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Abstract: The physicochemical properties of functional graphene are regulated by compositing
with other nano-carbon materials or modifying functional groups on the surface through plasma
processes. The functional graphene films with g-C3N4 and F-doped groups were produced by
controlling the deposition steps and plasma gases via radio frequency plasma-enhanced chemical
vapor deposition (RF-PECVD). The first principles calculation and electrochemistry characteristic of
the functional graphene films were performed on Materials Studio software and an electrochemical
workstation, respectively. It is found that the nanostructures of functional graphene films with
g-C3N4 and F-doped groups were significantly transformed. The introduction of fluorine atoms led
to severe deformation of the g-C3N4 nanostructure, which created gaps in the electrostatic potential
of the graphene surface and provided channels for electron transport. The surface of the roving
fabric substrate covered by pure graphene is hydrophilic with a static contact angle of 79.4◦, but
the surface is transformed to a hydrophobic state for the g-C3N4/graphene film with an increased
static contact angle of 131.3◦ which is further improved to 156.2◦ for CF2-modified g-C3N4/graphene
film exhibiting the stable superhydrophobic property. The resistance of the electron movement of
CF2-modified g-C3N4/graphene film was reduced by 2% and 76.7%, respectively, compared with
graphene and g-C3N4/graphene.

Keywords: functional graphene; superhydrophobic films; electrochemical reaction; plasma processes;
first principles calculation

1. Introduction

Graphene with a two-dimensional nanostructure possesses unique optical, electrical,
and mechanical properties, which helps it work as a popular functional material [1–3]. The
main preparation methods for high-quality graphene are the micro-mechanical stripping
method [4], the epitaxial growth method [5], the graphite oxide reduction method [6], and
the chemical vapor deposition method [7]. The graphene prepared using the microme-
chanical exfoliation and epitaxial growth method presents as single-layer graphene with
high purity [8]. However, the graphene prepared with such technology is only used at
the laboratory level due to its extremely low output and high requirements for hardware
facilities, which greatly affects the commercialization process of graphene. The reduced
graphite oxide method (Hummer’s method) is the main method used to prepare graphene
by mixing graphite powder and a strong oxidant and reducing graphene oxide with hy-
drazine [9]. The graphene prepared using Hummer’s method promotes a large output,
however, the obtained graphene has such great defects that it partially loses its outstanding
physicochemical properties; meanwhile, the highly toxic hydrazine hydrate may lead to
great safety hazards in waste liquid treatment [10]. The graphene prepared using CVD has
the characteristics of high controllability, scalability, and relatively low cost, and the synthe-
sized graphene has good homogeneity, which makes it suitable for large-area preparation.
Therefore, the research on the synthesis of graphene by CVD is always concerned with this
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process [11,12]. The graphene prepared by CVD has a certain theoretical basis to become a
promising process, especially in commercial mass production. The physical and chemical
properties of graphene are effectively regulated by compositing with other nano-carbon
materials or changing the types of functional groups on the graphene surface, resulting in a
product that is defined as functional graphene [13].

Many researchers have chosen graphite-phase carbon nitride (g-C3N4) with high
conductivity and photocatalytic activity to construct graphene and carbon nitride nanocom-
posite photocatalytic materials, which can thus not only retain their excellent properties
but also produce synergistic effects to improve electrochemical activity [14–16]. The C
and N atoms in the structure of g-C3N4 form a highly delocalized π conjugated system
with sp2-C hybridization, which exhibits a suitable semiconductor band edge position
and meets the thermodynamic requirements of photo-hydrolysis of aquatic hydrogen
to produce oxygen. Dong [17] investigated the structural and electronic properties of a
g-C3N4/graphene/g-C3N4 sandwich heterostructure using density functional theory with
van der Waals correction. The results showed that the band gap of the sandwich heterostruc-
ture could be as high as 106 meV without strain while maintaining high carrier mobility.
Wu [18] studied the atomic structure and electronic properties of hybrid g-C3N4/graphene
nanocomposites using first principles calculations. The calculation results showed that
the buckle graphene/g-C3N4 nanocomposite was more stable than the planar one, and
graphene as a substrate of graphene/g-C3N4 nanocomposite can obviously loosen the
buckle degree of g-C3N4 to stabilize electron configuration. The main synthesis methods
of g-C3N4 are mainly divided into solid phase reaction method, solvothermal method,
electrochemical deposition method, and thermal polymerization [19–22]. Although film
preparation by CVD is currently the mainstream process in the industrial production pro-
cess, the study of g-C3N4 one-step preparation by CVD is rarely reported. In addition,
the activity of nano-carbon-based materials can also be adjusted by doping atoms (such
as F, B, N, P, S, etc.), so as to achieve the purpose of adjusting the charge distribution,
electronegativity and electron transfer behavior [23,24]. The special C-F bond and lamellar
structure of fluorine-doped nanocarbon materials give them special properties such as low
surface energy, strong hydrophobicity, self-lubrication, corrosion resistance, and friction
resistance [25,26]. Based on these excellent properties, there have a great number of ap-
plications in different fields containing superhydrophobic materials [27], thermoelectric
and optoelectronic devices [28], and corrosion-resistant coatings [29]. Jayasinghe [30] used
CF4 plasma to fluorinate multi-walled carbon nanotubes and applied it to lithium primary
battery and lithium secondary battery and obtained slightly fluorinated multi-walled car-
bon nanotubes with improved cycling performance compared with the original carbon
nanotubes.

Plasma technology, as a gaseous treatment technology that combines physical and
chemical methods, has attracted more and more attention in material modification because
of its advantages such as controllable operation, high treatment efficiency, mild reaction
conditions, green environmental protection, and targeted modification of material surface
without damage to the internal structure [31]. Within the field of plasma technology,
PECVD (Plasma Enhanced Chemical Vapor Deposition) is a typical “bottom-up” deposition
method. By ionizing the reaction gas to form a plasma, the active groups dissociated
from the gas molecules after high-energy electron bombardment are deposited on the
substrate surface to form the final product. Compared with the traditional thermal CVD
method, the PECVD method can achieve high-quality controllable material preparation
at a lower temperature without a catalyst, which has been extensively applied to realize
the regulation of defects, the preparation of layered composite films, and the doping of
heterogeneous atoms [32]. Yi [32] reviewed the research progress of two-dimensional
materials prepared by the PECVD method and their application in recent years and found
that there were different competition processes among etching, nucleation, and deposition
in PECVD. The two-dimensional high-quality materials with different morphologies and
properties prepared at different equilibrium states have broad application prospects in
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photodetectors, pressure sensors, biochemical sensors, electronic skin, Raman enhancement,
etc. This “bottom-up” method can effectively prepare carbon nanomaterials, facilitate in
situ heteroatom doping of carbon nanomaterials, modify the material surface functional
groups or construct structural defects, and regulate the electronic structure to meet the
needs of different applications [33–35]. Woon’s team [33,34] used low-power capacitance-
coupled radiofrequency plasma-enhanced chemical vapor deposition to grow fully covered,
mostly single-layer graphene films with serious defects on copper substrates by controlling
the proportion of plasma gas sources. Additionally, it was found that the vacancy defects
of the graphene films were caused by ion bombardment during growth, which caused the
change of charge transfer in the graphene films.

