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Abstract
Kevwords An anticorrosion layer is a significant component that prevents
¥ the corrosion process in materials. In this work, a nanofiber of
graphene; poly (methyl methacrylate) composited with few-layer-graphene

was prepared as an anticorrosion layer. An electrospinning
poly(methyl methacrylate); process was applied to prepare composite nanofiber on a metal
substrate at various concentrations of few-layer graphene. The
physical properties of the composite nanofiber were investigated
electrospinning with field-emission scanning electron microscope, Raman
spectroscopy, and contact angle measurement. The corrosion
behavior was tested in an aqueous solution of 3.5% by weight of
sodium chloride. It was found that a few-layer graphene
concentration of 2 wt% in polymethacrylate showed the
optimum anticorrosion on aluminum sheet, as observed on a
Tafel graph. Compared with the uncoated metal, the coated
aluminum sheet was protected against corrosion with a
protection efficiency of 99.33%. The prepared materials
prevented the infiltration of water and solution ions into the
metal plate.

corrosion;

1. Introduction

In many structures, such as buildings or pipes, metallic materials are widely used. Corrosion is an
important chemical process that generally occurs on metal surface, and is a major problem and
economical burden for the metallic industry [1]. Corrosion can result in weight loss, low ductility,
reduced mechanical strength, and reduced usage time [2]. Typically, the corrosion process of metal
is unavoidable; however, some procedures can be used to restrict the corrosion reaction. Thus, the
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protection of corrosion plays an essential role in metallurgy technology. The use of anticorrosion
techniques such as acid pickling, acid cleaning has been widely reported. Moreover, the use of corrosion
inhibitors and the optimization of their use has been addressed [3]. Typically, the Tafel plot is a
procedure based on a potentiodynamic polarization method that is widely used to rapidly and
reliably estimate corrosion parameters [4, 5]. From the Tafel plot, the corrosion current (Icorr) and
corrosion potential (Ecorr) can be obtained from extrapolating of a straight line of oxidation and
reduction process in the Tafel graph. Moreover, the characteristic parameters of corrosion inhibitors,
such as corrosion protection efficiency, can be determined by calculation with the Tafel plot [6, 7].

Carbon-based materials are widely researched and developed family of materials. Common
materials include fullerene, carbon nanotube, graphene, etc. Recently, graphene has received a lot
of attention in the research due to its many advantageous properties [8]. Usually, graphene is a
carbon-based family material which features sp? carbon atom bonding. Graphene exhibits a two-
dimensional sheet structure [9]. Its advantageous properties become evident in various applications
such as its use in solar cells, sensors, memory devices, and energy storage [10]. Moreover, graphene
had been applied as a nanofiller in polymer matrices due to its excellent properties such as
mechanical properties and large surface area [11].

In the recent past, composites of graphene and polymeric materials have become subjects
of interest in anticorrosion research. It was reported that the impermeable barrier properties of
graphene included impermeable barrier behavior, which could be used to prevent metal surfaces
from chemical reactions with acids or gases [12]. Chen et al. [13] reported protecting copper and
copper/nickel metal substrates using graphene thin films coated by a chemical vapor deposition
process. Yu et al. [14] reported on the performance of nanocomposite film of polystyrene/graphene
to protect steel electrodes with a protection efficiency of more than 99%. Bohm [15] reported on the
hydrophobic properties of graphene with a high surface area that plays a key role in corrosion
behavior.

Several processes have been reported for the preparation of composite materials such as
the dip casting, spin coating, and sol-gel techniques. One of the essential techniques is an
electrospinning process which delivers an electrostatically driven jet of precursor solution [16]. In
this technique, the nonwoven nanofibers (NFs) can be produced with various diameters. The
prepared nanofibers exhibited a high surface area to volume ratio that could be used in many
applications such as sensors, energy storage, and filtration [17-19]. Typically, the hierarchically
structured nanofibers that were prepared by the electrospinning process exhibited hydrophobic
properties [20], which were important in the functioning of the anticorrosion layer.

