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Microwave surface wave plasma was employed to process surface modification of M0S2-g-C3Ns
composite for the purpose of photocatalytic activity enhancement. MoS2-g-C3N4 was synthesized by
solvothermal method and plasma processing with different atmospheres have been done. After a variety
of material characterization methods, catalytic and electrochemical tests, we found that different plasma
surface modification of the material has an impact on all aspects of the characteristics. In Ar plasma
processing, the ion bombardment made the MoS2-g-CsN4 surface defects more and decreased the
material bandgap. With NHs plasma the group functionalization on material can increase the MO
dissociation efficiency than that of Ar plasma treated.
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1. INTRODUCTION

Energy crisis and environmental pollution have become increasingly serious worldwide along
with the rapid modern industrialization and population growth. In recent years, MoS>-g-C3Ny is used as
an inexpensive, stable visible catalyst owing to its suitable band gap, unique electronic band structure,
and high chemical and thermal stability[1-3]. It is widely applied in photocatalytic conversion of solar
energy, such as photocatalytic decomposition to produce hydrogen and oxygen, and degradation of
organic pollutants[4-7].

Plasma technology is widely used in materials research due to its special properties and its diverse
forms, such as plasma-enhanced chemical vapor deposition, ion implantation, plasma etching, plasma
polymerization, and surface modification[8-10]. Compared to conventional methods, the complex
composition of the plasma provides the sample material an environment with extremely high physical
and chemical activity, and surface modification of the material is easier and more effective under such
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conditions[11,12]. Owing to its excellent performance for surface modification, plasma treatment can
effectively enhance the surface activity and reaction efficiency of MoS>-g-C3Na[13-17].

In this work, we used low-temperature plasma to treat MoS»-g-C3N4, and employed Ar2 and NH3
as plasma atmospheres for surface modification of the material, respectively. The plasma-processed
materials were characterized systematically by X-ray diffractometry (XRD), Fourier transform infrared
(FTIR) spectrometry, X-ray Photoelectron Spectroscopy (XPS), photoluminescence (PL),
Electrochemical impedance spectroscopy (EIS), UV-vis diffuse reflectance spectra (DRS) and scanning
electron microscopy (SEM) to investigate the effects of different plasma gases on treating MoS;-g-
C3Ny4[18]. The reason of catalytic performance was analyzed from the surface view, which is closely
related with the plasma gases[19-21].

2. EXPERIMENTAL SECTION

2.1. Materials

All chemicals including carbon nitride (C3N4), thiourea (CN2H4S), sodium molybdate
(NazMoO4-2H>0), ethylene glycol ((CH20H)2), methyl orange (MO), and ethanol were of analytical
grade. All chemicals were purchased from Xilong Chemical Co., Ltd. (Guangdong, China) and used
according to the specifications.

2.2. Synthesis of MoS>-g-C3Ny

MoS»-g-C3N4 was synthesized by a solvothermal method using ethylene glycol as the solvent.
First, 0.5 g of g-C3N4 was dissolved in 25 ml of a (CH20OH): solution, followed by ultrasonication for 15
minutes. Then 0.13 mmol of NaxM0O4-2H>0 and 0.65 mmol of CN2H4S were mixed into the solution
under ultrasonic treatment, and then magnetically stirred for 1 hour of full mixing. The mixture was
collected using a 50 ml reactor and kept in a desiccator at 210 °C for 24 hours. After the reaction, the
mixture was centrifuged and then washed twice with deionized water and ethanol, followed by a vacuum
desiccator at 80°C for 8 hours. The final dried powder was labeled as MoS>-g-C3Na.

2.3. Plasma Treatment

In the whole plasma device, as shown in Figure 1, a 2.45 GHz microwave source (Muege, 1 kW)
drives the plasma generator, which can adjust and monitor both the incident power and reflected power
in real time. The microwaves are transmitted in a rectangular waveguide system and coupled to the
process via a slit antenna through a quartz plate beneath the waveguide, which is also used as a vacuum
seal. At the end of waveguide, a short plunger and 3-stub tuner are used to adjust to the coupling. A two-
stage pumping system maintains the vacuum degree in the chamber at 10-4 Pa. On this basis the different
working gases are introduced into the vacuum chamber in the required ratio by means of mass flow
controllers (MFCs). During plasma discharging, pressure in the chamber can be set by adjusting a high-
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precision valve on the exhaust port. Typically, the samples are placed on a platform 10 cm away from
the quartz plate.

For the processing, the pumping system is turned on after the sample has been properly placed
to remove any residual air to achieve a preliminary vacuum. The working gas is then introduced as
required and the initial discharge pressure was set. When the pressure is stabilized the microwave unit is
turned on to generate plasma in the chamber. During the discharge process the air pressure in the chamber
is set at around 20Pa, the microwave input power is approximately 800W with reflected power is less
than 10%. The plasma conditions for the material treatment are listed in Table 1.

