 9) showed the typical characteristic IR band at 944 cm’!
(epoxide ring vibrations). Other representative groups of the epoxy resin include 1037 cm”
11240 and 1110 cm™! (symmetrical aromatic and aliphatic C — O stretch), 1183, 1296, and
1377 cm™! (tertiary C — OH stretching vibration), 1458 cm™ (deformation of C — H of
CH»/CH3), 1503 and 1608 cm™ (C = C of aromatic rings /C — C skeletal stretching), and
2878, 2928 cm’! (stretching C — H of CH; and C — H aromatic and aliphatic), which confirm
the characteristic bands of key functional groups in the epoxy matrix *°. For GOWE-0.1
coating (green curve in Figure 9), similar absorption bands were observed compared to the
waterborne epoxy, especially in the region between 900 ~ 1600 cm™! due to the relatively
low content of Graphene oxide in the epoxy matrix. A distinct new band was found in the
GOWE-0.1 coating, which was not observed in the pure epoxy and assigned to the
characteristic absorption peaks of Graphene oxide at 1735 cm!, which clearly showed a C
= O bond for the carboxyl group due to the existence of Graphene oxide. However, it is
obvious that the intensity of the carboxyl groups (1735 cm ') became weaker and hydroxyl
groups (— OH, 3600 cm™) disappeared when combining Graphene oxide with the epoxy
matrix. This indicates that some reactions might have occurred between the carboxyl and

hydroxyl groups of the Graphene oxide with the curing agent during the curing process ®*-
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62, As a result, a three dimensional Graphene oxide network structure was formed in the

waterborne epoxy matrix .

The Raman spectrum of GOWE-0.1 (0.1 wt.% Graphene oxide) film is shown in
Figure 10. The peak of GO at 1590 cm™! displayed the G-band, which corresponds to E2g
phonon of sp2 carbon-carbon bond and isolated double bonds on Graphene oxide sheets .
D-band appeared at 1355 cm’!, which is characteristic of the graphene tangential
vibrational mode (the breathing modes of six-membered rings activated by defects) .
These Raman peaks for Graphene oxide agree well with those reported previously by others
66-68 The ratio of the intensity of the D and G bands (ID/IG) of GOWE - 0.1 coating was
approximately 0.89 by integrating the areas of D and G peaks. This was aligned with the
typical Graphene oxide value obtained through oxidization and exfoliation of graphite as

described in previous reports %7

, which demonstrated a good dispersion of the Graphene
oxide nanofillers in the waterborne epoxy matrix. Other Raman peaks located at 1012, 1156,

1709, 2639, and 2759 cm™ are assigned to the vibrations of the epoxy 7°.
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Figure 10. Raman spectra of the GOWE-0.1 coating.
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3.5. Corrosion protection mechanism of the prepared coating

The anticorrosive enhancement of Graphene oxide-hybridized coating can be
schematically illustrated in Figure 11. To understand the anticorrosive mechanism by
Graphene oxide nanofillers, the coating surface was cut 2 cm in length by a blade for both
WEP coating and GOWE-0.1 coating to simulate the accelerated local corrosion defects.
The coated samples were firstly immersed in salt solution (8 wt.% NaCl) for 120 h. The
images of the surfaces for waterborne epoxy coating with and without Graphene oxide after
immersion are shown in Figure 11. After 120h testing, WEP control (Figure 11a) clearly
showed serious local corrosion that demonstrated the corrosion agents (e.g. CI°, O> and
H>0) had penetrated through the interface of the epoxy/metal and hydrolytically destroyed
the coating, which caused the pit corrosion ’'. Furthermore, these pits near the crack regions
on the coating could connect to each other first followed by the occurrence of spalling

(Figure 11a).

On the other hand, there was no obvious corrosion defects on the surface of the
GOWE-0.1 coating. In fact, the optimal GO content (0.1 wt.%) was assumed to form a
homogeneous three-dimensional network structure, according to the above analysis
(section 3.3, 3.4), by which could prevent local corrosion and significantly retard the
propagation of the defects within the network structure. Additionally, the better coating
adhesion achieved by incorporating well-dispersed Graphene oxide nanoplates in the
epoxy allowed improved corrosive protection by the coating’?. Additionally, electrons
from iron oxidation in the micro-anode region can migrate through conductive

nanoparticles, such as graphene oxide, which can alleviate the oxidation-reduction reaction
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of corroded areas . As a result, the prepared composite coating exhibited better corrosion
protection as compared to the waterborne epoxy control (Figure 11), which was mainly
attributed to the built three-dimensional network structure with well dispersed Graphene

oxide.
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Figure 11. Surface morphology of WEP coating (control, without GO) and GOWE-0.1 (0.1 wt.%

GO) before and after the exposure in 8 wt.% NaCl solution. a) WEP coating 120 h; ¢) GOWE-0.1

coating, 120 h; b) Schematic diagrams of the anticorrosive mechanism of WEP coating and the
GOWE coating.

4. Conclusion
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In this study, an effective graphene oxide hybridized waterborne epoxy coating was
successfully developed as a coating material. The best concentration of Graphene oxide as
nanofiller was identified to be 0.1 wt% for simultaneous anticorrosive and antibacterial
protection of steel. The protection of steel was observed for more than 60 days for both
3.5% NaCl and against S. oniedensis MR-1. The protection against S. oniedensis MR-1
against corrosion was probably due to the biofilm inhibition observed in the coated material,
since non coated material and the materials lacking graphene oxide presented the
establishment of a biofilm and corrosion. Therefore, the newly developed graphene oxide
hybridized waterborne epoxy coating can be potentially employed for applications that

require simultaneous enhancement of anticorrosive and antibacterial functions.
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