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ABSTRACT

Reduced graphene oxide (Gr) has been synthesized
electrochemically on the surface of copper metal at a fixed potential of 1.5 V
versus a standard saturated calomel electrode (SCE). The synthesized Gr was
then characterized with X-Ray diffraction, thermogravimetric analysis, raman
and Fourier transform infrared (FT-IR) spectroscopies. The anti-corrosion
behavior of Gr was tested with polarization measurements and
electrochemical impedance spectroscopy (EIS) in acidic medium of 0.5 M
sulfuric acid solution. X-ray difraction (XRD), thermogravimetric analysis
(TGA), and Raman analyses revealed that the Gr is more thermo-stable than
GO. The d-spacing between sheets in comparison Gr (= 3.78 A) is shorter than
d-spacing between sheets in GO (= 8.80 A). The Gr film synthesized within
30 seconds shows the better anti-corrosion behavior in comparison to the
films synthesized with longer time interval.

Introduction

The refined metals have been used in many fields of
human life in the form of alloys, but these forms of metals
are often chemically reactive, requiring a coating to
protect them from corrosion for many uses [1]. Corrosion
protection of metals/alloys has developed to become an
important branch which uses different approaches
including coating with different kinds of organic films
such as varnishes, paints, oxide and polymers;
anodization; chemical modification and metal-coating or
alloy coating [2]. However, almost of these methods have
made a change in some physical properties of protected
metals. The presence of the new materials makes a
change in the dimensions of the metals because of the
thickness of coating, the appearance and optical
characteristics of metals, and generally reduces both
thermal and electrical conductivity of metals. In order to
overcome these problems, research to produce an

ultrathin protective film with minimum change in physical
properties of protected metals is demanded to develop
[3].

The discovery of graphene with two-dimensional one-
atom thick sheet of carbon has attracted so much
attention in many different areas. The unique properties
of graphene such as high chemical and thermal stability,
chemical  inertness, mechanical  strength  and
impermeability have explored many technological and
applications in industry [1]. The inertness and
impermeability of graphene make it become a good
barrier for corrosion protection of metals. In recent
times, graphene films have been synthesized with CVD
(chemical vapor deposition) method to act as an
anticorrosion film [4]. However, this method is still
complicated and costly. Searching a simpler method to
produce graphene layer with a low cost is extremely
exigent for industrial application.
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In this work, we report a facile electrochemical method
to synthesize graphene films on copper substrates. The
anticorrosion behavior of graphene film was studied by
potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) measurements.

Experimental
Chemicals

The graphite (GR) flake was purchased from Sigma
Aldrich. Aqueous solution or dispersion prepared using
distilled water. All other chemicals used of analytical
grade, obtained from China Chemical company and
used without further purification.

Preparation of graphene oxide (GO)

Graphite flakes were oxidized chemically using a
modified Hummer's method [5]. A mixture of 0.40 g
graphite, 0.30 g KNOs and 10 mL of concentrated H>SO4
(98%) in a 100 mL beaker was stirred for 3.0 hours,
following by slowly adding 0.50 g of solid KMnOs. This
mixture was then kept under vigorously stirring at 30°C
for 7.0 hour and at 90°C for 4 hours. Finally, the whole
mixture was added with 5.0 mL of 30% H.O; solution;
washed with 5% H>SO4 and bidistilled water for 6-8
times; filtered and dried at 80°C for 12 hours to obtain
gray GO sheets.

Gr Coated Cu Electrode preparation

The Gr was synthesized on copper electrode as
following: 200 mg of GO was dispersed in 200 mL of
distilled water under 30 mins stirring and 30 mins
ultrasonic conditions. The obtained dispersion was then
used for electrochemical synthesis of Gr coated Cu
electrode. In the electrochemical synthesis, a three-
electrode cell connected to an Autolab PGS-302N
potentiostat/galvanostat  instrument  supplied by
Metrohm AUTOLAB, Netherland was employed, in
which Cu disk electrode with diameter of 2 mm
employed as working electrode, saturated calomel
electrode served as reference electrode and sheet
platinum electrode employed as auxiliary/counter
electrode. The Gr was synthesized potentiostatically at a
fixed potential of 1.50 V versus standard SCE and with
different time intervals. In order to collect Gr for different
characterizations, larger sheet electrode (lcm x 3cm) of
copper was used and the electrolyzing time was kept
longer. The Gr coated electrodes were then rinsed
gently and dried under ambient condition.