In this work, the functional graphene films were produced by PECVD technology,
and the related properties were controlled by tuning the plasma deposition steps and
injecting different plasma gases. The novelty of this study is that the in-situ growth
of CF2-modified g-C3N4/graphene films with graphene primer improves the bonding
performance and durability of the superhydrophobic film and uses the wide band gap
of g-C3N4 to improve the corrosion resistance of the composite film in the salt solution.
Concurrently, the combined method of experiment and modeling is used to investigate
the results, and the relationship between structures and properties is studied by building
suitable models and detailed characterized by using different experimental techniques.

In this research, aimed to optimize the superhydrophobic and electrochemical per-
formance of graphene film, the g-C3N4 and F-doped functional groups were mixed by
controlling the deposition steps and plasma gases using PECVD technology. The related
micro-nano structures of the produced films were determined by TEM, XPS, and FTIR, and
their atomic models were established through Material Studio 7.0. The crystal model was
established by density functional theory calculation.

2. Materials and Methods
2.1. Materials

The Ar/CH4 mixed gas (CH4 concentration: 5.01 × 10−2 mol/mol), Ar/NH3 mixed
gas (NH3 concentration: 1.02 × 10−4 mol/mol), and high-purity (>99.996%) CF4 gas
were used as the plasma precursor gas; they were purchased from Nanjing Special Gas
Co., Ltd. (Nanjing, China). The used substrates were roving fabrics with the size of
15 mm × 15 mm × 1 mm supplied by Kunshan Zhangsheng Nano Technology Co., Ltd.
(Kunshan, China). The weight of the fabrics with the scale of 10 × 10 mm2 was tested and
the values were 77, 81, and 86 mg, respectively, and the average value was 81.3 mg with a
standard deviation of 3.68. The used reagent including Ethylene glycol (AR, ≥99.7%) and
acetone (AR, 99.2%) were obtained from Aladdin (Shanghai, China).

2.2. Plasma Deposition of Graphene, g-C3N4/Graphene and CF2 Modified g-C3N4/Graphene Films

The roving fabric substrate was washed with acetone solution for 20 min in an ultra-
sonic cleaning machine to wipe off the surface grease. Then, the fabric surface was washed
repeatedly with alcohol and deionized water 3–4 times, and the fabric was dried at 80 ◦C
for 60 min for subsequent experiments.

The synthesis scheme regarding the experimental procedures is shown in Figure 1.
Plasma experiments were performed using a radio frequency (RF) plasma reactor
(13.56 MHz) with capacitive coupling in pulsed mode. The substrates were put on the glass
holder which is in the chamber center, and the plasma treatments were started after the
ultimate chamber pressure reached the value of 3 × 10−3 Pa. In this study, different types
of films can be obtained by changing the plasma gases, the graphene film was prepared by
injecting the 0.25 mL/min plasma gas of Ar/CH4 at 10 Pa of stabilized working pressure
for an exposure time of 10 min with RF power of 30 W. After the graphene film deposition,
the Ar/CH4 gas was stopped, then the g-C3N4 groups were subsequently generated on
the graphene by injecting 0.5 mL/min plasma gas of Ar/NH3 with the discharge power of
100 W at 24 Pa for 120 min, so the g-C3N4/graphene film was produced, and the sample
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was named as NG. Moreover, the g-C3N4/graphene film was further modified by the CF4
plasma which was generated at the RF power of 100 W under the working pressure of 24 Pa,
and the CF4 gas of 0.5 mL/min was injected. Such modification process was performed for
120 min, finally, the CF2 modified g-C3N4/graphene film was prepared, and the sample
was designed as FNG. The above abbreviations for the samples refer to the prepared film
on the fabric.
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Figure 1. Schematic of graphene, NG and FNG films synthesized by PECVD technology.

2.3. Characterization Method

Nanostructures and morphologies of the films including graphene, NG, and FNG
were tested using high-resolution transmission electron microscopy (HRTEM, Tecnai G2
F30 S-TWIN, FEI, Hillsboro, NH, USA). Due to the requirement of sample preparation
for high-resolution transmission electron microscopy, the film should be stripped from
the fabric and evenly dispersed in an alcohol solvent to characterize the morphology
and structure of the film. The plasma-treated fabric was placed in an ultrasonic vibrator
with an ethanol solution and vibrated for 1 h to ensure that the surface film of the fabric
was fully dissolved in an alcohol solvent. The functional groups and chemical bonding
types were tested by infrared spectroscopy (IR, Cary 640/670, Varian, Palo Alto, CA, USA)
in ATR mode (ranging from 4000 to 400 cm−1) and X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, ThermoFisher, Waltham, MA, USA) with the excitation source of a
monochromatized Al Kα X-ray source (hν = 1486.68 eV). The binding energies of the XPS
peaks were given with an accuracy of ±0.2 eV.

2.4. Contact Angle Measurements

Water contact angles (WCAs) of the fabrics covered by the produced films were
measured by a contact angle analyzer (OCA, Dataphysics, Stuttgart, Germany), and the
sessile drop method was used. Stability Testing was performed by an ultrasonic cleaning
machine (JP-100, Jiemeng Cleaning Equipment Co., Ltd., Shenzhen, China), which provided
an important indicator for preparing durable superhydrophobic fabric. The plasma-treated
fabric was completely immersed in 95% alcohol and ultrasonic for 20 min, then removed
and cleaned with deionized water three times. Finally, the plasma-treated fabric was
placed in an oven and dried at 60 ◦C for 60 min. The contact angle of each sample after
ultrasonic cleaning was secondly measured. The average angle was obtained by testing
five different locations of each sample with ~10 µL of water droplets. Rolling angles (RAs)
were detected using the sessile drop method and 10 µL deionized water droplets with the
optical contact angle measuring instrument (OCA, Dataphysics, Stuttgart, Germany). RAs
were determined by tilting the sample stage at a rate of one degree per second until the
drops started moving and rolled off the sample surface.

2.5. Electrochemical Analysis

The electrochemical properties of the films were investigated by using the electro-
chemistry workstation (Interface 1010E type, Gamry, Philadelphia, PA, USA). The pure
graphene, g-C3N4/graphene (NG), and CF2-modified g-C3N4/graphene (FNG) films were



Nanomaterials 2022, 12, 4387 5 of 18

generated on the auxiliary electrode for measurements. The Electrochemical impedance
spectroscopy (EIS) was obtained by testing the stable open circuit potential of the films
immersed in 3.5% NaCl solution at frequencies ranging from 10−2–105 Hz. Additionally,
the Gamry Echem Analyst software was used to study the obtained PP and EIS curves.

2.6. Contact Angle Measurements

The first principles calculation of the obtained film was performed using the Dmol
module in Materials Studio 7.0. The atomic and chemical combination was modified
according to the characterization results based on the graphite model after unlocking its
symmetry.

