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Exfoliated carbon nitrides for corrosion prevention in radiators:
temperature-dependent corrosion analysis
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This article outlines the preparation and exfoliation of graphitic-carbon nitride (GCN) by
thermal polymerization technique using urea proceeded by the hydrothermal approach for
the application of corrosion resistance in radiators. The prepared sample was characterized
by using various methods. X-ray powder diffraction (XRD) and Fourier-transform infrared
spectroscopy (FT-IR) confirmed the purity of GCN, and Surface morphology results
revealed the formation of spherical-shaped GCN. Herein, graphitic carbon nitride (GCN)
was synthesized to enhance its corrosion-resistance performance on mild steel (MS) under
a seawater atmosphere. The corrosion behaviour of the graphitic-carbon nitride (GCN)
synthesized by the hydrothermal method was examined by conducting electrochemical
corrosion tests in a 3.5% NaCl medium under three different temperatures. The excellent
temperature dependant electro-catalytic activity of the prepared GCN was analysed. The
hydrothermal exfoliation process highly enhances the structural, optical, and
electrochemical properties like corrosion resistance and stability of the prepared GCN.
This study demonstrates that hydrothermally exfoliated GCN exhibits low corrosion rates
and high electrochemical corrosion resistance, which could be a potential candidate for
corrosion inhibitors in radiators.
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1. Introduction

Metal corrosion is a process that has significant economic consequences on modern
industrial civilization and poses a severe risk to human health and the environment. Many
initiatives are made to understand and develop methods for preventing corrosion in metals.
Consequently, corrosion cannot be prevented; thus, corrosion management is the only alternative
for reducing the kinetics or altering the cause [1-3]. Surface corrosion is the progressive
destruction of metal due to chemical interactions with environmental factors. Impurities and metal
reactivity that may arise on metal surfaces are two factors that contribute to corrosion. Mild steel
(MS) is widely utilized because of its high mechanical strength and affordable manufacture; it is
employed in chemical and petrochemical engineering as a fabricating material and has a wide
range of structural and mechanical uses in different sectors [4-5]. In order to achieve hydrogen
evolution by aqua-organic liquid reforming, a variety of nanostructured oxide semiconductors,
including simple and complex oxides, as well as oxide-based composites, were used as the
catalyst. The bulk of these materials do, however, include d- and f-elements, which limits their
economic use, mandate their recovery, and create environmental problems when disposed of.
Thus, a vital and active area of modern solid physics, chemistry, and materials research is the
search for new metal-free compounds with high catalytic activity. [6-8].

Non-metallic semiconducting materials have similar efficiency to metal oxide
photocatalysts due to their minimal cost of materials and a corresponding region of light
absorption. Polymeric graphitic carbon nitride (GCN) is a metal-free material widely explored in
various applications. GCN is a polymeric semiconductor material featuring a graphene-like
structure. Graphene comprises primarily carbon (C), whereas GCN includes carbon and nitrogen
(N). It is related to graphite and belongs to carbon nitrides, which have atoms with excellent
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covalent bonding. Due to the presence of the tri-s-triazine and heptazine rings, GCN is thought to
be the most stable allotrope of carbon nitride. They also include tri-s-triazine units, which are
chemically stable under both acidic and alkaline environments and have high heat constancy.
These units have a planar layer with a n-conjugated arrangement. The weak van der Waals force
between the various layers and the great condensation ability of the tri-s-triazine rings (30 kJ mol
1) make this an indirect semiconductor with excellent photocatalytic and electro-catalytic
capabilities [9-11]. Many techniques have been developed to produce GCN nitrogen-rich by heat
polymerization. Thus, the organic template is crucial in emerging a porous structure.
Notwithstanding its advantages, the low surface area and poor dispersion nature of bulk GCN limit
its effectiveness in electrochemical functions [12]. However, the unique surface area, adsorption
capacity, and electron transfer efficiency of bulk GCN may be enhanced by exfoliation.
Exfoliation of GCN has been performed using various approaches, where, herein, we synthesized
simple and effective exfoliation using the hydrothermal method [13].