Poly (methyl methacrylate) (PMMA) is a thermoplastic polymer with excellent physical
properties such as good hardness, high tensile strength, and low electrical conductivity. Typically,
PMMA exhibits low chemical resistance, which can be improved by chemical or physical
modification [21]. Therefore, composites of graphene and PMMA seemed to be good candidates
for corrosion inhibitors with a simple preparation process displaying strong adhesion onto the
metallic_substrate. In this work, poly (methyl methacrylate) and few-layer-graphene (FLG)
composites were prepared by the electrostatic spinning process for use as anticorrosion layers. The
physical properties of composite nanofibers were investigated. The effects of FLG concentration in
the composite PMMA nanofibers on anticorrosion behavior were demonstrated with
electrochemical measurement, and the efficiency of corrosion protection was demonstrated.
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2. Materials and Methods
2.1 Materials preparation

PMMA (average M, ~120,000) and few-layer-graphene (FLG) powders were purchased from
Aldrich Chem. Co., and Haydale Technologies Co. To prepare the precursor solution, PMMA was
dissolved in acetone with a 100 mg/ml concentration. Then, FLG powders were mixed into the
solution at various concentrations of 0.2, 0.50, 1.0 and 2.0% by weight, respectively. A sonication
process was used to obtain a good dispersion solution. The substrate in this work was an aluminum
metal sheet. Before use, the substrate was cleaned with deionized water, acetone, methanol,
isopropanol in an ultrasonic bath for 15 min per cleaning agent. Next, an electrostatic spinning
process was applied to prepare the nanofibers of PMMA and FLG. Figure 1(a) depicts the schematic
setup of the electrostatic spinning system. The precursor flow rate preparation conditions, the
distance between nozzle and substrate, substrate temperature, high voltage, and a deposition time
were kept at 3.5 ml/h, 40 mm, 120°C, 7 kV, and 5 min, respectively. Figure 1(b) demonstrates the
prepared nanofibers composited on a metal substrate size of 20 mm x 20 mm. It can be observed
that the prepared sample exhibited smooth uniformity over the substrate. The active area of the
prepared sample of corrosion testing was 10x10 mm?. In addition, the large area of sample can be
prepared by the modified substrate stage.

(a) Polymer solution ‘ ( b)

High voltage Liquid jet
power supply

@ Substrate
— _\%@ %

Figure 1. (a) Schematic setup of an electrospinning deposition system to prepare PMMA
composited FLG nanofibers, (b) sample of prepared PMMA composited FLG nanofibers on
10 mm x 10 mm metal substrate

2.2 Materials characterization

The properties of the prepared nanofibers were characterized by field-emission scanning electron
microscope (FE-SEM, JSM-7001F), Raman spectroscopy (DXR smart Raman), and lab-made
contact angle measurement. A potentiostat (Autolab PGSTAT306, Metrohm) was used to evaluate
the electrochemistry of the prepared samples as the working electrode. Corrosion testing was
performed by immersing the working electrode in an aqueous solution of 3.5% by weight of NaClL.
The reference and counter electrodes were Ag/AgCl and platinum sheet electrodes, respectively.
Tafel measurements were undertaken to indicate the corrosion behavior of the prepared samples.
Moreover, an equivalent circuit model was performed with electrochemical impedance spectroscopy
to describe the anticorrosion mechanism.
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3. Results and Discussion

Morphology images of the prepared nanofibers are shown in Figure 2. The insets in each picture
exhibit the diameter distributions of nanofibers from 20 points of direct estimation. It was found that
the composite nanofibers of FLG and PMMA were successively fabricated on the metal substrates.
It can be seen that the diameters of nanofibers decreased when increasing the content of FLG. The
mean diameters of the nanofibers were 1.37, 0.81, 0.49, and 0.47 pum for pristine PMMA, 0.2, 0.5,
and 2% by weight of FLG, respectively. Generally, the physical properties of NFs prepared by the
electrospinning process depend on the properties of precursor solution such as viscosity [22].
Differences in composition of FLG in PMMA solutions result in different properties of the mixing
solution that was used as precursor solution. Moreover, the interlacing of nonwoven composited
NFs can enhance the waterproofing and hydrophobic properties [23], which are factors of
importance for corrosion inhibitor materials.

1pmm  ThEP — pm  ThER 3/2/2020
8.0kV SEI _ SEM WD 7.3 : x5, 10.0kV SEI _ SEM WD 7.3mm_ 9:14:18

Figure 2. Morphology images of (a) PMMA NFs, (b) 0.2 wt%, (c¢) 0.5%, and (d) 2 wt% of FLG-
PMMA NFs. The insets exhibited the diameter distribution of nanofibers.