3. Results and Discussions
3.1. TEM Analysis on the Film Nanostructures

According to the PECVD deposition steps and different injected gases, three samples
of the functional graphene films have been produced, which are the pure graphene, g-
C3N4/graphene (NG), and CF2-modified g-C3N4/graphene (FNG) films. Firstly, the nanos-
tructures of graphene and NG films were captured by TEM, as shown in Figures 2 and 3.
The obvious crystal structure occurred on the graphene film sample, and diffraction rings
were (001) and (100) after the fast Fourier transform (FTT) as shown in Figure 2a. Zone A
with an area of 5 × 5 nm was selected and operated under live FTT to obtain the auxiliary
lattice image as shown in Figure 2b. The graphene grew with (001) and (100) advantages,
which was consistent with the overall FTT. To be further analyzed, the orthogonal lattice
fringes appeared on the surface of graphene, and the adjacent signal spacing was 7 pixels,
corresponding to 1.43 µm converted length, meaning that the graphene quality was perfect,
as shown in Figure 2c,d.
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Then, the crystal structure of CF2 modified g-C3N4/graphene film (NG film) sample
was detected, and the selected diffraction rings were (010) and (100) of g-C3N4 after the
fast Fourier transform (FTT) as shown in Figure 3a. Zone B with an area of 5 × 5 nm was
selected and operated under live FTT to obtain the auxiliary lattice image as shown in
Figure 3b. The graphene grew to the direction of (010) and (100) advantages, which was
consistent with the overall FTT. The orthogonal lattice fringes appeared on the surface
of graphene, and the adjacent signal spacing was 12 pixels, corresponding to 2.45 µm
converted length, as shown in Figure 3c,d.

For the sample of CF2-modified g-C3N4 film (FNG film), the nanostructure and EDS of
FNG film were analyzed by TEM, as shown in Figure 4. The FNG film presented dendritic
distribution and obvious fiber film structure [36], as shown in Figure 4a–c. After reduced
FTT, it was found that the film presented a polycrystalline structure as a whole, as shown in
Figure 4d. According to the color depth, two zones of A and B are selected for local analysis,
and the results are shown in Figure 4e–h. Zone A presented polycrystalline diffraction, and
the diffraction rings were (010), (110), and (120), respectively, which were mainly composed
of graphene. The nano-structure of g-C3N4 was destroyed due to the modification of the F
atom on the film surface, meanwhile, the CF2-modified g-C3N4 presented an amorphous
structure, as shown in Zone B. The whole FNG film was scanned by EDS as shown in
Figure 4i, and the result showed that the FNG film was mainly composed of C, F, and N
elements, accompanied by a small amount of adsorbed oxygen.
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and FFT (h) of zone B were analyzed. Element distribution of FNG film was detected (i).

The above TEM results reflected that all the prepared films are of good quality. For the
NG film, g-C3N4 is grown in situ on the basis of graphene which presents a similar crystal
structure to graphene, and the nanostructure of g-C3N4 is destroyed after an F atom was
introduced on its surface. The FNG film exhibits an amorphous structure on the whole.

3.2. Chemical Structures by XPS and FTIR Analysis

The survey spectra of all the films were analyzed by XPS as shown in Figure 5a,
and the fine spectra of C1s, N1s, and F1s in the films were shown in Figure 5b–d, whose
atomic ratios were 34.7, 0.3, 4.6, and 60.4, respectively. The C1s spectrum was corrected for
contaminated carbon at 284.5 eV. The chemical bonds of C-C, N-C=N, CF-CFn, CF2, and CF3
appeared at the binding energy of 285.4, 288.4, 289.4, 291.1, and 292.9 eV, respectively [37,38].
The C-C bond originated from the graphene structure, the N-C=N bond originated from
g-C3N4, and CFx originated from the modified CF functional group. The N1s spectrum was
fitted to C-NHx, N-(C)3, and N-C=N peaks, whose binding energy values were 401.6, 400.5,
and 399.1 eV, respectively [39]. The main chemistry bond of the F1s spectrum was divided
into CF3 and CF2 bonds, where the CF3 bond played the role of structure construction and
the CF2 bond endowed the ability of superhydrophobic performance [40]. The valence band
spectra of graphene, NG, and FNG films were tested during −2–4 eV binding energy as
shown in Figure 5e, and the corresponding valence band value were 0.13, 1.22, and 1.54 eV,
respectively, meaning that the NG and FNG enhanced the width of the valence band. The
types and structures of functional groups on the surface of FNG film were studied by
infrared spectroscopy, as shown in Figure 5f. The wavenumbers appeared at 1535 and 1699,
corresponding to the C-N (I) and C-N (II) respiratory peaks, respectively [41].

From the above results, the composition and functional group types of the film can be
obtained. The C-C bond, the N-C=N bond, and the CFx bond are attributed to the graphene
structure, g-C3N4, and modified functional group, respectively. The addition of nitrogen
and fluorine atoms can enhance the valence bandwidth.
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3.3. DFT Calculation

FNG film was analyzed based on density functional theory (DFT) as shown in Figure 6.
N atoms replaced C atoms at the π end of graphene, and the g-C3N4 nanostructure with
staggered C and N atoms was formed under the premise of ensuring the hexagonal “P1”
spatial community of graphene [42]. At this time, the C-N bond length was 1.42 angms,
and the angle of C-N-C and N-C-N was both 120◦, as shown in Figure 6a. After introducing
CF4 gas and continuous glow discharge, the C-N bond was broken, and an F atom was
attached to the end of a C atom to form CF2. Such a process led to serious deformation of
the g-C3N4 nanostructure, and C-N close to the F atom shrunk, while C-N far away from
the F atom stretched [43], as shown in Figure 4b. The position of wave number within the
range of 1620–1800 cm−1 was carefully scanned. It was found that the C-N absorption
peaks can be fitted into three peaks, corresponding to C-N (compress), C-N (normal), and
C-N (stretching) [44,45], as shown in Figure 6c, which was consistent with the simulation
results in Figure 6b. More interestingly, the modified of CF2 functional groups increased the
band gap of g-C3N4 from 0.022 eV to 0.217 eV, and the value of the valence band obtained
from the density of state was 1.38 by studying the band gap of FNG film [45,46], which
corresponded to the results in Figure 5e. There was a wide band gap on the path from F
to Q, which was assigned to CF2 functional groups. This phenomenon caused a gap in
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the electrostatic potential on the graphene surface, which provided a channel for electron
transfer, as shown in Figure 6d–f.
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Figure 6. DFT calculation of FNG film including the (a) atomic structure of g-C3N4 and FNG film,
(b) electron density of FNG film, (c) fine scanning of infrared spectrum, (d) band gap of FNG film,
(e) band gap at Fermi of FNG film, (f) density of energy of FNG film.

In combination with the results of infrared analysis, it can be concluded that the
introduction of fluorine atoms led to severe deformation of the g-C3N4 nanostructure, which
created gaps in the electrostatic potential of the graphene surface and provided channels
for electron transport, which was consistent with the band gap results of XPS analysis.

3.4. Superhydrophobic Performance

The optical images of the contact angle were obtained by the contact angle measuring
instrument, as shown in Figure 7. The fabric covered by the FNG film presented perfect
superhydrophobic properties compared with the other two samples before and after ul-
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trasonic cleaning, which relayed the superhydrophobic ability of functional groups. The
surface of the Ar/CH4 preliminarily treated fabric substrate was hydrophilic with a static
contact angle of 79.4◦. After the second step of Ar/NH3 treatment, the surface of the
treated fabric substrate transformed from a hydrophilic state to a hydrophobic state, with
an increased static contact angle of 131.3◦. Finally, after CF4 plasma treatment, the fabric
substrate possessed superhydrophobic properties with a static contact angle of 156.2◦. After
ultrasonic cleaning for 20 min, the plasma-treated fabrics attached by the FNG, and NG
film maintained favorable hydrophobic performance. Particularly, the superhydrophobic
performance of the fabric attached by FNG film was stable on the whole. After ultrasonic
cleaning, the fabric attached by FNG film still had a water contact angle as high as 147.6◦,
which was 8.6◦ different from the contact angle before ultrasonic cleaning, which indicated
that the film exhibited good bonding force with the substrate, and the film exhibited good
interlayer bonding force with the film. As for the rolling angles of the samples, the plasma-
treated fabrics that were attached by the three kinds of films had similar rolling angles, and
the sample with static contact angles over 150◦ showed a rolling angle of 35.8◦.
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The superhydrophobic performance of the prepared composite films in this work is
compared with the experimental results of other authors, it can be seen in Figure 8 that the
prepared CF2 modified g-C3N4/graphene composite film has a better water contact angle
relative to the recent literature review.