Radiator materials are most often made of mild steel. In fact, mild steel is so widely used
that it's likely that every radiator you've ever seen is constructed of it. This is due to a variety of
factors. First off, mild steel radiators are inexpensive to create, making them inexpensive for you
to purchase [4-6]. Radiator corrosion, an all-too-common cooling system failure, is most likely the
source of this issue, but there may be other elements at play as well. A radiator may get corroded
over time and is often quite obvious, although other forms of corrosion are more difficult to
anticipate. It's critical to keep an eye out for corrosion damage to prevent expensive repairs after it
has begun. Radiator corrosion damage may result in decreased performance and cooling
efficiency. Flimsy and fragile tubes, leaks or losses of coolant, sludge or debris accumulation
(clogging), metal pitting, cracking, or general degradation, the blending of coolant and
transmission fluid Overheating, radiator malfunction. So, the automotive industry's main challenge
is to avoid corrosion in radiators. Mild steel, which is often used in radiators, may be improved in
a number of ways. Using anticorrosive coolant in radiators is one of them. Materials made of
carbon naturally have high levels of corrosion resistance [10-13].

Herein, we have prepared a hydrothermally exfoliated graphitic carbon nitride (H-GCN)
for the anti-corrosion application using a simple hydrothermal method. Utilizing XRD, FTIR, and
SEM investigation, the synthesized GCN was characterized, and its structural, absorption bands,
and SEM micrographs were investigated. Electrochemical properties of GCN and H-GCN were
carried out by LSV and EIS under 3.5% of NaCl electrolytes at three different electrolyte
temperatures

2. Experimental

2.1. Materials

N-methyl-2-pyrrolidone, ethanol, polyvinylidene fluoride, urea (CH4N,O), and double-
distilled water were all procured from Merck and used without extra purification. As an
electrolyte, sodium chloride (NaCl) is used.

2.2. Preparation of exfoliated H-GCN

The bulk GCN was synthesized using thermal condensation polymerization of urea (Sigma
Aldrich, India). Usually, 10 g of urea was heated for 4 hours at 550 °C in ambient air and held in a
capped porcelain container in the muffle heater. The calcined material was permitted to cool to
ambient temperature before being thoroughly ground into a light-yellow product. The finally
collected powder was named GCN. The exfoliation of bulk GCN was carried out by the aqueous
hydrothermal method. In the first step, 100 mL of distilled water was mixed with 0.5 g of bulk
GCN nanopowder, and the mixture was agitated with a magnetic stirrer for 15 minutes. Then, the
resulting white suspension was transferred hydrothermal Teflon beaker and heated for 6 hours at
150 °C. Finally, an extremely dry, H-GCN nanopowder was produced by drying the resulting
colloidal solution at 100 °C until the water had been removed, followed by 30 minutes of
annealing at 300 °C.
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2.3. Sample preparation for corrosion studies

In order to evaluate the anticorrosive qualities of the synthesized GCN and H-GCN
samples, linear sweep voltammetry and electrochemical impedance spectroscopy (EIS) were both
used (LSV). 15 mg of prepared GCN and H-GCN samples were individually mixed with 80:15:5
weight ratios of polyvinylidene difluoride (PVDF) and N-methyl-2-pyrrolidone (NMP) to create a
slurry. Using the doctor's blade technique, the slurry was also applied to the mild steel (MS) plate's
surface. The coated plate was dried in a hot-air oven at 353K for an hour before being used as an
electrolyte for corrosion experiments.

2.4. Characterization techniques

The crystal structure of the as-prepared sample was examined using XRD (XPERT-PRO,
The Netherlands). Using an FTIR spectrophotometer, the existence of functional groups was
investigated in the 4000-400 cm™ FTIR range (Spectrum 100; PerkinElmer, USA). SEM was used
to characterize the surface (JSM-6510). Equipment Autolab PGSTAT302N was used to conduct
electrochemical measurements (Metrohm Autolab, The Netherlands). The voltammetry
measurement is performed using a three-electrode setup with platinum wire serving as the
reference electrode and the counter electrode, GCN, and modified GCN serving as the working
electrode (1 cm?).