Characterization

All studied samples ware characterized with an Brucker
D5005 X-ray diffractometer with the wavelength of Ka-
radiation of 15406 A The DTG-60H instrument
(Shimazu, Japan) was used to study thermal stability of
synthesized materials. The thermogravimetric analysis
(TGA) data were acquired under air flow of 50 mL
second” and at a heating rate of 10°/min. Fourier
transform infrared spectroscopy (FT-IR) was performed
on NEXUS-670, Nicotet — USA. Raman spectra were
recorded from LAB RAM HR800, HORIBA-France.

Electrochemical method

Cathodic and anodic polarization curves were
potentiodynamically recorded with the scan rate of 5
mV s’ using a conventional three-electrode cell
connected to an Autolab PGS-302N
potentiostat/galvanostat  instrument  supplied by
Metrohm AUTOLAB, Netherland. The disc electrode of
copper with a diameter of 2.0 mm was served as a
working electrode (WE), a platinum rod was used as
counter/auxiliary electrode and a standard saturated
calomel electrode (SCE) was served as the reference
electrode. All experiments were performed at ambient
condition. The working electrode (WE) was polished
mechanically with different emery papers up to 1000
grade. After polishing, the electrode was rinsed several
times with double distilled water, degreased with
ethanol and dried. The measurements related to
electrochemical impedance spectroscopy (EIS) were
performed using an electrochemical system and
instruments similar to that used in polarization
measurements with perturbation amplitude of 10 mV
and frequency range between 1 Hz to 100 kHz.
Electrochemical impedance data were fitted using
assumed equivalent circuit with NOVA software version
2.0.

Results and discussion
Characterization
Thermogravimetric analysis

The thermal stability of materials can be investigated
easily with thermogravimetric analysis (TGA). Figure 1
shows TGA curve of GO and Gr. As can be seen, all the
materials show a small mass loss at the temperature
below 190°C (about 18% for GO and 20% for Gr) due to
the de-intercalation of H,O from GO and Gr [6]. GO with
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functionalities on the graphene sheets; most of the mass
(85.0%) was lost at the relatively low temperature of
about 191°C. This could be explained because of the
ease of pyrolysis of labile oxygen-containing groups
leading to the strong release of water vapor, CO; and
CO gases, and thus causing the large mass loss [7, 8]. In
contrast to GO, TGA diagram of graphene shows the
significant improvement in thermal stability, which
proves that the oxygen-containing groups in GO sheets
were removed in the reduction step [9, 10]. The thermal
stability of Gr depends on the number of residue
functional groups. The fewer functional groups the Gr
has, the more stable the Gris. Gr with fewer functional
groups, the d-spacing between graphene sheets will be
shortened therefore Gr will be more stable. From the
TGA curves, it is interesting that there are two peaks
appearing at 215°C and 407°C corresponding to two
main mass lost processes happening at these
temperatures. This may be explained that oxygen
functional groups on carbon sheets of GO were
continuously reduced at surface of electrode during
electrochemical processes at anode, therefore the
earlier sheets were reduced much more than the later
sheets. It means that the later sheets will have more
functional groups, therefore are less stable and are
decomposed at lower temperature of about 215°C.
However, this temperature is still slightly higher than the
decomposition temperature of GO sheets (191°C), which
were not yet reduced.
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Figure 1: TGA diagram of GO and Gr
X-ray diffraction (XRD)

Figure 2 represents the XRD patterns of studied samples
including graphite, GO and Gr. The d-spacings of
graphite, graphene oxide and Gr were calculated from
values of 20 angular of the observed reflection peaks
using the Bragg equation A = 2d sin@, where X is X-ray
radiation wavelength and @ is scattering angle [10, 11].
As can be seen, a dominate sharp peak appears at 26 =

26.5° correlating to d-spacing of 3.36 A in the XRD
pattern of graphite. Meanwhile, two peaks appear at
lower angle in the XRD pattern of GO (one at 28 = 11°
and other at 26 = 22.5° correlated to d-spacing between
layers of 8.80 and 3.95 A, respectively) showing an
increase of d-spacing between carbon sheets of GO.
This increase can be explained due to the formation of
functional groups on carbon sheets during oxidizing
processes of pristine graphite. In the case of Gr, there is
a broad peak appearing at 268 = 23.5° corresponding to
an interlayer space d = 3.78 A, which is in lying in
between the d-spacing of graphite and grapheme
oxide. This value of d-spacing suggests that there is still
existence of residue oxygen functional groups in carbon
sheets leading to slightly higher value of d-spacing in
comparison to the case of graphite [12].
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Figure 2: X-ray diffraction patterns of pristine graphite
GO and Gr