Nanomaterials 2022, 12, x FOR PEER REVIEW 12 of 18 
 

 

80

90

100

110

120

130

140

150

160

C3N4-Fe-rGO

Fluorocarbon/silver

Fluorocarbon/perovskite

g-C3N4 nanosheets

This work

 

 

C
o

n
ta

c
t 

a
n

g
le

/o

 

Figure 8. The recent literature review on g-C3N4 nanosheets [47], fluorocarbon/silver [48], fluorocar-

bon/perovskite [49], C3N4-Fe-rGO [50] and related water contact angle of superhydrophobic perfor-

mance. 

3.5. Electrochemical Performance 

3.5.1. Polarization Curve Analysis 

The electron transfer of the obtained film was established by an electrochemical 

workstation, and the polarization curves of the three films and the electrode are shown in 

Figure 9a. The Tafel extrapolation method was used to obtain the polarization current 

[51,52], which was further calculated to obtain polarization resistance, and the related re-

sults are shown in Table 1. The relationship between reactive oxygen species and polari-

zation current was obtained by a first-order derivative of the anode part, as shown in Fig-

ure 9b. The polarization current of the electrode, graphene, NG, and FNG film was 7.031 

× 10−9, 8.492 × 10−9, 7.603 × 10−9, and 1.059 × 10−8, respectively, which indicated that FNG 

film still had the ability to decompose reactive oxygen species at a higher polarization 

current and had good stability [53]. The FNG film had the highest polarization resistance, 

indicating a higher impedance of free electrons passing through the FNG film. Relevant 

scholars believed that the expression for polarization resistance was Rp = Rct + W (where 

Rct is the charge transfer resistance and W is the infinite diffusion resistance) [54,55], mean-

ing that it was necessary to further study the state of charge transfer through electrochem-

ical impedance spectroscopy (EIS). 

 
(a) 

Figure 8. The recent literature review on g-C3N4 nanosheets [47], fluorocarbon/silver [48], fluorocar-
bon/perovskite [49], C3N4-Fe-rGO [50] and related water contact angle of superhydrophobic perfor-
mance.



Nanomaterials 2022, 12, 4387 12 of 18

3.5. Electrochemical Performance
3.5.1. Polarization Curve Analysis

The electron transfer of the obtained film was established by an electrochemical
workstation, and the polarization curves of the three films and the electrode are shown in
Figure 9a. The Tafel extrapolation method was used to obtain the polarization
current [51,52], which was further calculated to obtain polarization resistance, and the
related results are shown in Table 1. The relationship between reactive oxygen species
and polarization current was obtained by a first-order derivative of the anode part, as
shown in Figure 9b. The polarization current of the electrode, graphene, NG, and FNG
film was 7.031 × 10−9, 8.492 × 10−9, 7.603 × 10−9, and 1.059 × 10−8, respectively, which
indicated that FNG film still had the ability to decompose reactive oxygen species at a
higher polarization current and had good stability [53]. The FNG film had the highest
polarization resistance, indicating a higher impedance of free electrons passing through the
FNG film. Relevant scholars believed that the expression for polarization resistance was
Rp = Rct + W (where Rct is the charge transfer resistance and W is the infinite diffusion re-
sistance) [54,55], meaning that it was necessary to further study the state of charge transfer
through electrochemical impedance spectroscopy (EIS).
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Table 1. Experimental parameters of EIS fitting.

Parameter Electrode Graphene NG FNG

Solution resistance (Rs)/Ω 3.861 × 10 3.382 × 10 6.131 1.022
CPEe, Yo (S × secn) 1.861 × 10−5 2.055 × 10−5 1.689 × 10−5 2.013 × 10−5

Freq power (n)/0 < n < 1 0.905 0.925 0.946 0.922
Electrode resistance Re/Ω 3.866 × 106 6.381 × 105 1.766 × 104 1.506 × 106

Warburg resistance/Ω 2.236 × 10−6 1.363 × 10−6 2.600 × 10−6 3.455 × 10−6

CPEf, Yo (S × secn) 7.691 × 10−9 4.238 × 10−8

Freq power (n)/0 < n < 1 1 0.859
Capacitance F 7.758 × 10−5

Pore resistance Rpo/Ω 9.926 × 10 1.430 × 10 2.99 × 10
CPEdl, Yo (S × secn) 0.215 × 10−3 0.128 × 10−3 0.270 × 10−4

Freq power (n)/0 < n < 1 0.565 0.926 0.893
Charge transfer resistance Rct/Ω 1.809 × 104 7.584 × 103 1.768 × 103

χ2 (10−3) 8.800 × 10−2 2.486 × 10−2 3.524 × 10−1 3.280 × 10−2

Solution resistance (Rs)/Ω 3.861 × 10 3.382 × 10 6.131 1.022
CPEe, Yo (S × secn) 1.861 × 10−5 2.055 × 10−5 1.689 × 10−5 2.013 × 10−5

Freq power (n)/0 < n < 1 0.905 0.925 0.946 0.922
Electrode resistance Re/Ω 3.866 × 106 6.381 × 105 1.766 × 104 1.506 × 106

Warburg resistance/Ω 2.236 × 10−6 1.363 × 10−6 2.600 × 10−6 3.455 × 10−6

CPEf, Yo (S × secn) 7.691 × 10−9 4.238 × 10−8

Freq power (n)/0 < n < 1 1 0.859
Capacitance F 7.758 × 10−5

Pore resistance Rpo/Ω 9.926 × 10 1.430 × 10 2.99 × 10
CPEdl, Yo (S × secn) 0.215 × 10−3 0.128 × 10−3 0.270 × 10−4

Freq power (n)/0 < n < 1 0.565 0.926 0.893
Charge transfer resistance Rct/Ω 1.809 × 104 7.584 × 103 1.768 × 103

