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Graphene has a wide range of applications in anti-corrosion coatings due to its excellent barrier, shielding, and
mechanical properties. However, traditional graphene synthesis methods, including the production of graphene
oxide (GO) using Homer’s method and then its reduction in the form of reduced graphene oxide (rGO) are time-
consuming, energy-consuming, and environmentally polluting, which limits their application in anti-corrosion
coatings. This study leveraged the capabilities of flash Joule heating (FJH) to synthesize flash coal-based gra-
phene (FCBG) from Taixi anthracite (TA) within 200 ms without pretreatments or chemical reagents. The FJH
had the advantages of low energy consumption and being environmentally friendly. Compared with the rGO, the
FCBG prepared by FJH was characterized by fewer defects, larger carbon sheets, and a turbostratic structure.
Moreover, carbon steel Q235 was used as the substrate to prepare anti-corrosion coatings by mixing FCBG at
different flash voltages with epoxy resin (EP). Based on this, the electrochemical performance of different
coatings was compared before and after salt spray corrosion. The results demonstrated that the FCBG composite
anti-corrosion coating (EP/FCBGq) prepared using EP and FCBG synthesized at 190 V in the FJH, displayed
stronger corrosion resistance than the EP and rGO composite coating (EP/rGO). The FJH synthesis process
provides a feasible route for improving the synthesis process of the anti-corrosion coatings and the high value-

added utilization of coal.

1. Introduction

Carbon steel has been widely used in construction and engineering
structures due to its simple manufacturing process, relatively low cost,
and good mechanical properties. However, the prolonged operation of
carbon steel equipment would cause severe corrosion, resulting in
equipment failure [1-4]. In recent years, there has been a growing focus
on the development of anti-corrosion coatings to enhance the corrosion
resistance of metal materials. Graphene is a carbon nanomaterial
composed of carbon atoms in sp? hybridization mode, which has
excellent thermal stability, impermeability, mechanical properties, and
chemical stability. These characteristics make it a highly potential ultra-
high anti-corrosion material [5-8]. A dense physical barrier layer forms
by mixing graphene with epoxy resin (EP), so that the prepared anti-
corrosion coating effectively blocks the penetration of small-molecule
corrosive media, thereby enhancing its corrosion resistance [9-13].
Zheng et al. prepared composite anti-corrosion coatings on carbon steel
substrates using urea-formaldehyde modified graphene oxide and EP
[14]. Zhang et al. synthesized anti-corrosion coatings through in-situ
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polymerization of polyaniline/reduced graphene oxide (rGO)/CePOg4
and EP, and successfully applied them to Q235 carbon steel [15].
Traditional production processes include chemical vapor deposition
[16,17], templated self-assembly [18,19], and chemical redox method
[20,21]. However, the traditional production methods of graphene are
time-consuming and energy intensive. Due to its costly and cumbersome
production process, the traditional methods are not suitable for large-
scale economical production of high-quality graphene. In summary,
the traditional production processes are divided into two categories:
bottom-up and top-down synthesis strategies. The bottom-up strategy is
exemplified by chemical vapor deposition. To be specific, a thin film of
graphene sheet is formed with individual carbon atoms at the bottom of
the film. But once other impurity gases mix in the preparation process,
the decline of graphene quality would be inevitable. Besides, this
strategy also features the disadvantages of expensive equipment and
high cost [22,23]. As for the top-down strategy, the mechanical exfoli-
ation of graphite to form graphene sheets is taken as an example. The
energy input required for forming graphene through the exfoliation of
graphite would cause the sheets to crack and induce defects in the
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graphene, which adversely affects its tensile strength. Meanwhile, the
dispersion and stability of the graphene solution produced by this
method are extremely low [24,25]. Therefore, it is essential to reduce
CO, emissions and improve the performance of various applications of
graphene by improving the synthesis process of graphene.

This study used Taixi anthracite (TA) as the carbon source to syn-
thesize flash coal-based graphene (FCBG) with large carbon sheets and
low defects by flash Joule heating (FJH) and applied it to anti-corrosion
coatings successfully. It has been found that when the FJH releases
current to the carbon source instantaneously, the carbon source would
generate Joule heating in situ due to the internal resistance without any
pretreatments, solvents, or catalysts. In addition, the heating and cool-
ing rates (10* Ks~'-10° Ks™1) are extremely fast [26-28]. When the
current passing through, TA generated Joule heating, making the
carbon-based material reached a temperature above 2500 K within 200
ms. The extremely cooling rate (104 Ks’l) made the turbostratic carbon
layers composed of carbon atoms, thus forming wrinkled graphene. The
unique turbine-layered structure of FCBG allowed it to maintain the
optical and electronic properties of two-dimensional graphene even
when hundreds of graphene layers were stacked [29,30]. And the output
of the FJH depended on the carbon content of the raw material.