2.5. Electrochemical studies

Using a three-electrode-cell arrangement, the corrosion-characteristic behavior in Mild
steel (MS) plate was investigated. The specimens served as the working electrodes in this cell
arrangement, with Ag/AgCl serving as the reference electrode and platinum serving as the counter
electrode. Using the Autolab PGSTAT302N apparatus, electrochemical corrosion tests were
performed on GCN and hydrothermally exfoliated GCN in 3.5% NaCl electrolyte under three
different temperatures, i.e., 25 °C, 50°G and 75 °C(Metrohm Autohb, The Netherlands). At a scan
rate of 1 mV/s, the applied potential window for corrosion tests was -2 to 0 V. Corrosion potential
(Ecorr), and corrosion current was determined from the Tafel plot of the LSV test. The impedance
measurements for GCN and hydrothermally exfoliated GCN were obtained using the frequency
range of 0.01-100 kHz.

3. Results and discussion

3.1. X-Ray diffraction

The phase and purity of synthesized GCN and H-GCN were examined using XRD, and 26
angular region between 10°and 80° was inspected and displayed in Figure 1. The two prominent
diffraction peaks at 27.4° and 13.1° correlated well with the layered GCN diffraction planes (002)
and (100). These data closely resemble the card number 87-1526 issued by the JCPDS [14]. The
most substantial peak, at 27.4°, was attributed to the aromatic system of interlayer stacking.
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Fig. 1. XRD pattern of synthesized GCN and H-GCN.
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This peak depicts the formation of GCN due to the thermal pyrolysis process' emission of
ammonium gas. The smallest peak, at 13.1°, was related to in-planar tris-s-triazine structural
packing [15-16]. These findings suggested that the GCN film was successfully synthesized. H-
GCN exhibits the same XRD pattern as bulk GCN exhibits. Comparing the GCN (002) peaks to
those of H-GCN, there is a slight shift toward lower 20. The intensity somewhat reduced at the
same time as the major diffraction plane (002) moved from 27.4 to 27.5. The change is more
pronounced in H-GCN, which shows that interlayer stacking has weakened after the exfoliation
and that the GCN interlayer distance has increased. Notably, no impurity peaks are seen.

The crystallite size is between 21.3 and 13.5 nm for GCN and H-GCN Using the standard
Debye-Scherrer equation, the following is derived for the average crystallite size [17].

3.2. FTIR analysis

FTIR spectra of synthesized GCN and H-GCN are shown in Figure 2. For bulk and H-
GCN, the amino groups -NH and H20 were assigned the strong bond at 3250-3081 cm™'. N-H
stretching, which resembles urea's existence, is indicated by the band at 3200-3500 cm-1 [8]. The
stretching vibration modes of carbon-nitrogen and carbon-hydrogen in the C-N heterocycles were
ascribed to several peaks around the 1200-1600 cm™ region observed in both GCN and H-GCN
samples [16]. The repeating units of GCN exhibit these stretching modes of the CN heterocyclic
bonds. The C=C stretching vibrations in the aromatic ring cause the peak to appear at a
wavelength of 1636 cm™. The vibrations of s-triazine units are attributed to the peaks between
1800 and 900 cm™ [19], whereas the peak at around 809 cm™ was attributed to the vibrational
bands of the triazine ring. The sharp band at near 812 cm™ indicates the presence of a CN
heterocycle during the thermal polymerization of pure urea [20]. Therefore, the XRD and FTIR
data confirm the GCN formation.
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Fig. 2. FTIR images of GCN and H-GCN.

3.3. Morphology analysis

The Scanning electron microscope images of GCN and H-GCN SEM are represented in
Figure 3. Figure 3 a) no deep fissures were seen in bulk GCN and Figure 3 b) shows the
agglomerated and irregular spherical shape morphology observed in H-GCN. Graphitic carbon
nitrides with both original and exfoliated graphite sheets exhibit GCN nanosheet agglomerates
similar to crumpled paper sheets. The original sample exhibited tight sphere-like forms that were
nearly eliminated after exfoliation. With increasing space between the GCN nanosheets, the
material becomes more porous and looser. Graphitic carbon nitride agglomerates are exfoliated
into individual nanosheets, as shown by X-ray diffractometry, causing a widening of the
diffraction lines.
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Fig. 3. SEM image of a) GCN and b) Exfoliated H-GCN.