3.5.2. Electrochemical Impedance Spectroscopy Analysis

The prepared film was analyzed by electrochemical impedance spectroscopy as shown
in Figure 10. The Nyquist curves of graphene, NG, and FNG films are shown in Figure 10a.
The FNG film had similar electrochemical characteristics to graphene in the low-frequency
region, while the radius of curvature of the polarization curve in the high-frequency
region decreased, meaning that the FNG film had better electron transfer performance than
graphene and NG [56,57]. Figure 10b shows the relationship between the frequency and
phase angle of the graphene, NG, and FNG. The maximum phase angle corresponding to
the response constant of FNG film appeared in the low-frequency region, while graphene
and g-C3N4 appeared in the high-frequency region, indicating that FNG film had the
characteristics of high pass and the ability of electron transfer [58,59]. Figure 10c shows the
relationship between the frequency and impedance of graphene, NG, and FNG films. The
impedance curves of the three films were consistent in the low-frequency region, and the
FNG film had the highest impedance value in the high-frequency region. The FNG film was
analyzed by electrochemical impedance spectroscopy [60,61], and the results are shown in
Figure 10d,e, where the Rs is the resistance of NaCl solution, the equivalent circuit of the
electrode is CPEe (ReW), where CPEe is the constant phase angle element of the electrode, Re
is the electron transfer resistance of the electrode, and W is the infinite diffusion resistance of
graphene, NG, and the FNG film. The Cf and CPEf are capacitance and constant phase angle
elements of the film, respectively, Rpo is pore resistance, CPEdl is long phase angle element
equivalent to multiple double capacitors, and Rct is electron transfer resistance of the film.
The data fitted by electrochemical impedance spectroscopy are shown in Table 1. The
results showed that the graphene surface presented a capacitive state because the graphene
only had six electron transition positions at the Dirac cone of Bruouin, which resulted in
the overall capacitive state on the surface of the film [62,63]. The g-C3N4 was alternately
arranged by C and N atoms, which formed an uneven three-dimensional structure [64].
The surface capacitance changed to a constant phase angle element, and the resistance of
electron movement was reduced by 2% and 76.7%, respectively, compared with graphene
and NG, which was consistent with the results of the first principles calculation.
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4. Conclusions

In summary, by tuning the plasma deposition steps and injecting different plasma
gases, the pure graphene, g-C3N4/graphene, and CF2-modified g-C3N4/graphene films
were synthesized by PECVD. For the g-C3N4/graphene film, g-C3N4 was in-situ grown
on the basis of graphene which possessed a similar crystal structure as graphene, while
the CF2-modified g-C3N4/graphene film presented an amorphous structure on the whole.
Based on density functional theory, first principles calculations combined with infrared
experiments revealed that the introduction of fluorine atoms caused serious deformation of
the g-C3N4 nanostructure, which created gaps in the electrostatic potential on the graphene
surface and provided a channel for electron transfer. The CF2 functional groups promoted
the treated fabric to exhibit excellent superhydrophobic properties and stability. The
resistance of electron movement of CF2-modified g-C3N4/graphene film was reduced by
2% and 76.7%, respectively, compared with graphene and g-C3N4/graphene. Such sudden
reduction of electron motion resistance resulted from longitudinal penetrating equipotential
surface caused by introducing F atoms. This method provides ideas for expanding the
application scope of multifunctional graphene, but some further studies still need to be
conducted to face the problems of film thickness uniformity and large-area deposition for
real applications.

Author Contributions: Writing—original draft preparation, D.L. and Y.L.; funding acquisition, D.L.;
writing—review and editing, D.L. and C.Z.; supervision, D.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China [51602279
and 32072785], Qinglan Project of Jiangsu Province of China [2020], JiangSu Province Scientific and
Technological Project [BZ2022043].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, H.; Maiyalagan, T.; Wang, X. Review on recent progress in nitrogen-doped graphene: Synthesis, characterization, and its

potential Applications. ACS Catal. 2012, 2, 781–794. [CrossRef]
2. Liu, B.; Yu, Y.J.; Yan, Z.D.; Cai, P.G.; Gao, F.; Tang, C.J.; Gu, P.; Liu, Z.Q.; Chen, J. The light absorption enhancement in graphene

monolayer resulting from the diffraction coupling of surface plasmon polariton resonance. Nanomaterials 2022, 12, 216. [CrossRef]
[PubMed]

3. Stathis, A.; Bouza, Z.; Papadakis, L.; Couris, S. Tailoring the nonlinear optical response of some graphene derivatives by ultraviolet
(UV) irradiation. Nanomaterials 2022, 12, 152. [CrossRef]

4. Li, H.N.; Zhang, H.M.; Huang, K.K.; Liang, D.; Zhao, D.D.; Jiang, Z.Y. Effect of ball milling speed on the quality of Al2O3 stripped
graphene in a wet milling medium. Ceram. Int. 2022, 48, 17171–17177. [CrossRef]

5. Wen, C.K.; Zhong, Y.L.; Solomun, T.T.; Chih, Y.C.; Cheng, Y.Y.; Kuo, J.C.; Jia, C.L. Epitaxial growth and characterization of GaN
thin films on graphene/sapphire substrate by embedding a hybrid-AlN buffer layer. Appl. Surf. Sci. 2019, 494, 644–650.

6. Lu, J.; Liu, X.C.; Zhang, H.; Fu, M.H.; Zheng, H.; Chen, Q.Y. Electrocatalytic activity of nano-flowered yavapaiite anchored on
magnetic graphite oxide for nitrate selective reduction. Chem. Eng. J. 2022, 433, 134586. [CrossRef]

7. Duan, T.B.; Li, H.; Leifer, K. Electron-beam-induced fluorination cycle for long-term preservation of graphene under ambient
conditions. Nanomaterials 2022, 12, 383. [CrossRef]

8. Ushio, S.; Yoshii, A.; Tamai, N.; Ohtani, N.; Kaneko, T. Wide-range temperature dependence of epitaxial graphene growth on
4H-SiC (0 0 0 −1): A study of ridge structures formation dynamics associated with temperature. J. Cryst. Growth 2011, 318,
590–594. [CrossRef]

9. Aixart, J.; Díaz, F.; Llorca, J.; Llompart, J.R. Increasing reaction time in Hummers’ method towards well exfoliated graphene oxide
of low oxidation degree. Ceram. Int. 2021, 47, 22130–22137. [CrossRef]

10. Shen, Y.; Boffa, V.; Corazzari, I.; Qiao, A.; Tao, H.; Yue, Y. Revealing hidden endotherm of hummers’ graphene oxide during
low-temperature thermal reduction. Carbon 2018, 138, 337–347. [CrossRef]

http://doi.org/10.1021/cs200652y
http://doi.org/10.3390/nano12020216
http://www.ncbi.nlm.nih.gov/pubmed/35055234
http://doi.org/10.3390/nano12010152
http://doi.org/10.1016/j.ceramint.2022.02.273
http://doi.org/10.1016/j.cej.2022.134586
http://doi.org/10.3390/nano12030383
http://doi.org/10.1016/j.jcrysgro.2010.11.091
http://doi.org/10.1016/j.ceramint.2021.04.235
http://doi.org/10.1016/j.carbon.2018.05.018


Nanomaterials 2022, 12, 4387 16 of 18

11. Bo, Z.; Yang, Y.; Chen, J.; Yu, K.; Yan, J.; Cen, K. Plasma-enhanced chemical vapor deposition synthesis of vertically oriented
graphene nanosheets. Nanoscale 2013, 5, 5180–5204. [CrossRef] [PubMed]

12. El-Sayed, M.A.; Ermolaev, G.A.; Voronin, K.A.; Romanov, R.I.; Tselikov, G.I.; Yakubovsky, D.I.; Doroshina, N.V.; Nemtsov,
A.B.; Solovey, V.R.; Voronov, A.A.; et al. Optical constants of chemical vapor deposited graphene for photonic applications.
Nanomaterials 2021, 11, 1230. [CrossRef] [PubMed]

13. Burdanova, M.G.; Kharlamova, M.V.; Kramberger, C.; Nikitin, M.P. Applications of pristine and functionalized carbon nanotubes,
graphene, and graphene nanoribbons in biomedicine. Nanomaterials 2021, 11, 3020. [CrossRef] [PubMed]