Because coal is a natural carbon source with large reserves and high
carbon content, whose structure is more stable than that of biomass
carbon sources. Accordingly, coal boasts great potential for conversion
into graphene and possesses the advantage of low cost. Therefore, this
study used TA as raw material, which is more suitable for obtaining
high-yield FCBG. Compared with the traditional methods, the FJH had
an extremely low demand for input energy, which was 1 kJ at most. As
has been proved, the FJH is one of the most promising methods for large-
scale economical synthesis of graphene. Being environmentally friendly
and high yielding, it solely needs to input the raw materials. By
comparing the electrochemical performances of the coating before and
after salt spray corrosion, it was demonstrated that FCBG displayed
better corrosion resistance than rGO, which greatly improved the
corrosion resistance of the epoxy coating. Therefore, using FJH to syn-
thesize FCBG from TA not only provides a feasible way for the high
value-added utilization of coal but also offers a valuable reference for
the green and sustainable development of graphene and the anti-
corrosion coatings industry.

2. Experimental methods
2.1. Chemicals and materials

Epoxy resin (E51) and curing agent (T-31) were provided by
Guangzhou Nashun Chemical Technology. Anhydrous ethanol, Sulfuric
acid (H2SO4), and acetone (C3HgO) were purchased from Sinopharm
Chemical Reagent. Deionized water was provided by Jiangsu Chemical
Technology. All chemicals used in this study were analytically pure and
did not require further purification.

2.2. Experimental methods

Firstly, 200 mg of TA was added into the quartz tube and then both
ends of the quartz tube were closed with graphite block electrodes. To
prevent sample leakage and quartz tube bursting, the samples were
compressed by adjusting the spring, and the reaction chamber was
evacuated to vacuum with a vacuum pump. Then the FJH system was
charged to 190 V and pressed the discharge button to discharge the
capacitor, the internal charge of the capacitor was discharged in less
than 200 ms. During this process, the Joule heating generated by the
sample itself caused the samples to rapidly heat up (10° Ks™1) in less
than 100 ms and cooled at an extremely fast rate (10* Ks™1) to room
temperature. Finally, FCBG19g was obtained from the quartz tube. The
samples made by 150 V were called FCBGso.

Progress in Organic Coatings 184 (2023) 107859
2.3. Preparation of composite coating

10 mg of FCBG was ultrasonically treated in 10 ml of deionized water
for 3 min, and 10 g of EP and 5 g of curing agent were added in turn.
Then the mixture was sonicated for 5 min and stirred uniformly for 30
min. The mixture was left at room temperature for 30 min to remove
bubbles generated by stirring. Finally, the mixture was applied on the
surface of Q235 with a linear applicator and let stand for 24 h to obtain a
dry film coating with a thickness of 50 + 5 pm, marked as EP/FCBG.
Different coatings were prepared by changing the coating materials,
marked as EP/FCBG;s50, EP/rGO, and EP/FCBG;gq, respectively. The
specific content of each coating was shown in Table S1.

2.4. Material characterization

SEM images were taken with a Zeiss Sigma 300 SEM system. A
voltage of 10 keV was employed in the process of imaging. TEM and
SAED images were obtained on a JEOL 2100 field emission transmission
electron microscope at an acceleration voltage of 200 kV. XPS data were
collected using a Thermo Scientific K-Alpha scanning X-ray microprobe
with a base pressure of 5 x 107° Torr. Survey spectra and elemental
spectra were recorded using 0.5 eV step sizes with a pass energy of 140
eV and 0.1 eV step sizes with a pass energy of 50 eV, respectively. All of
the XPS spectra were corrected using the C 1s peaks (284.8 eV) as a
reference. The FITR data were collected using Thermo Scientific Nicolet
iS5, with spectra within the range of 4000-500 cm'. Powder XRD
spectra were collected with a Bruker D8 advance diffractometer using
zero background sample holders at a scan rate of 2°/min and a 0.1° step
size. Raman spectra were collected by a Horiba Raman microscope
outfitted with a 532 nm laser.