Slot antenna

J:r Waveguide /\ H
ET) VAN T

i — Plasma Gap=10cm

Gas Inlet () Pump
NH; | MFC

Sample Stage

Short Plunger

Connect to Gas Tank

Figure 1. Schematic of the plasma surface modification system

Table 1. Condition of plasma treatment for MoS2-g-C3N4 surface modification

Total gas flow 50 sccm
Discharge power (2.45GHz Microwave) 800 W
Processing time 5 min

Sample gap (from the discharge region) 10 cm

Initial pressure 15-25 Pa
Working gas (1) Ar; (2) NH3

2.4. Material Characterization

After plasma treatment, the MoS>-g-C3Ny4 samples were sealed to isolate from air. Due to the
timeliness of plasma-treated samples, the experiments shall be conducted as soon as possible. FTIR
spectra were recorded using a Nicolet AVATAR 370 spectrometer. A D2 PHASER XRD meter was used
to determine the crystal structures. Morphology of MoS»2-g-C3N4 was observed using an SEM device
(Hitachi S-8000, Japan) in a secondary electron scattering mode. PL spectra were recorded on an FS-5
fluorescence spectrophotometer under excitation at 300 nm. UV-vis absorption spectroscopy was
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measured on a Shimadzu UV-3600 spectrophotometer. Brunauer-Emmett-Teller (BET) specific surface
areas were calculated. X-ray photoelectron spectroscopy (XPS) was measured using an ESCALAB 250
Xi detector.

2.5. Catalysis Application

The catalytic activity of the samples as-prepared were assessed by the degradation of 25 mg/L
MO solutions under a 500 W mercury lamp. The photocatalyst (30 mg) was placed in a 30 mL MO
solution in a quartz tube. The dye solution was stirred for 70 min in the dark and 90 min in the light
according to the pre-set time interval. Then 1.0 mL of the solution was taken out and analyzed with a
UV-Vis spectrophotometer at the maximal absorption wavelength of 465 nm (MO).

2.6. Photoelectrochemical Measurement

The electrochemical impedance spectra (EIS) and photocurrent response were measured on an
electrochemical workstation (CHI-660D, CHI Shanghai, Inc.). The film samples, Pt sheets, saturated
calomel, and a 0.3 M Na>SO4 aqueous solution were used as the working electrode, the electrode, the
reference electrode and the electrolyte, respectively. To prepare the working electrode, the samples as-
prepared (50 mg) were ground with 2 mL of ethanol to form a slurry. Then the slurry was coated onto an
F-doped SnO,-coated glass (FTO glass, 2 x 1.2 cm?) electrode using the doctor blade method. The
electrodes were oven-dried at 80 ° C for 30 min[22-24].

3. RESULTS AND DISCUSSION

Two different atmosphere plasmas were employed to process the as-prepared MoS2-g-C3N4
sample. The XRD patterns of pure MoS2, C3N4 and MoS2-g-C3N4 composites were shown in Figure
2. The structure of MoS2 is in the orthorhombic form (JCPDS Card No. 37 - 1492). The pure g-C3N4
exhibits two important peaks around 12.7° and 27.2° , which are characteristic of g-C3N4[25,27].
Besides, the MoS2-g-C3N4 reveals similar XRD patterns. For the MoS2-g-C3N4 composite, after the
plasma treatment, the diffraction peaks of MoS2 are apparent in the XRD patterns, and the atmospheric
plasma treatments have specific strengths due to the increase of the diffraction peaks of the MoS2 crystal
plane.

Figure 3 shows the FTIR spectra of g-C3N4, MoS; and MoS;-g-C3N4 synthesized by the chemical
method. Clearly, pure g-C3N4 and MoS>-g-C3N4 both show obvious infrared peaks of graphite phase
carbonitride, and the peaks of 1000 - 1750 cm™ belong to the C=N and C-N on the nitrogen-carbon
heterocyclic compound. The broad absorption peak at 3100 - 3300 cm™' is attributed to the stretching
vibration of the amino group (-NH-)[28]. The infrared spectra of plasma-treated and untreated samples
both show a peak shape similar to that of g-CsN4. Obviously, the peak intensity of the composite
increases and the peak position slightly red-shifts. The plasma treatment enhanced this rends obviously.
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Figure 2. XRD patterns of g-C3N4, MoS2, M0S;-g-C3N4 samples
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Figure 3. FT-IR spectra of g-C3N4, MoS2, MoS2-g-C3N4
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The XPS spectra were collected to investigate the chemical composition and chemical states of
the MoS,-g-C3N4 composite. The XPS survey spectra (Figure 4) indicate the presence of C, N, and O in
the bulk g-C3N4, and C, N, O, Mo, and S in MoS»-g-C3N4. The deconvolution of the XPS C Is spectrum
is shown in Figure 4 (a) [29]. We can find that after the NH3 plasma treatment, C-N component increased
obviously due to the bombardment of N related active radicals in NH3 plasma. Correspondingly, the
MoS; component was reduced to some extent due to plasma etching effect, which can be found from the
Mo 3d and S 2p.
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Figure 4. XPS survey spectra of g-C3N4, MoS2, M0S»-g-C3N4

PL spectra can reveal the photogenerated charge transport during the photocatalytic reaction
(Figure 5). Theoretically, a higher PL intensity means the carriers participate more efficiently in the
recombination, and vice versa. The PL intensity of the pristine MoS;-g-C3Ny is higher than that of the
plasma-treated MoS>-g-C3Ns. This result means the plasma-treated MoS>-g-C3Ns has weak
photogenerated electron and hole recombination efficiency relative to pristine MoS;-g-C3N4, and there
is a rapid migration and separation of photogenerated carriers in the plasma-treated MoS2-g-C3Na.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220912 7

MoS -g-C,N (pristine)

MoS -g-CN (Ar plasma treated)
MoS,-g-C,N,(NH, plasma tyeated)

PL intensity(a.u.)