14. Wang, X.; Liang, Y.H.; An, W.J.; Hu, J.S.; Zhu, Y.F.; Cui, W.Q. Removal of chromium (VI) by a self-regenerating and metal free
g-C3N4/graphene hydrogel system via the synergy of adsorption and photo-catalysis under visible light. Appl. Catal. B-Environ.
2017, 219, 53–62. [CrossRef]

15. Li, J.J.; Zhang, Y.M.; Zhang, X.H.; Han, J.C.; Wang, Y.; Gu, L.; Zhang, Z.H.; Wang, X.J.; Jian, J.K.; Xu, P.; et al. Direct transformation
from graphitic C3N4 to nitrogen-doped graphene: An efficient metal-free electrocatalyst for oxygen reduction reaction. ACS Appl.
Mater. Interfaces 2015, 7, 19626–19634. [CrossRef]

16. Han, Q.; Cheng, Z.H.; Gao, J.; Zhao, Y.; Zhang, Z.P.; Dai, L.M.; Qu, L.T. Mesh-on-mesh graphitic-C3N4 @graphene for highly
efficient hydrogen evolution. Adv. Funct. Mater. 2017, 27, 1606352. [CrossRef]

17. Dong, M.M.; He, C.; Zhang, W.X. A tunable and sizable bandgap of a g-C3N4/ graphene/g-C3N4 sandwich heterostructure: A
van der Waals density functional study. J. Mater. Chem. C 2017, 5, 3830–3837. [CrossRef]

18. Zhang, S.L.; Hang, N.T.; Zhang, Z.J.; Yue, H.Y.; Yang, W.C. Preparation of g-C3N4/graphene composite for detecting NO2 at
room temperature. Nanomaterials 2017, 7, 12. [CrossRef]

19. Rao, X.; Du, L.; Zhao, J.J.; Tan, X.D.; Fang, Y.X.; Xu, L.Q.; Zhang, Y.P. Hybrid TiO2/AgNPs/g-C3N4 nanocomposite coatings on
TC4 titanium alloy for enhanced synergistic antibacterial effect under full spectrum light. J. Mater. Sci. Technol. 2022, 118, 35–43.
[CrossRef]

20. Zhou, X.Y.; Wang, T.Y.; Zhang, L.; Che, S.Y.; Liu, H.; Liu, S.X.; Wang, C.Y.; Su, D.W.; Teng, Z.Y. Highly efficient Ag2O/Na-g-C3N4
heterojunction for photocatalytic desulfurization of thiophene in fuel under ambient air conditions. Catal. B-Environ. 2022, 316,
121614. [CrossRef]

21. Chen, K.; Chai, Z.G.; Li, C.; Shi, L.R.; Liu, M.X.; Xie, Q.; Zhang, Y.F.; Xu, D.S.; Manivannan, A.; Liu, Z.F. Catalyst-free growth of
three-dimensional graphene flakes and graphene/g-C3N4 composite for hydrocarbon oxidation. ACS Nano 2016, 10, 3665–3673.
[CrossRef] [PubMed]

22. Cheng, L.; Chen, F.Y.; Zhu, Z.Q.; Tang, Y.B.; Shu, K.K.; Shi, W.L. Vacancy-modified g-C3N4 nanosheets via one-step thermal
polymerization of thiosemicarbazide precursor for visible-light-driven photocatalytic activity. Mater. Chem. Phys. 2022, 275,
125192. [CrossRef]

23. Zhao, J.J.; Shang, B.; Zhai, J. N-doped graphene as an efficient metal-free electrocatalyst for indirect nitrate reduction reaction.
Nanomaterials 2021, 11, 2418. [CrossRef]

24. Liu, Y.; Feng, Q.; Xu, Q.H.; Li, M.; Tang, N.J.; Du, Y.W. Synthesis and photoluminescence of F and N co-doped reduced graphene
oxide. Carbon 2013, 61, 436–440. [CrossRef]

25. Wang, Q.; Wang, H.Y.; Wang, L.; Bai, L.G.; Yang, C.L.; Zhu, T. Porous graphene oxide functionalized by covalent organic
framework for the application in adsorption and electrochemical: The effect of C-F bonds to structure. Microchem. J. 2021, 170,
106710. [CrossRef]

26. Kaleli, H.; Demirta, S.; Uysal, V.; Karnis, L.; Stylianakis, M.M.; Anastasiadis, S.H.; Kim, D.E. Tribological performance investigation
of a commercial engine oil incorporating reduced graphene oxide as additive. Nanomaterials 2021, 11, 386. [CrossRef]

27. Su, C.Y.; Yang, C.Y.; Jhang, B.W.; Hsieh, Y.L.; Sin, Y.Y.; Huan, C.C. Pool boiling heat transfer enhanced by fluorinated graphene as
atomic layered modifiers. ACS Appl. Mater. Interfaces 2020, 12, 10233–10239.

28. Feng, Q.; Zheng, Y.P.; Li, J.X.; Jiang, L.Q.; Lin, Y.D.; Ye, Q.Y.; Chen, L.Z.; Huang, Z.G. Observation of ferromagnetic ordering by
fragmenting fluorine clusters in highly fluorinated graphene. Carbon 2018, 132, 691–697. [CrossRef]

29. Wallace, A.R.M.; Colombo, L.; Kim, J. Partially fluorinated graphene: Structural and electrical characterization. ACS Appl. Mater.
Interfaces 2016, 8, 5002–5008.

30. Jayasinghe, R.; Thapa, A.K.; Dharmasena, R.R.; Nguyen, T.Q.; Pradhan, B.K.; Paudel, H.S.; Jasinski, J.B.; Sherehiy, A.; Yoshio, M.;
Sumanasekera, G.U. Optimization of multi-walled carbon nanotube based CFx electrodes for improved primary and secondary
battery performances. J. Power Sources 2014, 253, 404–411. [CrossRef]

31. Akiki, G.; Suchet, D.; Daineka, D.; Filonovich, S.; Bulkin, P.; Johnson, E.V. Area selective deposition of silicon by plasma enhanced
chemical vapor deposition using a fluorinated precursor. Appl. Surf. Sci. 2020, 531, 147305. [CrossRef]

32. Yi, K.Y.; Liu, D.H.; Chen, X.S.; Yang, J.; Wei, D.P.; Liu, Y.Q.; Wei, D.C. Plasma-enhanced chemical vapor deposition of two-
dimensional materials for applications. Accounts Chem. Res. 2021, 54, 1011–1022. [CrossRef] [PubMed]

33. Yen, C.C.; Chang, Y.C.; Tsai, H.C.; Woon, W.Y. Nucleation and growth dynamics of graphene grown through low power capacitive
coupled radio frequency plasma enhanced chemical vapor deposition. Carbon 2019, 154, 420–427. [CrossRef]

34. Chang, Y.C.; Yen, C.C.; Tsai, H.C.; Chen, T.C.; Yang, C.M.; Chen, C.H.; Woon, W.Y. Characteristics of graphene grown through low
power capacitive coupled radio frequency plasma enhanced chemical vapor deposition. Carbon 2020, 159, 570–578. [CrossRef]