2.5. Electrochemical measurements

Electrochemical behaviors of all specimens in 0.5 M H,SO4 solution
were measured by Corrtest CS450 electrochemical workstation through
a three-electrode system. The coated carbon steels, Ag/AgCl electrode,
and platinum plate (2 cm?) acted as working electrodes, reference
electrodes, and counter electrodes, respectively. The electrochemical
impedance spectroscopy (EIS) data of specimens were measured at the
frequency range of 10~2-10° Hz under a sinusoidal perturbation of 15
mV amplitude of OCP. Additionally, the potentiodynamic polarization
measurements were scanned under the set potential range of Ey, &= 300
mV at the rate of 0.5 mV/s.

2.6. Simulation of flash Joule heating process

The structure of the flash graphene models was set as follows: the
inner diameter and length of the quartz tube were set to 3 mm and 15
mm respectively, and the thickness was set to 1 mm. The radius and
length of graphite electrodes were set to 3 mm and 5 mm. The radius and
length of the intermediate samples were set to 3 mm and 5 mm,
respectively. This finite element analysis was conducted based on the
multi-physical field coupling of electromagnetic heat. One side of the
electrode was set up for charging voltage and the other side was used for
ground. The relevant properties of specific materials were shown in
Table S2.

3. Results and discussion
3.1. Character of flash Joule heating process

In Fig. 1, the samples were directly placed in the quartz tube without
pretreatment. The capacitor was first charged, and a path was formed
with the samples when the discharge switch was pressed. Then the
charge in the capacitor was released instantly. Due to the internal
resistance of the samples, the passing current generated Joule heating in
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Fig. 1. Synthesis of FCBG by FJH system.

the samples, and the instantaneous temperature of the samples reached
above 2500 K or even 3700 K within 200 ms. The high temperature and
extremely high heating and cooling rates generated by Joule heating
instantly transformed the TA particles into FCBG. The wrinkled and
turbostratic nature of the graphene sheets endowed FCBG with the
excellent performance of single-layer graphene.

As shown in Fig. 2(a-b), when the FJH flash voltage was 150 V, the
instantaneous current passing through the samples reached 225 A, and
the sample temperature rose to 2500 K within 200 ms and dropped to
room temperature within 1 s. According to Eq. (1), it was calculated that
the energy required for FJH to synthesize FCBGi59 was only 615 J. In
Fig. 2(c-d), when the FJH synthesis voltage was increased to 190 V, the
current passing through the samples reached 300 A. With this instan-
taneous high current, the sample temperature instantly rose to 3700 K
within 200 ms, and the energy required for synthesizing FCBG19p was
calculated to be 1.02 kJ. As is proved, the FJH possesses the capability to
control the sample temperature generated by the Joule heating by
changing the flash voltage, and the energy needed for synthesis is very
low.

To better explore the effect of the FJH flash voltage on the sample
synthesis temperature, COMSOL software was used to conduct a finite
element analysis on the FJH synthesis process. As shown in Fig. 2(e—f),
the higher the FJH synthesis voltage was, the higher the sample heating
rate was. Additionally, it quickly dropped to room temperature. The
temperature at the center of the samples was the highest, the closer it
was to the graphite electrode, the lower the sample temperature became.
This proved that the Joule heating of the samples was first generated at
the center, and then gradually spread to both ends. Meanwhile, by
studying the distribution of the temperature field, it verified whether the
Joule heating generated within the samples was uniformly distributed
when the FJH was working. In Fig. 2(g-h), when the FJH was working,
the temperature difference between the middle and both ends of the
samples was not large in the longitudinal distribution, and the tangential
distribution was consistent, which showed that the FJH realized the full
reaction of all the samples in the quartz tube and thus ensured the high-
quality FCBG. To verify the results of the simulation, the high-speed
camera was used to record the FJH synthesis process. As shown in
Fig. S1, a flash of light was generated at the center of the samples first,
and then a dazzling light spot was produced on the entire samples at
about 200 ms. Finally, the intensity of the light spot gradually weakens
as the temperature of the samples decreased within 1 s. The observed
results were consistent with the simulated results.

E=(V[-V;)xC/2 @

where E denotes the energy of the capacitor discharge; V; represents the
initial voltage; V- is the final voltage; and C denotes the capacitance
capacity.