The Raman spectroscopy is a typical instrument [24] which was used to assess the
electronic and vibrational characteristics of carbon-based materials. The Raman spectra in the
wavenumber range of 1100 to 2200 cm™! of the prepared nanofibers are shown in Figure 3. The
spectra of pristine PMMA nanofibers exhibited two peaks, at 1456 and 1736 cm’!, which can be
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Figure 3. Raman spectra of pristine FLG powder, PMMA nanofibers, and PMMA composited
FLG nanofibers (inset: the 2D band of FLG)

attributed to d, (C—H) of a-CHj3, d.(C—H) of O—CH3s, and v(C=0) of (C—COO) [25], respectively.
The spectra of pristine FLG powder exhibited the D-band and the G-band at the wavenumbers of
1342 and 1580 cm’!, respectively. It is well known that the G-band is a Raman active mode due to
the sp? bonding of carbon atoms in graphene structure, whereas the D-band is a defect band of
graphene structure [26]. The intensity ratio of D-band and G-band (Ip/Ig) was 1.43, which indicated
the reduced graphene oxide. The number of layers of FLG can be estimated with Raman spectra
[27] with the intensity of 2D; peaks of Raman spectra at 2700 cm™!, as shown in the inset of Figure
3. It was found that the intensity ratio of 2D/G peaks was about 0.12; this indicated more than three
stacking layers in the graphene flakes. In the case of composited NFs with a low concentration of
FLG (0.2 and 0.5 wt%), the spectra showed Raman characteristics of PMMA material,
predominantly. This may have been due to embedded FLG in PMMA host material. However, in
the case of a higher concentration (2 wt%), the Raman characteristic of FLG was observed as G-
and D- bands, while the spectral peaks of PMMA still occurred. These results confirmed that the
composite FLG and PMMA nanofibers had been fabricated.
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Typically, the wettability of the surface is an important parameter that can affect the
corrosion properties of a material. Normally, a corrosion inhibitor’s function depends on its
protective coating characteristics such as water absorption, water transport, and water accessibility
[28]. The surface contact angle of composited nanofibers was determined in our laboratory. One
drop of 1 microliter deionized water was fed by micropipette onto the composited nanofiber surface.
A digital microscope with 1000x magnification was used to record images, which are shown in
Figure 4. The contact angle was calculated from a direct estimation of measurement images. It can
be seen that the contact angle increased when increasing the concentration of FLG in composited
nanofibers with contact angles of 121.70, 125.53, 124.99, and 127.87 degrees for pristine PMMA
NFs, 0.2, 0.5, and 2wt% of FLG in PMMA NFs, respectively. Therefore, the hydrophobic behavior
was greater in the case of higher content of FLG material. Chang et al. [28] reported the
anticorrosion properties of the hydrophobic surface of epoxy/graphene composites. So, the
hydrophobic surfacing diminished the absorption of moisture and ions into the composited material,

which inhibited corrosion behavior.

Figure 4. Surface contact angle of (a) PMMA NFs, (b) 0.2 wt%, (c) 0.5 wt %, and (d) 2 wt% of
FLG-PMMA NFs

»

Electrochemical measurement was applied to evaluate the anticorrosion behavior of the
prepared samples. The Tafel plot is a common method used to estimate corrosion parameters. Figure
5 depicts the Tafel plot of samples in 3.5% saline aqueous solution with electrode current density in
logarithm scale. It can be seen that the coated samples demonstrate a more positive corrosion
potential than the bare Al metal. The shift of current density to a lower value can be indicated by
increasing anticorrosion behavior in the prepared samples. With the Tafel plot, the corrosion current
(Icorr) and corrosion potential (Ecorr) can be obtained by extrapolating straight line of oxidation and
reduction process in the Tafel graph. The inset in Figure 5 depicts the extrapolating of the Tafel plot
to obtain the Icorr and Ecorr. To indicate the performance of the prepared sample, the corrosion
protection efficiency (P.E. (%)) was calculated as follows [14] :

0 _gc
P.E. (%) =250 x 100 (1)

corr

Where %o is the corrosion current of the metal substrate, and I is the corrosion current
of the prepared sample.