Raman spectroscopy

Raman spectrum can give information used evaluate
further characteristics of GO and Gr because, in general,
there are two dominate sharp peaks at 1344 and 1600
cm™ called D and G bands, respectively. The D band is
assigned to the breathing mode of k-point phonons of
Aig symmetry, while G band is corresponding to Exq
phonon of sp? bonds of carbon atoms [13]. The intensity
of these peaks depends on the structure of the carbon
sheets. As shown in the Fig 3, both spectra of GO and
Gr consist of D and G bands. However, the intensity
ratio between D and G peaks of GO (lp/lc = 0.87) is
smaller than that of Gr (Ip/ls = 1.41), which indicates an
increase of sp? domain number after reduction of GO to
form Gr, a decrease in edge planes and the degree of
odorless in the Gr sheets, which relates to a decrease of
number of functional groups during the electrochemical
processes at anode of GO to Gr [13, 14]. This result is
well agreed with results reported in literatures [15, 16]

https://doi.org/10.51316/jca.2023.011
70


https://doi.org/10.51316/jca.2023.011

Vietnam Journal of Catalysis and Adsorption, 12 — issue 1 (2023) 68-73

and one more time proves that Gr was formed
electrochemically on Cu surface.
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Figure 3: Raman Spectra of GO and Gr

Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectrum of a material is one which can be used
effectively to analyse the characteristics of the material.
Figure 4 shows FT-IR spectra of GO and Gr. As can be
seen, two spectra of GO and Gr are similar. Both spectra
represent a broad absorption band between 3000 and
3500 cm™, assigned to hydroxyl group of adsorbed
water molecules. Similarly, two absorption bands at 1616
and 1716 cm™ corresponding to the vibration of C=C
bond present in carbon ring of graphene sheet and the
vibration of C=0 bond in carboxyl group on surface of
carbon sheet. At smaller value of wavenumber, the
absorption bands at 1060 and 1242 cm™ are assigned to
the vibration of C — O — C groups on surface of
graphene sheets and C — O stretching vibration,
respectively [17]. The obtained result is in good
agreement with result obtained from Raman spectra,
proves that there are still functional groups on graphene
sheets [18].
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Figure 4: FT-IR spectra of Gr and GO materials
Corrosion test

Polarization measurements

The Gr coated copper electrodes were then naturally
dried in the air and used as working electrodes in the
polarization ~ and  electrochemical ~ impedance
measurements.  Figure 5 displays  polarization
measurements in term of Tafel plot, in 0.5M sulfuric acid
medium of Gr coated copper electrodes synthesized at
the constant voltage of 1.5V. The measured samples are
denoted as CuGrX (where X is the synthesis time of Gr
measured in minute) and the uncoated Cu sample is
designated as "bare Cu".
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Figure 5: Tafel plot of CuGrX electrodes synthesized at

15V
Table 1: Values of corrosion current density (icor/A cm=),
corrosion potential (Econ/mV versus Esce) Tafel (B and
BV decate™), corrosion rate (Cr/ mm year™),
polarization resistance (Re/£2) of Gr coated Cu
electrodes calculated from Tafel curves

Sample | /10| Ba | -Bc |I/10%| Rp | Ecor
Bare Cu | 3.45 [0.038|0.024 | 4.05| 1823 |-100
CuGr0.5| 1.04 10.008|0.013 | 1.2 | 2154 | -40
CuGr15| 248 1001410016 | 29 | 1334 | -40
CuGr2 | 298 |0.016|0.019| 3.5 | 1304 | -40
CuGr25| 1.6 [0.026/0.020|13.5 | 422 | -20
CuGr3 | 10.8 |0.027]10.020| 12.6 | 465 | -20
CuGr5 | 731 0.019]0.014| 85 | 480 | -20

The corrosion potential (Ecor), Tafel slopes (8: and )
and corrosion current (lcors) were determined from
polarization curves in term of Tafel curves. The corrosion
rate (Ck measured in millimeters per year, MPY) was
determined from /corr Using equation [15, 19-21, 22]:
(EM) X icorr
Fxd
where K is conversion constant (convert cm/s to

mm/year, K = 3.15x108), EM is the equivalent mass
(g/equiv), Fis Faraday constant (96500 Coulomb/equiv)
and d is density of Cu (8.90 g/cm?). The calculated values
corresponding to the Figure 5 listed in Table 1 show that
the coating of Gr on Cu metal changes the corrosion