3.2. Influence of flash Joule heating on FCBG micromorphology

Microstructural changes in samples were observed by SEM. As shown
in Fig. 3(a), due to the lower synthesis temperature, TA was mostly an
amorphous carbon structure with low particle crystallinity. In Fig. 3
(b-d), after the FJH treatment, the carbon layer of FCBG displayed a
wrinkled and turbostratic structure, and the surface crystallinity of the
carbon layer was excellent with few defects. This is because when TA
particles were treated by FJH, the instantaneous high temperature
caused pyrolysis of the amorphous carbon structure to form the carbon
six-membered ring structure, and the resulting graphitization repaired
the existing defects. However, due to the extremely high cooling rate,
there was insufficient time for the carbon six-membered ring structure to
form the graphite structure with AB layers stacked, resulting in the
disordered stacking of the sheets. This stacking method reduced the van
der Waals force between the sheets, expended the interlayer spacing,
and ultimately condensed to form this wrinkled graphene.

The surface morphology of TA and FCBG were better observed by
TEM in Fig. 3(e-g). Due to the amorphous carbon structure of TA, too
many stacked carbon layers lead to thicker sheets. However, the gra-
phene sheets and lattice fringe structure were observed in FCBG, indi-
cating that the graphene sheet of FCBG had good crystallinity, and there
were almost no defects on the sheet surface. In Fig. S2, FCBG exhibited a
more obvious lamellar structure and fewer surface defects than rGO. The
SAED was used to confirm the existence of multiple overlapping crystal
lattices in FCBG. The (001), (100), and (110) crystal plane structures
were observed in Fig. 3(h) [31]. This explained the different lattice
structures in FCBG and confirmed the turbostratic stacking mode of
graphene sheets. The AFM image of FCBG was shown in Fig. 3(i). FCBG
possessed a large sheet size and thin sheet thickness, which proved that
the low number of stacked layers in FCBG makes it possible to maintain
the excellent characteristics of graphene.

3.3. Influence of flash Joule heating on the chemical composition of FCBG

XPS was used to study the element proportion and atomic
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Fig. 2. (a-b) Electrical signal and energy when synthesizing FCBGs, (c—d) Electrical signal, and energy when synthesizing FCBG19o, (e—f) Simulating the tem-
perature change of synthetic FCBG;59 and FCBG; g0, (g-h) Simulation of temperature field distribution of synthetic FCBG;5¢ and FCBG;9¢ (In order to better display
the temperature field distribution of the sample, the quartz tube model is not shown).

hybridization of TA, FCBGis59, and FCBGigo. In Fig. S3, initially, TA
contained impurities. The FJH treatment not only removed the impu-
rities from FCBG but also endowed it with extremely high carbon con-
tent. This showed that in the FJH process, elements other than carbon
were pyrolyzed and escaped at high temperatures, thus improving the
purity of the samples. As shown in Fig. 4(a—c), by fitting the Cls spec-
trum of the samples, two peaks were observed, corresponding to sp® and
sp3 peaks, respectively; and the ratio of spz/sp3 was positively correlated
with the order of the samples [32,33]. Compared to TA, the sp? hy-
bridization peaks of FCBG159 and FCBGigg after FJH treatment signifi-
cantly increased, and while the sp3 hybridization peaks decreased. With
the increase of flash voltage, the sp® hybridization degree in the samples
became higher. This is because the flash voltage was also positively
correlated with the temperature. The Joule heating can make the carbon
atoms enter the excited state, changing the bonding mode between the
atoms so that FCBG shifts from sp> orbital hybridization to sp? orbital
hybridization, which improves the order of FCBG.

Fig. 4(d) showed the FTIR spectra of rGO, TA, FCBG150, and FCBGgg.
For rGO, a series of distinct peaks were observed at 3418 cmL, 2914

m !, 1384 cm ™!, and 1009 cm ™ ?, corresponding to -OH, -CH3, C=0,
and C—O [34-36]. It proved that TA and rGO possessed more sp> hy-
bridized carbon atoms. Additionally, TA contained oxygen-containing
functional groups. After FJH treatment, it was observed that the char-
acteristic peak intensity of oxygen-containing functional groups of FCBG
gradually weakened with the increase of voltage. This is because the
oxygen-containing functional group bond on the surface of TA was
broken at high temperatures, resulting in the formation of small mole-
cules of water and carbon dioxide, which escaped from the TA’s interior.
This improved the order of the aromatic layer in FCBG accordingly, and
it was observed that FCBG had a small characteristic peak due to the
skeletal vibrations of unoxidized graphitic domains at 1640 cm™".