The parameters of the anticorrosion measurement that were evaluated from the Tafel plot
are shown in Table 1. It was found that there was a positive increase of Ecorin the composited NFs
compared with the Al pure metal and PMMA NFs, respectively. Therefore, it was concluded that
the composited NFs could be used to prevent the current flow through the samples, which is a
behavior of anticorrosion inhibitors. The maximum corrosion protection efficiency was 99.33% in
2.0 wt% FLG composites PMMA NFs compared with the bare Al metal. It can be seen that the
corrosion protection efficiency demonstrated the performance of the anticorrosion properties of
composite FLG and PMMA NFs, a result which is consistent with other literature [12-14, 28].
However, Hao et al. [29] reported a higher composited concentration of the materials poly N-
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Figure 5. Tafel plots of (a) bare Al substrate sheet, (b) PMMA NFs, (c) 0.2 wt% FLG-PMMA
NFs, (d) 0.5 wt% FLG-PMMA NFs, and (e) 2 wt% FLG-PMMA in 3.5wt% NaCl aqueous
solutions. (Inset: the Ecorr and Ieorr of Tafel plots)

Table 1. Electrochemical parameters of PMMA composited with FLG for anticorrosion protective
layers derived from the Tafel plot

Sample Icorr Ecorr (vs. Ag/AgCl) P.E. (%)
(A/cm?) )
Bare Al 58.702 x 10 -1.327 -
PMMA 11.633x 10° -1.102 80.18
0.2 3.602 x 10°° -0.864 93.86
0.5 1.907 x 10°¢ -0.662 96.75
2 0.390 x 10°° -0.605 99.33

(vinyl)pyrrole and carbon black. When the carbon black was increased, ane increased corrosion
current was observed due to the excess of carbon black inside the polymer. This behavior can be
seen in other composite materials such as polyaniline/clinoptilolite nanocomposite, cerium oxide-
graphene oxide, and multiwall carbon nanotubes-reinforced epoxy [30-32].

Electrochemical impedance spectroscopy is a technique that had been widely used to
investigate the mechanisms of electrochemical applications [4]. The Cole-Cole plot of composite
FLG in PMMA NFs in the frequency range of 1 to 1x10 ° Hz is shown in Figure 6(a), which displays
the real part (Z’) and imaginary part (Z”) of sample impedance plotted as the x-axis and y-axis,
respectively. The behavior of charge carriers at the working electrode was represented in terms of
impedance value. The impedance characteristics exhibited a semicircle shape in this graph, which
also had a linear tail at high frequency. To better explain the results, an equivalent circuit model of
the working electrode is shown in Figure 6(b) [14], which was composed of the essential electronic
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Figure 6. (a) Cole-Cole plot of composited NFs, (b) an equivalent circuit model of prepared NFs,
and (c) proposed mechanism model of anticorrosion

elements, including resistance and capacitance. In the circuit model, Ry, Cc, Zyw, Rep, Rp, and Cq
represent the electrolyte resistance, the coating capacitance, the Warburg component, the pore
resistance of the NFs coating, the polarization resistance, and the electric double-layer capacitor,
respectively. In addition, Figure 6¢ depicts the proposed anticorrosion mechanism diagram of
composite NFs [33]. Due to the corrosion process in aqueous chloride solution being an anodic
process of the Al metal, the chemical reaction of O, and H,O is required for the corrosion process
on the metal surface. For this reason, the main mode of action of the anticorrosion layer is to prevent
the diffusion of aqueous ions to the metal substrate. In the composite nanofibers, the diffusion
pathways of oxygen and water molecules to the substrate increased when compared with only the
bare metal substrate. Both the tortuous path of composite FLG in PMMA nanofiber and the
hierarchical structures of nanofibers might reduce the reach of aqueous ions on the metal
substrate/electrolyte interface. Typically, the gas permeability of composite materials decreases due
to the increase of tortuosity that decreases the permeability of ions and gases in the composite layer
[1, 34]. Therefore, the current flow in the prepared sample related to the corrosion behavior was
reduced. Thus, the composite FLG and PMMA NF can be used as corrosion inhibitors [35].

4. Conclusions

A nanofiber anticorrosion layer of poly (methyl methacrylate) (PMMA) composited with few-layer-
graphene (FLG) was successfully prepared using the electrospinning process. The physical
properties of morphology, Raman scattering, and surface contact angle of the prepared nanofibers
were investigated. The electrochemical properties of the prepared nanofibers were measured in an
aqueous solution of 3.5% by weight of sodium chloride. The Tafel plot of the prepared sample was
used to indicate the anticorrosion performance of the PMMA: FLG NFs. The optimum corrosion
protection efficiency was found in the sample of 2 wt% of FLG in PMMA, with an efficiency value
of 99.33%. The mechanism of anticorrosion behavior of prepared NFs was investigated by
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electrochemical impedance spectroscopy. The composited NF acted as a corrosion inhibitor due to
the increase of the diffusion of oxygen and water molecules to the metal substrate.
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