35. Ho, K.I.; Liao, J.H.; Huang, C.H.; Hsu, C.L.; Zhang, W.J.; Lu, A.Y.; Li, L.J.; Lai, C.S.; Su, C.Y. One-step formation of a single
atomic-layer transistor by the selective fluorination of a graphene film. Small 2014, 10, 989–997. [CrossRef]

http://doi.org/10.1039/c3nr33449j
http://www.ncbi.nlm.nih.gov/pubmed/23670071
http://doi.org/10.3390/nano11051230
http://www.ncbi.nlm.nih.gov/pubmed/34066979
http://doi.org/10.3390/nano11113020
http://www.ncbi.nlm.nih.gov/pubmed/34835783
http://doi.org/10.1016/j.apcatb.2017.07.008
http://doi.org/10.1021/acsami.5b03845
http://doi.org/10.1002/adfm.201606352
http://doi.org/10.1039/C7TC00386B
http://doi.org/10.3390/nano7010012
http://doi.org/10.1016/j.jmst.2021.11.059
http://doi.org/10.1016/j.apcatb.2022.121614
http://doi.org/10.1021/acsnano.6b00113
http://www.ncbi.nlm.nih.gov/pubmed/26918323
http://doi.org/10.1016/j.matchemphys.2021.125192
http://doi.org/10.3390/nano11092418
http://doi.org/10.1016/j.carbon.2013.05.027
http://doi.org/10.1016/j.microc.2021.106710
http://doi.org/10.3390/nano11020386
http://doi.org/10.1016/j.carbon.2018.02.097
http://doi.org/10.1016/j.jpowsour.2013.12.076
http://doi.org/10.1016/j.apsusc.2020.147305
http://doi.org/10.1021/acs.accounts.0c00757
http://www.ncbi.nlm.nih.gov/pubmed/33535000
http://doi.org/10.1016/j.carbon.2019.08.042
http://doi.org/10.1016/j.carbon.2019.12.093
http://doi.org/10.1002/smll.201301366


Nanomaterials 2022, 12, 4387 17 of 18

36. Zheng, X.; Zhang, K.; Yao, L.; Qiu, Y.; Wang, S. Hierarchically porous sheath-core graphene based fiber-shaped supercapacitors
with high energy density. J. Mater. Chem. A 2018, 6, 896–907. [CrossRef]

37. Dai, Z.R.; Lian, J.J.; Sun, Y.S.; Li, L.; Zhang, H.; Hu, N.; Ding, D.X. Fabrication of g-C3N4/Sn3O4/Ni electrode for highly efficient
photoelectrocatalytic reduction of U(VI). Chem. Eng. J. 2022, 433, 133766. [CrossRef]

38. Yuan, X.; Qu, S.L.; Huang, X.Y.; Xue, X.G.; Yuan, C.L.; Wang, S.W.; Wei, L.; Cai, P. Design of core-shelled g-C3N4@ZIF-8
photocatalyst with enhanced tetracycline adsorption for boosting photocatalytic degradation. Chem. Eng. J. 2021, 416, 129148.
[CrossRef]

39. Wang, M.; Jin, C.Y.; Kang, J.; Liu, J.Y.; Tang, Y.W.; Li, Z.L.; Li, S.Y. CuO/g-C3N4 2D/2D heterojunction photocatalysts as efficient
peroxymonosulfate activators under visible light for oxytetracycline degradation: Characterization, efficiency and mechanism.
Chem. Eng. J. 2021, 416, 128118. [CrossRef]

40. Li, Y.; Yin, Q.; Zeng, Y.S.; Liu, Z. Hollow spherical biomass derived-carbon dotted with SnS2/g-C3N4 Z-scheme heterojunction for
efficient CO2 photoreduction into CO. Chem. Eng. J. 2022, 438, 135652. [CrossRef]

41. Sosulin, I.S.; Feldman, V.I. Spectroscopy and radiation-induced chemistry of an atmospherically relevant CH2F2 . . . H2O complex:
Evidence for the formation of CF2 . . . H2O complex as revealed by FTIR matrix isolation and ab initio study. Chemosphere 2022,
291, 132967. [CrossRef] [PubMed]

42. Liu, C.H.; Dai, H.L.; Tan, C.Q.; Pan, Q.Y.; Hu, F.P.; Peng, X.M. Photo-Fenton degradation of tetracycline over Z-scheme Fe-g-
C3N4/Bi2WO6 heterojunctions: Mechanism insight, degradation pathways and DFT calculation. Appl. Catal. B-Environ. 2022,
310, 121326. [CrossRef]

43. Chakraborty, B.; Mane, P.; Vaidyanathan, A. Hydrogen storage in scandium decorated triazine based g-C3N4: Insights from DFT
simulations. Int. J. Hydrogen Energ. 2022, 47, 41878–41890. [CrossRef]

44. Roongcharoen, T.; Impeng, S.; Chitpakdee, C.; Rungrotmongkol, T.; Jitwatanasirikul, T.; Jungsuttiwong, S.; Namuangruk, S.
Intrinsic property and catalytic performance of single and double metal atoms incorporated g-C3N4 for O2 activation: A DFT
insight. Appl. Surf. Sci. 2021, 541, 148671. [CrossRef]

45. Jakkapan, S. Effects of doping a boron atom in g-C3N4 on the catalytic activity of deposited Pd atom for the dehydrogenation of
formic acid: A DFT study. Appl. Surf. Sci. 2022, 599, 153950.

46. Ren, Y.H.; Han, Q.Z.; Yang, J.; Zhao, Y.H.; Xie, Y.B.; Wen, H.; Jiang, Z.T. A promising catalytic solution of NO reduction by CO
using g-C3N4/TiO2: A DFT study. J. Colloid Interf. Sci. 2022, 610, 152–163. [CrossRef] [PubMed]

47. Lai, L.D.; Zhang, T.L.; Zheng, C.C. Study of foam drainage agent based on g-C3N4 nanosheets reinforced stabilization. Colloids
Surf. A Physicochem. Eng. Asp. 2023, 657, 130607. [CrossRef]

48. Zhu, X.Y.; Wu, Y.H.; Zhao, W.J.; Pu, J.B.; Yang, D.H.; Xue, Q.J. Large-area preparation of defect-repaired fluorocarbon polymer
coatings on graphene for long-term corrosion resistance. Prog. Org. Coat. 2019, 134, 234–243. [CrossRef]

49. Cho, E.; Young, Y.K.; Dong, S.H.; Jae, H.L.; Park, J.S.; Seo, J.; Lee, S.J. Highly efficient and stable flexible perovskite solar cells
enabled by using plasma-polymerized-fluorocarbon antireflection layer. Nano Energy 2021, 82, 105737. [CrossRef]

50. Zoghi, A.M.; Allahyari, S. Multifunctional magnetic C3N4-rGO adsorbent with high hydrophobicity and simulated solar
light-driven photocatalytic activity for oil spill removal. Sol. Energy 2022, 237, 320–332. [CrossRef]

51. Yu, X.H.; Xie, J.; Liu, Q.Q.; Dong, H.L.; Li, Y.Y. The origin of enhanced photocatalytic activity in g-C3N4/TiO2 heterostructure
revealed by DFT calculations. J. Colloid Interf. Sci. 2021, 593, 133–141. [CrossRef] [PubMed]

52. Kong, W.C.; Li, K.M.; Hu, J. Immersion corrosion behavior, electrochemical performance and corrosion mechanism of subsonic
flame sprayed FeCoCrMoSi amorphous coating in 3.5% NaCl solution. Int. J. Hydrog. Energ. 2022, 47, 6911–6923. [CrossRef]