The degree of graphitization and the number of carbon layers of the
samples were analyzed by XRD. As seen from Fig. 4(e), the XRD spec-
trum analysis of rGO showed that the diffraction peak of the (002) plane
was far away from the typical diffraction peak (26°) of crystalline car-
bon, which confirmed that rGO hardly undergoes graphitization. How-
ever, the diffraction peak of the (002) plane was observed in FCBG after
FJH treatment, which showed that FCBG had a better graphitization



Y. Liao et al.

Progress in Organic Coatings 184 (2023) 107859

10 1/mm

2.7nm

4.42um

Spm

-2.2nm

Fig. 3. Microstructural changes of TA after FJH treatment, (a) SEM image of TA, (b-d) SEM image of FCBG (The wrinkled graphene structure was shown by the
arrows, and the disordered stacking of the sheets was shown by the circles) (e)TEM image of TA, (f-h) TEM image of FCBG. (Between the vertical lines is the Lattice

fringe structure), (i) AFM image of FCBG.

degree and fewer defects than rGO. In addition, the fewer layers the
samples had, the lower the diffraction peak intensity of the (002) plane
and the wider FWHM became [37]. With the increase of the flash
voltage, the diffraction peak intensity of the (002) plane of FCBG
gradually decreased, and the FWHM width gradually increased, indi-
cating that by increasing the flash voltage, not only can the surface
defects of FCBG be reduced, but the turbostratic nature of FCBG can also
be easily formed, making it easier for the carbon layer to peel off to form
the graphene sheet, thereby reducing the thickness of the graphene layer
of FCBG.

The quality of the graphene sheet and the degree of surface defects of
the samples were judged by Raman. Fig. 4(f) showed the Raman spectra
of different samples. In the standard Raman spectrum of graphene, three
distinct characteristic peaks were found at 1341 em !, 1580 cm !, and
2698 cm™!, corresponding to the D peak, G peak, and 2D peak,
respectively [38-40]. Generally, higher Ip/Ig represented more surface
defects or more sp3 hybrid clusters [41,42]. Because there were many
defects in rGO and TA, it led to higher Ip/Ig. After the FJH treatment, the
high temperature generated instantaneously by Joule heating caused the
free radicals in TA to polymerize with carbon atoms, transforming some
disordered structures such as amorphous and polyene vacancies into
FCBG structures. Simultaneously, the size of sp® clusters gradually
decreased, while the size of sp? clusters gradually increased. This phe-
nomenon resulted in a reduction in the defect density on the sample
surface. In Fig. 4(g), with the increase of flash voltage, the ratio of Ip/Ig
of FCBG gradually decreased, which proved that FJH effectively reduced
the surface defects of samples and improved the quality of samples by
increasing flash voltage. The 2D peak is an important indicator to
measure the number of graphene-stacked layers. The intensity of the 2D
peak is negatively correlated with the number of graphene sheets in the
samples, and positively correlated with the graphene performance of the
samples. The intensity of the 2D peak in rGO was low due to the lower
graphene quality and smaller sheet size, while the large amount of
amorphous carbon structure in TA almost eliminated the 2D peak. Due
to the turbostratic layout of the carbon layers of FCBG during the FJH

treatment, the carbon layers were easier to be peeled off, which reduced
the number of graphene-stacked layers of FCBG, and this layout enabled
FCBG to exhibit good two-dimensional graphene electronic information.
Therefore, FCBG witnessed a very high 2D peak.

By analyzing the correlation between the Ip/Ig of Raman spectros-
copy and the graphite microcrystal size L (nm) obtained by XRD, the
microcrystal base size of the carbon material was obtained [30].

L=44(I/Ip) @

According to Eq. (2), the crystallite size of the sample was inversely
proportional to Ip/Ig. In Fig. 4(h), with the work of FJH, the L of the
samples gradually increased from 1.77 nm at TA to 73.33 nm at
FCBGjgo. It showed that under the action of the Joule heating generated
by FJH, the amorphous carbon in the sample would interact with each
other so that the crystallite size of the samples gradually increased and
transforms into a large-sheet graphene structure. The results proved that
FCBGigg synthesized by FJH had low-defect, high-quality, large-sheet
graphene structures.