CR=KX
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rate of Cu metal in 0.5M sulfuric acid solution. All Gr
coated Cu show the anodic protection with the anodic
shifting potential from 60 to 80 mV, in which CuGr2.5,
CuGr3 and CuGr5 samples have an anodic shift of 80
mV, higher than the shift of the rest samples. When the
Gr coating time was up to 0.5 minutes (30 seconds), the
Cu corrosion rate was significantly reduced from 4.05 x
102 mm year” to 1.20 x 10 mm year™' (about 3.4 times).
Thus, it can be said that Gr coating can prevent
corrosion of Cu in 0.5M sulfuric acid environment.
However, if coating time is continuing to increase to 1.5
and 2.0 minutes, the corrosion rate is increased
compared to the 0.5 minutes case though the corrosion
rate is still reduced compared to the bare Cu electrode.
The reason for this abnormality can be explained due to
the oxidation of Cu surface at anode occurring
simultaneously with the reduction of graphene oxide
producing the smoothless surface of Cu. This leads to
the aggregation of electrolyte at the surface of Cu

metals and the facilitation of the corrosion process.
Electrochemical Impedance Spectroscopy (EIS)

EIS is a powerful technique which has been used
effectively to studied corrosion protection of metals [19].
Nyquist form for the bare Cu electrode and Gr coated
with different synthesis time intervals recorded at OCP
in 0.50 M sulfuric acid solution are depicted in Fig.7. The
charge-transfer resistance Rcr and  double layer
capacitance Cp. values determined by fitting of
impedance measurement data using 2.0 NOVA
software and equivalence circuit as shown in Figure 6,
are given in Table 2.
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Figure 6: Equivalence circuit used for fitting
experimental data

The values of Rcr obtained from electrochemical
impredance measurements shown in Tab 2. are in good
agreemnet with values obtained from polarization
measurements. The Rer reaches maximum value of 593
Q when Gr coating time is of 30 seconds and double
layer capacitance get the minimum value of 0.2 uC.

As explained in previous part, there is an oxidation of Cu
during the formation of Gr and this oxidation of Cu
increases as coating time increases leading to a
decrease of Rrc value. Though the magnitude of
resistances obtained from polarization measurement is
higher than resistances obtained from impedance

measurements, these values have the same trend. This
difference may be explained that in the polarization
measurement, the polarization resistance is a sum of
resistances of all ohmic elements present in the
electrochemical system, including solution, metal
surface and double layer of interface between
electrolyte and surface of electrode. While, charge
transfer resistance obtained in the electrochemical
impedance measurement.
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Figure 7: Nyquist diagrams of bare Cu and CuGrX
samples
Table 2: values of charge transfer resistance (Rc1/Q)
and double layer capacitance (Cpi/mF) calculated from
EIS data of Gr electrodes

Sample Coi/uC R/
Bare Cu 0.6 364
CuGr0.5 0.2 593
CuGr1.5 0.6 371
CuGr2 04 444
CuGr2.5 0.7 168
CuGr3 0.7 169

The porosity of the Gr layer can be easily observed by
the valued of double layer capacitance. As presented on
the Table 2, the electrode coated with 30 seconds gives
the minimum value of capacitance (uC), while this value
increases for the electrode with longer coating time. The
increase in double layer capacitance reduces charge
transfer resistance, and therefore reduces the corrosion
protection yield [23].

Conclusion

We have represented the electrochemical mothod to
synthesize reduced graphene, its characterisitics as well
as anti-corrosion on copper surface. The obtained
characteristics of Gr showed that the electrochemically
synthesized Gr is more thermal stable than graphene
oxide. The Gr, with d-spacing between sheets of 3.78 4,
is completetely burned at 407°C, while graphene oxide
with d-spacing between sheets of 8.80 A, is burned

https://doi.org/10.51316/jca.2023.011
72


https://doi.org/10.51316/jca.2023.011

Vietnam Journal of Catalysis and Adsorption, 12 — issue 1 (2023) 68-73

completely at 191°C. The reduction of oxygen functional
group on the sheets of GO shortens the d-spacing
between sheets in the Gr. This result can also be
observed in the raman spectra of GO (lp/ls = 1.41) and
Gr (Ib/lc = 0.8). The Gr film coated with 30 seconds
shows the significant anti-corrosion behavior which can
be seen in both electrochemical inpedance and
polarization measurements.
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