3.4. Particle size analysis

Figure 4 displays the average particle size analyses for GCN and hydrothermally
exfoliated GCN. As a result, the estimated (dsg) average particle sizes for both GCN and
hydrothermally exfoliated GCN are 38.75 nm and 23.58 nm, respectively. When comparing GCN
with H-GCN, the GCN's typical particle size remained more significant than the hydrothermally
exfoliated GCN.
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Fig. 4. PSA image of GCN and H-GCN.

3.5. Electrochemical impedance studies

The resulted in EIS results measured at room temperature (25 °C) were fitted by using
suitable equivalent circuits (EC), which are shown in Fig. 5, to analyze the variations in impedance
spectra for the uncoated and coated MS plates. Table 1 summarises the obtained EIS parameter.
These models use the abbreviations Rs for the electrolytic resistance, Rf for film resistance, and
Rct for charge transfer resistance. Additionally, constant phase elements (CPEdI and CPEf) were
used to control how far away from the ideal capacitance the heterogeneous surface was. ZCPE Y4
[YO (jo)] might be used to indicate the value of CPE [21].

Because of its decreased resistance, GCN displays a smaller semicircle. Exfoliation
increases the number of active sites and conductivity in the GCN by causing it to exhibit a
resistance value (Rct) that is lower than that of bulk GCN. As a result, cell resistance is provided
during the corrosion reaction while the charge transfer and hydrogen development are regulated.
The H-GCN 3.5% NaCl electrolyte's Nyquist plot displays a larger semi-circular diameter than
GCN, indicating higher corrosion resistance. As a result, it provides two separate loops: the
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inductive loop occurs at a low frequency, and the capacitive loop appears at higher frequencies.
Therefore, the current flow and resistance are improved during charge transfer [22]. In the case of
50 and 75 °C NaCl conditions, the same electrochemical reactions occurred. Some decrease in
conductivity was noticed when the temperature of the electrolyte gradually increased.

The peak-to-peak separation value is established, and the redox current significantly
increases when exfoliated H-GCN is utilized to change the GCN. The results were in line with the
EIS. These results demonstrate that bulk GCN exfoliation increases the number of electrons
exchanged between the electrode surface and the analyte, hence enhancing electro-catalytic
activity. Additionally, the exfoliated GCN has a strong covalent bond between the atoms of
nitrogen to carbon. The nitrogen atom, therefore, contributes to an increase in electrochemical

activity.
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Fig. 5. Nyquist plot (a) and Equivalent circuit diagram (b) of uncoated MS plate and coated GCN
and H-GCN after immersion in 3.5% NaCl medium.

Table 1. The electrochemical parameters of GCN and H-GCN obtained from EIS analysis.

Electrolyte Sample | Rs (Q) | Rp (Q) | CPE
Temperature
25°C MS plate | 104k 1.04 154
GCN 6.04 351 | 277
H-GCN 6.57 5.75 451
50 °C MS plate | 5.20 244 | 920n
GCN 6.21 30.4 149
H-GCN 5.92 50.4 126
75 °C MS plate | 5.62 214 | 392
GCN 5.20 244 | 920n
H-GCN 4.72 24.6 64.7
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3.6. Potentiodynamic polarization study (Tafel plot)

Linear sweep voltammetry analysis has been observed to be increased with increasing
temperature above room temperature, i.e., 50 °Cand 75 °C As shown in Figure 5, GCN and
exfoliated H-GCN exhibit different potentiodynamic polarisation curves or Tafel plots in a 3.5%
NaCl electrolytic solution at room temperature (25 °C). As shown in Table 2, the electrochemical
corrosion parameters were calculated using the Tafel plot.
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Fig. 5 Tafel plot for linear sweep voltammetry of uncoated and GCN and H-GCN-coated
MS plates in NaCl electrolyte.

These parameters include the corrosion rate (CR), corrosion potential (Ecorr), corrosion
current (Icorr), and polarisation resistance (Rp). Both coated MS plates have a higher corrosion
resistance than untreated MS plates. The corrosion potential of the H-GCN is pushed towards a
higher positive (anodic region) value for a 3.5% NaCl electrolytic medium than that of the GCN
and uncoated MS plate.