The TGA test was used to judge the organic composition of the
samples. In Fig. 4(i), during the process of rising from room temperature
to 600 °C, the small amount of volatile matter in TA was pyrolyzed at
high temperature to produce gas, resulting in a gradual decrease in its
mass. When the temperature was higher than 600 °C, the fixed carbon
structure in TA was pyrolyzed, and the mass decreased rapidly. When
FJH synthesized FCBG1 g, the instantaneous high temperature caused all
the volatile matter to be pyrolyzed, and the amorphous carbon structure
had been transformed into the graphene structure, and the structure of
FCBGjgg was relatively stable. The test showed that before 700 °C, the
quality of FCBGigp hardly decreased, and the temperature of carbon
pyrolysis was much higher than that of TA, proving that the structural
stability of FCBG19o was significantly greater than that of TA, and there
was almost no volatile matter, which ensured the purity of graphene.
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3.4. Anti-corrosion properties of different coatings

The distribution of different samples in EP was investigated by
observing the SEM of the coating cross-section. It could be seen from
Fig. 5 that the cross-section of the pure EP coating had a lot of porous
structure during the curing of the coating. The incorporation of rGO was
well mixed with EP, and the pores of the contact boundary were small.
However, the contact between TA or FCBGi5¢ and EP was inadequate,
whose interface produced a large pore structure. The results indicated
that the distribution of TA and FCBG;5 in EP was not uniform, which
reduced the barrier effect of the coating. Compared with other samples,
FCBGgg had the closest contact with EP, and there were almost no pores
in the contact. It proved that the distribution of FCBGgg in EP was the
most uniform, and it effectively prevented the infiltration of corrosive

(2) g

QFPIrGo.-

media.

Fig. 6 showed the adhesion of anti-corrosion coatings with different
materials added to epoxy resin. Due to the poor distribution of TA and
FCBGjs¢ in epoxy, many pores were produced in the coating, which
made the adhesion of the coating to carbon steel substrate very low.
Compared with rGO, FCBG1gg had a larger lamellar size, and FCBGjgg
was well distributed in EP and closely adhered to EP. Therefore, the EP/
FCBGigp coating exhibited the strongest adhesion and had the best
corrosion resistance in the long-term corrosion environment.

A salt fog test was conducted to simulate the corrosion resistance of
the coated samples in a heavy corrosion environment characterized by
heavy salt, high temperature, and high humidity. The saturated NaCl
solution was used in the corrosive environment with the experimental
temperature at 40 °C and the duration of continuous corrosion for 7

Fig. 5. (a—e) SEM images of distribution of rGO, TA, FCBG159, FCBG190 in epoxy resin (the yellow arrows indicate the pores between the samples and EP, and yellow
circles indicate areas where FCBG; g has excellent contact with EP). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 6. Adhesion of coatings with different materials added to epoxy.

days.

Fig. 7 showed the OCP data of different coatings before and after the
salt spray test, which was used to evaluate the corrosion trend. The
comparison revealed that the OCP of the Q235 is —0.459 V before the
salt spray test and —0.513 V after the salt spray test. Additionally, the
OCP of FCBG coating after FJH treatment before and after the salt spray
was much larger than that of TA coating. FCBG19( coating consistently
maintained the highest OCP, which proved that reducing the surface
defects of TA by the FJH greatly weakened the corrosion tendency of the
samples, and FCBG1g had stronger corrosion resistance than rGO [43].

EIS was employed to evaluate the long-term anti-corrosion perfor-
mance of different coatings. The size of the capacitive arcs reflected the
speed of corrosion product diffusion and the ease of charge transfer.
Accordingly, the size of the capacitance arc radius was used to judge the
strength of the anti-corrosion layer. In Fig. S4, the arc radius of EP/
FCBGg99 and EP/rGO coatings remained similar both before and after
salt spray corrosion. Compared with that of other coatings, they main-
tained the largest. It proved that EP/FCBG99 and EP/rGO effectively
protected the Q235 substrate in a corrosive environment.