T T T T T T T T T T
405 410 415 420 425 430 435
Wavelength(nm)

Figure 5. PL spectra of MoS2-g-C3Ny4

Figure 6 displays the UV-vis diffuse reflectance spectra (DRS) of the pristine MoS;-g-C3N4 and
a series of MoS»-g-C3Ny after plasma treatment. The maximum absorption wavelength of pristine MoS;-
g-C3Ny is about 415 nm. It has a wide range of visible light absorption, and the absorption intensity in
the ultraviolet region is low[29-30] (Figure 6(a)). Compared with plasma-treated MoS;-g-C3Ny, the
absorption wavelength slightly blue-shifts. The band gap width of plasma-treated MoS;-g-C3N4
composites is smaller than that of the pristine MoS>-g-C3N4 (Figure 6(b)). Because g-C3Ns can be
induced by visible light excitation to produce electrons and holes on its surface, these electrons possess
strong oxidation and reducibility, but are extremely easy to recombine. The electrons and holes can be
separated after loading with MoSo.
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Figure 6. (a) UV-vis DRS of M0S2-g-C3N4; (b) plots of (h v F(R))"2 versus energy (hv)

The efficiency of the photoinduced charge separation was examined by the Electrochemical
impedance spectroscopy (EIS), and the results are in Figure 7. In general, the surface charge transfer
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resistance (Ret) is equivalent to the diameter of semicircle of the Nyquist diagrams and a smaller radius
represents the lower resistance for charge transfer. The radius of semicircle increases in the order of
MoS; < MoS;-g-C3N4 (Ar-plasma-treated) < MoS»>-g-C3Ns (NH;s-plasma-treated) < C3Ns < MoS»-g-
C3Ny (pristine). Therefore, it can be inferred that the MoS;-g-C3N4 composites possess the optimum
efficiency in separation and transfer of photoinduced e /h"* pairs.
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Figure 7. EIS Nyquist plots of curves: MoSz, MoS2-g-C3N4 (Ar-treated), MoS2-g-C3Ny (NH3-treated),
C3N4, Mo0S2-g-C3N4 (pristine)
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Figure 8. (a) Degradation curves of MoS2, g-C3N4, MoS2-g-C3N4 (pristine) and MoS2-g-C3N4 (NH3
plasma treatment) on MO solutions; (b) Comparison of MoS2-g-C3N4 (pristine) and MoS2-g-
C3N4 (NH3 plasma treated) photocatalytic degradation

Figure 8 shows the photoactivity of MoSz, g-C3N4, M0S2-g-C3Ny (pristine), MoSz-g-C3Ny (Ar-
plasma-treated), MoS>-g-C3N4 (NH3-plasma-treated) as well as the mechanism for visible-light-induced
photocatalytic performance of the samples toward a 25 mg/L. MO solution. The MoS>-g-C3N4 samples
treated by plasma under NH3 provided the highest photoactivity and completely degraded MO within
150 min of visible light irradiation. Under the same experimental conditions, the degradation efficiency
of MoS>, MoS-g-C3Ny (pristine), MoS>-g-C3N4 (Ar-plasma-treated), and MoS,-g-C3Ns (NH;3-plasma-
treated) is 50%, 30%, 31% and 26%, respectively[31-33]. The higher photocatalytic degradation
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efficiency of the MoS>-g-C3N4 samples treated by NH3 plasma is ascribed to the stronger visible light
absorption, higher photocurrent density, and higher efficiency of photoinduced e/h" pair separation and
transmission compared with the other samples[31-34].
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Figure 9. Nitrogen adsorption isotherm and the corresponding curves of the pore diameter distributions
of MoS», g-C3N4, M0S>-g-C3Ny (pristine), MoS>-g-C3N4 (NH3 plasma treated)

The BET surface area, pore size distributions and the full data of the samples were shown in
Figure 9, it can be seen that the BET surface area of MoS,-g-C3Ns (pristine) is 81.16 m*g™!, and of MoS,-
g-C3N4 (NH; plasma treated) is 68.67 m?g™!, and they are higher than MoS; and g-C3Na.

4. CONCLUSIONS

Microwave surface wave plasma modification has been done on MoS,-g-C3N4 composite
synthesized by solvothermal method. Different plasma atmospheres have been employed and the effect
on materials have been evaluated by XRD, FTIR, SEM and PL. Then methyl orange was used as the
target degradation agent to analyze the catalytic properties of the composites with/without plasma
treatment. We found that plasma treatment can effectively enhance the surface activity and reaction
efficiency of MoS2-g-C3N4 composite.
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