53. Liu, J.J.; Xiong, C.B.; Jiang, S.J.; Wu, X.; Song, S.Q. Efficient evolution of reactive oxygen species over the coordinated π-
delocalization g-C3N4 with favorable charge transfer for sustainable pollutant elimination. Appl. Catal. B-Environ. 2019, 249,
282–291. [CrossRef]

54. Arbi, H.M.; Yadav, A.A.; Kumar, Y.A.; Moniruzzaman, M.; Alzahmi, S.; Obaidat, I.M. Polypyrrole-Assisted Ag Doping Strategy to
Boost Co(OH)2 Nanosheets on Ni Foam as a Novel Electrode for High-Performance Hybrid Supercapacitors. Nanomaterials 2022,
12, 3982. [CrossRef] [PubMed]

55. Kang, Z.H.; Ke, K.H.; Lin, E.Z.; Qin, N.; Wu, J.; Huang, R.; Bao, D.H. Piezoelectric polarization modulated novel Bi2WO6/g-
C3N4/ZnO Z-scheme heterojunctions with g-C3N4 intermediate layer for efficient piezo-photocatalytic decomposition of harmful
organic pollutants. J. Colloid Interf. Sci. 2022, 607, 1589–1602. [CrossRef]

56. Kong, W.C.; Yu, Z.; Hu, J. Nanostructures and electrochemical performances of Cr0.4Al0.4N0.2 medium-entropy and Cr0.9N0.1
low–entropy ceramic coatings by DFT calculation. Corros. Sci. 2022, 204, 110375.

57. Kumar, Y.A.; Das, H.T.; Guddeti, P.R.; Nallapureddy, R.R.; Pallavolu, M.R.; Alzahmi, S.; Obaidat, I.M. Self-Supported Co3O4@Mo-
Co3O4 Needle-like Nanosheet Heterostructured Architectures of Battery-Type Electrodes for High-Performance Asymmetric
Supercapacitors. Nanomaterials 2022, 12, 2330. [CrossRef]

58. Ren, Y.C.; Gong, T.; Tan, S.L.; Chen, M.; Zhou, F.; Lin, Y.J.; Yang, L.; Peng, Q. Photocatalytic activities of g-C3N4, Bi3NbO7 and
g-C3N4/Bi3NbO7 in photocatalytic reduction of Cr(VI). J. Alloy. Compd. 2022, 902, 163752. [CrossRef]

59. Kumar, Y.A.; Kumar, K.D.; Kim, H. Reagents assisted ZnCo2O4 nanomaterial for supercapacitor application. Electrochim. Acta
2020, 330, 135261. [CrossRef]

60. Sun, M.L.; Zhou, P.; Peng, J.L.; He, C.S.; Du, Y.; Pan, Z.C.; Su, S.J.; Dong, F.; Liu, Y.; Lai, B. Insights into peroxymonosulfate
activation under visible Light: Sc2O3@C3N4 mediated photoexcited electron transfer. Chem. Eng. J. 2022, 435, 134836. [CrossRef]

http://doi.org/10.1039/C7TA08362A
http://doi.org/10.1016/j.cej.2021.133766
http://doi.org/10.1016/j.cej.2021.129148
http://doi.org/10.1016/j.cej.2020.128118
http://doi.org/10.1016/j.cej.2022.135652
http://doi.org/10.1016/j.chemosphere.2021.132967
http://www.ncbi.nlm.nih.gov/pubmed/34800497
http://doi.org/10.1016/j.apcatb.2022.121326
http://doi.org/10.1016/j.ijhydene.2022.02.185
http://doi.org/10.1016/j.apsusc.2020.148671
http://doi.org/10.1016/j.jcis.2021.12.034
http://www.ncbi.nlm.nih.gov/pubmed/34922072
http://doi.org/10.1016/j.colsurfa.2022.130607
http://doi.org/10.1016/j.porgcoat.2019.05.003
http://doi.org/10.1016/j.nanoen.2020.105737
http://doi.org/10.1016/j.solener.2022.04.005
http://doi.org/10.1016/j.jcis.2021.02.103
http://www.ncbi.nlm.nih.gov/pubmed/33744524
http://doi.org/10.1016/j.ijhydene.2021.12.039
http://doi.org/10.1016/j.apcatb.2019.03.014
http://doi.org/10.3390/nano12223982
http://www.ncbi.nlm.nih.gov/pubmed/36432267
http://doi.org/10.1016/j.jcis.2021.09.007
http://doi.org/10.3390/nano12142330
http://doi.org/10.1016/j.jallcom.2022.163752
http://doi.org/10.1016/j.electacta.2019.135261
http://doi.org/10.1016/j.cej.2022.134836


Nanomaterials 2022, 12, 4387 18 of 18

61. Wang, H.Y.; Xie, A.J.; Li, S.J.; Wang, J.J.; Chen, K.X.; Su, Z.L.; Song, N.N.; Luo, S.P. Three-dimensional g-C3N4/MWNTs/GO
hybrid electrode as electrochemical sensor for simultaneous determination of ascorbic acid, dopamine and uric acid. Anal. Chim.
Acta 2022, 1211, 339907. [CrossRef] [PubMed]

62. Kumar, Y.A.; Sambasivam, S.; Hirac, S.A.; Zeb, K.; Uddine, W.; Krishna, T.N.V.; Kumar, K.D.; Obaidat, I.M.; Kim, H. Boosting the
energy density of highly efficient flexible hybrid supercapacitors via selective integration of hierarchical nanostructured energy
materials. Electrochim. Acta 2020, 364, 137318. [CrossRef]

63. Mola, B.A.; Pallavolu, M.R.; Al-Asbahi, B.A.; Noh, Y.; Jilcha, S.K.; Kumar, Y.A. Design and construction of hierarchical
MnFe2Ce4@MnNiCe4 nanosheets on Ni foam as an advanced electrode for battery-type supercapacitor applications. J. En-
ergy Storage 2022, 51, 104542. [CrossRef]

64. Harandi, M.H.; Nooshabadi, M.S.; Darabi, R. Simultaneous determination of citalopram and selegiline using an efficient
electrochemical sensor based on ZIF-8 decorated with RGO and g-C3N4 in real samples. Anal. Chim. Acta 2022, 1203, 339662.
[CrossRef]

http://doi.org/10.1016/j.aca.2022.339907
http://www.ncbi.nlm.nih.gov/pubmed/35589231
http://doi.org/10.1016/j.electacta.2020.137318
http://doi.org/10.1016/j.est.2022.104542
http://doi.org/10.1016/j.aca.2022.339662

	Introduction 
	Materials and Methods 
	Materials 
	Plasma Deposition of Graphene, g-C3N4/Graphene and CF2 Modified g-C3N4/Graphene Films 
	Characterization Method 
	Contact Angle Measurements 
	Electrochemical Analysis 
	Contact Angle Measurements 

	Results and Discussions 
	TEM Analysis on the Film Nanostructures 
	Chemical Structures by XPS and FTIR Analysis 
	DFT Calculation 
	Superhydrophobic Performance 
	Electrochemical Performance 
	Polarization Curve Analysis 
	Electrochemical Impedance Spectroscopy Analysis 


	Conclusions 
	References