The barrier performance of coatings was semi-quantitatively repre-
sented by the impedance moduli at 0.01 Hz (|Z|¢.01 1z)- In Fig. 8(a-b),
the matrix Q235 exhibited the lowest |Z|g o1 1 value (5.8 x 102 Q-cm?)
among all the samples due to the strong corrosive effect of the acidic
environment on metallic materials. The anti-corrosion performance was
improved after adding the coating. For the Pure EP, EP/TA, and EP/

—0.6

Before salt spray

-0.513 After salt spray
05} .
-0 1(»1_(£7 040_50'£5 0. ()E-i)'—21
0.4} SRS B
259

> 0333 L0332
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Q235 Pure EP EP/TAEP/FCBG,EPAGO EP/FCBGq,

Fig. 7. Comparison of OCP of different anti-corrosion coatings before and after
salt spray.
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FCBGjs5¢ coatings, the impedance moduli at the lowest frequency
exhibited fast reductions with the immersion time, and the capacitive
loops also gradually diminished. These observations indicated the
inferior protective abilities of the Pure EP, EP/FCBG1 5 coatings for steel
plates. This might be due to the pore structures formed on the surface of
Pure EP during curing and the uneven distribution of FCBG;5o in EP
compared to rGO and FCBGj9g, which cannot effectively form a dense
graphene network to prevent the entry of corrosive media. In the long-
term corrosion process, the low adhesion of Pure EP and EP/FCBG;5¢
coatings to carbon steel would cause the coating to fall off, and the
corrosive medium would directly corrode the carbon steel substrate.
However, the EP/rGO and EP/FCBGigp not only exhibited relatively
straighter Bode impedance lines over a wide frequency range after 7
days of immersion but also had a bigger |Z|o.01 u. value. These results
revealed that the large graphene sheet size and low defect density in
FCBGigg prevented the infiltration of small molecular corrosive sub-
stances, resulting in the excellent and stable protection ability of
FCBG1g9 compared with rGO in terms of long-term corrosion. As shown
in Fig. 8(c—d), the higher phase angled after the salt spray test also
indicated that EP/FCBGj9o had long-term anti-corrosion performance.

For a further study of the anti-corrosion performance of different
coated samples, the EIS data were fitted via Zview software using two
types of electrical equivalent circuits. The circuit in Fig. 9(a) represented
the initial stage of the Q235 substrate being uncorroded, and the circuit
in Fig. 9(b) represented the stage when the corrosion had progressed to
the coating and the steel plate. In the circuit, Rs, R, (Re), Ret, CPEcoat, and
CPEq; represented the solution resistance, coating pore resistance,
charge transfer resistance, coating constant phase, and double-layer
constant phase, respectively. The constant phase element (n) was used
to correct the deviation of the ideal capacitance. The equivalent circuit
fitting data of different coatings at the initial stage of salt spray corrosion
were shown in Table S3. The R. of EP/FCBGy99 and EP/rGO were
comparable and three orders of magnitude higher than that of Pure EP
coating, which proved that the introduction of FCBG1g9¢ improved the
corrosion resistance of the coating.

Usually, R, and R are regarded as indicators to evaluate coated
samples’ barrier properties. The higher R, and R imply that it is more
difficult for the corrosive media to penetrate the coating. As shown in
Table 1, as the salt spray corrosion progressed, the R;, and R of the
coating gradually decreased. After 7 days of corrosion, EP/FCBGjgg
synthesized by FJH shows higher R, and R than EP/rGO, proving that
EP/FCBG19p had a stronger barrier effect on corrosive media [44]. This
is because EP/FCBG19p had a larger sheet size and fewer defects, and the
turbostratic stacking of graphene sheets hindered the penetration of
corrosive media and the transfer between charges. Although the anti-
corrosion effect of FCBG159 was inadequate, it still achieved the anti-
corrosion effect of rGO by increasing the flash voltage. In addition, the
CPEq of EP/FCBG1 9o was comparable to that of rGO, and the CPE4 of TA
decreased by three orders of magnitude after FJH treatment. This indi-
cated that EP/FCBGj9g had stronger adhesion to metal substrates and
better anti-corrosion performance on the substrate in a long-term
corrosion environment.

The actual situation of different coatings after salt spray corrosion
was shown in Fig. 10(a). After 7 days of corrosion, as the corrosion
medium had completely penetrated the metal matrix, the coating of
Pure EP, EP/TA, EP/FCBGj 50 had been completely peeled off. Due to the
more defects and smaller sheet size on the EP/rGO surface, the corrosive
medium also caused part of the coating to peel off. However, EP/
FCBG199 showed strong corrosion resistance: not only does the coating
not fall off, but also the corroded area of the metal substrate was very
small, which is consistent with the results of the EIS analysis.