This indicates that the coated GCN and H-GCN plates have a minimum corrosion rate
(1.284 and 0.199 mm/year) than the untreated MS plate (3.215 mm/year). Thus, the above
experimental observation confirmed that the hydrothermally exfoliated GCN over the MS plate
and GCN showed they improve corrosion resistance in an aqueous NaCl electrolyte [23].
Therefore, hydrothermally exfoliated GCN showed a very minimal corrosion rate and strong
electrochemical corrosion resistance (H-GCN) against GCN and MS plates. Additionally, for both
GCN-coated MS plates and H-GCN-coated MS plates, corrosion rates and inhibition efficiency
decrease as temperature increases. In the case of GCN-coated MS plates, corrosion rates and
inhibition efficiency rise more quickly. A temperature range of 25 to 75 °C was found to be
effective for GCN and H-GCN inhibitors. At the same time, corrosion resistance is comparably
high when compared with the earlier reports [24-25]. The observed electrochemical impedance
and linear sweep voltammetry analysis clearly reveals the prepared GCN and H-GCN could be a
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potential candidate as corrosion inhibitor for radiator materials event through the temperature
varies.

Table 3 presents a comparison of the corrosion inhibition behaviour of various metal
surfaces coated with various metal oxide nanomaterials

Table 2. Tafel polarisation characteristics of GCN and H-GCN-coated MS plates in NaCl electrolyte and

untreated MS plates.
Electrolyte Sample Igorr ) Ecorr Polarisation | Corrosion IE %
Temperature (x10” A/cm”) V) resistance (Q2) rate

25°C MS plate 2.766 -1.059 140.99 3.215 -
GCN 1.105 -0.831 499.72 1.284 60.06
H-GCN 0.171 -0.718 1491.3 0.199 93.81

50 °C MS plate 1.590 -1.0145 179.74 1.8483 -
GCN 1.518 -0.78838 161.62 1.0998 40.49
H-GCN 0.482 -0.9932 291.79 0.5611 86.79

75 °C MS plate 1.525 -0.8125 175.21 1.0989 -
GCN 0.534 -0.9448 373.82 0.7216 47.34
H-GCN 0.304 -0.9660 616.5 0.3539 67.82

Table 3. Compares the effectiveness of coating various metal surfaces with nanomaterials to increase
corrosion inhibition behaviour.

Base Electrolyte Inhibition

S.No | Sample metal Electrolyte Temperafure efficiency (%) Ref
1. GCN MS plate | 3.5 % NaCl 25°C 60.1 This

H-GCN | MS plate | 3.5 % NaCl 25°C 93.8 work
2. GCN MS plate | 3.5 % NaCl 50 °C 40.49

H-GCN | MS plate | 3.5 % NaCl 50 °C 86.79
3. GCN MS plate | 3.5 % NaCl 75 °C 47.34

H-GCN | MS plate | 3.5 % NaCl 75 °C 67.82
4. CuO MS plate | 3.5 % NaCl 25°C 53.5 22
5. ZnO Zn 3.5 % NaCl 25°C 50.1 23
6. NiO Zn 3.5 % NaCl 25°C 68.4 23
7. NiO Mg 3.5 % NaCl 25°C 61.1 25
8. MnO, MS plate | 1 M HCI 25°C 51.5 26

4. Conclusion

In conclusion, graphitic carbon nitride was exfoliated using a conventional hydrothermal
method (GCN). The synthesized GCN was further characterized using physiochemical techniques.
XRD results confirmed the synthesis of GCN by representing its strong peak, and FT-IR confirms
the presence of a triazine ring during the thermal polymerization of urea. SEM images reveal
spherical shape morphology in H-GCN synthesis. Additionally, the electro-catalytic activity
increase was due to the H-GCN. GCN and H-GCN were prepared for the electrochemical method
and applied over the MS plate surface to prevent corrosion in an aqueous NaCl electrolyte.
According to electrochemical analyses of aqueous NaCl electrolytes, the corrosion rate in H-GCN
has significantly decreased. The Nyquist plot further demonstrated the more excellent resistance to
corrosion of H-GCN in NaCl electrolytes. Specifically, while increasing temperature, the mild
steel plate corrosion rate gradually decreased for GCN and H-GCN samples.
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