Fig. 10(b) showed the polarization curve of the coated samples. We
found that EP/FCBGigp and EP/rGO had lower corrosion potential,
which proved that the coated samples had the best corrosion resistance.
Fig. 10(c~d) showed the corrosion parameters obtained by fitting. After
FJH treatment, the corrosion current density of TA was reduced by three
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Fig. 8. (a-b) log|Z|-Frequency of samples before and after salt spray corrosion, (c—d) Phase-diagram of samples before and after salt spray corrosion (The elec-

trochemical tests were carried out in 0.5 M H,SO4 electrolyte solution).

(a) H,0 (b) H,0

ool‘o 9 oal‘a /‘

R, R,
o [ LcPEa. R, LcPEy,

: Re 2=
’ ICPE,

Fig. 9. The proposed electrical equivalent circuits for EIS results. (a) Q235 has
no corrosion stage, (b) Corrosion phase occurs between coating and Q235.

orders of magnitude, which greatly reduced the corrosion rate of the
coating. Compared with EP/rGO, EP/FCBGiq still exhibited a larger
corrosion voltage (—0.328 V) and lower corrosion current density
(4.457 x 108 A/cm?). This is because FCBGigp had a higher anti-
corrosion resistance in EP coating, which greatly slowed down the
charge transfer rate of corrosive media when they passed through EP/
FCBGjgg coating.

3.5. Protective mechanisms of EP/FCBG1gp coating

Fig. 11 showed the corrosion protection mechanism of Pure EP
coating on metal substrates before and after adding FCBG. In Fig. 11(a),
EP formed many small defects during the curing process, which affected
the compactness of the coating and allowed corrosive media (such as
Cl™, Hy0, and O3) to enter the metal surface through these defects to
cause corrosion. However, the addition of FCBGqgq effectively reduced
the tiny defects in the coating curing process and improved the corrosion
resistance of the coating. In Fig. 11(b), compared with rGO, FCBG90 had
fewer surface defects and a larger graphene sheet size. Moreover, the
turbostratic stacking of graphene sheets enabled FCBGigg to form a
dense graphene network in EP, making it difficult for the corrosion
medium to contact the metal substrate and thus improving the anti-
corrosion performance.

4. Conclusion

In this study, with TA as raw material, the low-defect, large-sheet
FCBG was successfully synthesized by FJH within 200 ms without
adding any chemical reagents and pretreatment. The energy required for
the synthesis of FCBG19p was only 1.02 kJ. The finite element analysis of

Table 1
Electrochemical parameters fitted by electrochemical EIS tests of different coatings after salt spray corrosion.
CPEcoat CPEq R, (Q.cm?) Ry (Q.cm™?)
Yo(@'em™?s™) Teoat Yo(@ lem 25" ng
Q235 4.67 x 10°* 0.958 3.65 x 1072 0.984 15,975 705
Pure EP 3.70 x 10°° 0.998 6.05 x 107° 0.795 78,743 1470
EP/TA 8.43 x 107° 0.998 7.86 x 107° 0.690 91,130 2815
EP/FCBG 50 1.43 x10°° 0.942 2.22 x 1077 0.989 138,350 4001
EP/rGO 2.33 x 107° 0.989 2.24 x 107° 0.875 227,780 23,422
EP/FCBGi99 1.63 x 107 0.946 2.08 x 107° 0.905 335,010 35,250
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Fig. 10. (a) Surface changes of different coatings after salt spray corrosion for 7 days, (b) Polarization curves and fitted self-corrosion voltage and current of different

coatings after salt spray test.
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Fig. 11. Schematic diagram of salt spray corrosion. (a) Pure EP coating, (b) EP/
FCBGj 99 coating.

the FJH process was carried out, and the results verified that the tem-
perature field distribution in the FJH synthesis process was uniform.
Finally, the FCBGs prepared with different flash voltages were applied to
anti-corrosion coatings, and the electrochemical performance of
different coatings after 7 days of salt spray corrosion was analyzed. The
results showed that the corrosion resistance of the FCBG coating had
been greatly improved. The extremely low defects and large-sized gra-
phene sheets of FCBG g effectively prevented the infiltration of corro-
sive media. Compared with rGO, FCBG; g displayed better performance
in corrosion resistance. The ease of synthesis, high-quality graphene,
and low energy consumption indicate that the FJH system is a green and
efficient way for large-scale production of flash graphene, greatly
reducing energy waste and ensuring an excellent application prospect.
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