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ABSTRACT

In recent times, there has been an increasing demand for energy which has resulted in an increased
consumption of fossil fuels thereby posing a number of challenges to the environment. In the course
finding possible solutions to this environmental canker, solar photocatalytic water splitting to produce
hydrogen gas has been identified as one of the most promising methods for generating renewable
energy. To retard the recombination of photogenerated carriers and improve the efficiency of
photocatalysis, the present paper reports a facile method called the hydrothermal method, which was
used to prepare ternary graphene-like photocatalyst. A “Design Expert” was used to investigate the
influence of the loading weight of Mo and GO as well as the temperature of hydrothermal reaction and
their interactions on the evolution of hydrogen (H,) in 4 h. The experimental results showed that the
ternary graphene-like photocatalyst has a strong photocatalytic hydrogen production activity compared
to that of pure SiC. In particular, the catalyst added 2.5 wt% of GO weight yielded the highest quantum
0f21.69 % at 400-700 nm of wavelength.The optimal evolution H, in 4 h conditions was obtained as
follows: The loading weight of Mo was 8.19 wt%, the loading weight of GO was 2.02 wt%, the
temperature of the hydrothermal reaction was 200.93°C. Under the optimum conditions, the evolution
of H, in 4 h could reach 4.2030 mL.

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

1 Introduction

attracted widespread attention in many fields (Liu et al.,
2018a; Liu et al., 2018b; Zhao et al., 2019). In the future

In the current environment, the world faces two major environment, the use of energy-intensive and continuous

problems: Environmental pollution problems and tradi-
tional energy consumption problems (Yuan et al., 2014;
Opoku et al., 2017; Yan et al., 2017; Tian et al., 2019).
Hydrogen can be one of the greenest and most sustainable
energy sources to replace traditional energy sources. It has
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solar-powered semiconductors for photocatalytic water
splitting is considered to be one of the most environmen-
tally friendly hydrogen production methods (Li et al.,
2019). It can directly convert solar energy into chemical
energy, which has solved environmental and energy
problems (Shi et al., 2019). As early as 1972, Honda and
Fujishima pioneered the photocatalytic water splitting
method to produce hydrogen (Fujishima and Honda 1972).
Since then, a series of semiconductor materials have been
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extensively studied for photocatalytic water splitting to
produce hydrogen (Chen et al., 2019; Matsubara et al.,
2019; Sharma et al., 2019). However, these single
photocatalysts have problems such as low photocatalytic
hydrogen production activity, low stability, and high cost.
Developing a new photocatalyst to solve these problems in
order to improve the photocatalytic activity of hydrogen
production, suppress the recombination of photogenerated
electrons and holes, and improve the scientific problems
such as stability.

In the past few decades, Graphene-like photocatalytic
materials have been widely studied to improve the
photocatalytic activity, owing to their unique structure,
high carrier mobility and big specific surface area (Liu
et al., 2018c). Graphene-like materials such as Graphene
oxide (GO) and molybdenum disulfide (MoS,) are used in
the preparation of photocatalytic materials and their
superior properties are used to modify the main photo-
catalyst. Recently, MoS, has been reported to be an
excellent co-catalyst for photocatalytic hydrogen evolution
(Jiang et al., 2019; Wang et al., 2019). For example, Hao
et al. (2019) studied MoS,/ZnIn,S, composites with MoS,
anchored on the surface of ZnIn,S, microspheres by a two-
step hydrothermal process that exhibited significantly
enhanced photocatalytic H, evolution than pure ZnIn,S,
(Hao et al., 2019). Benavente et al. (2018) synthesized
hetero structured layered hybrid ZnO/MoS, nanosheets to
enhance visible light photocatalytic activity (Benavente
et al.,, 2018). It has been commonly known, that the
facilitation of the photocatalytic H, evolution using MoS,
as a co-catalyst originates from the unsaturated edge sulfur
atoms, which act as an active site (Peng et al., 2019).

Silicon carbide (SiC) ranging from 2.7 ¢V to 3.2 eV has
been deemed as one of the most promising photocatalytic
because it acts as a graphene-like material, good physical
and chemical properties. Wang et al. (2017a) used an in
situ heating thiourea method to prepare g-C3;N,4/SiC
composites (Wang et al., 2017a). Their Photocatalytic
experimental results showed that, the g-C3N,4/SiC compo-
sites exhibited high stability in H, production and also
demonstrated a maximum of 182 pmol/g/h. Yuan’s group
spatially separated Pt and IrO, deposition on the micro-SiC
surface via an in situ photodepositing method (Wang et al.,
2017b). They achieved a H, evolution of robustly 70.1 puL
in 3 h in the presence sacrifice reagent.

Considering the excellent physical and chemical proper-
ties of GO and MoS,, we report a simple and economical
approach that combines the advantages of GO and MoS, to
improve the photocatalytic activity of MoS,/SiC/GO
(SMG) composite significantly. Base on this, we synthe-
sized SMG composite by a hydrothermal synthesis method
and researched its photocatalytic activity and the rate of H,
evolution. Moreover, the enhancing photocatalytic activity
mechanism of SMG composite has been discussed.

2 Materials and methods
2.1 Materials

The materials used in this experiment are as follows: SiC
powders (Shanghai Macklin Biochemical Co., Ltd.,
China), Molybdenum disulfide (MoS,, Shandong West
Asia Chemical Co., Ltd., China), Graphene (GO, Tanfeng
Tech. Inc., China), an ionic liquid (1-butyl-3-methylimi-
dazolium hexafluorophosphate, Shanghai Chengjie Che-
mical Co., Ltd., China).

2.2 Photocatalyst synthesis

Prior to its usage, the SiC powder was pretreated as
described in our previous paper (Zhang et al., 2019). A
series of Mo0S,/SiC/GO photocatalysts were synthesized
using the following procedure: first, 0.7769 g of MoS, was
dissolved in 100 mL of DI water. Second, 0.1178 g of GO
and 5 g of pure SiC particles were added to the suspension
and then the resultant solution was ultrasonicated for 4 h.
Continue adding 2 drops of ionic liquid ({(BMIM] PF¢) and
continue sonication for 6h. Then, the mixed solution was
subjected to a hydrothermal reaction at 200°C for 20 h
using a 300 mL Teflonlined stainless-steel autoclave.After
the solution was allowed to cool to room temperature, it
was then centrifuged and washed with deionized water
until the pH 7. After, the samples were dried at 60°C
overnight in a vacuum environment and grounded into the
particle denoted as SMG-2, indicating an added weight
percent of 2 wt% GO. The loading weight percentage of
2.0 wt% of GO was based on the total co-catalyst and SiC
mass. For comparison, SiC/G-2.5 (Mass concentration of
GO is 0.5872 g in composites)was conducted in the same
condition. For obtaining different MoS,/SiC/GO compo-
sites, when the loading weight percent of Mo was 0.7769
g, the loading weight percent of GO was changed to 1 wt%,
1.5 wt%, 2 wt%, 2.5 wt%, and 3 wt%, defined as SMG-1,
SMG-1.5, SMG-2, SMG-2.5, and SMG-3 respectively.
ICP-AES analysis was used to determine the Mo loading in
the samples and the average value was 7.866 mg/L.

2.3 Characterization

Inductively, coupled plasma-atomic emission spectrometer
(ICP-AES) were conducted using Agilent icpoes730 to
determine the accurate loading of MoS,. Scanning electron
microscopy (SEM) and energy disperse spectroscopy
(EDS) analysis was performed using APREO scanning
electron microscope. In obtaining the patterns, a diffract-
ometer was used. The conditions under which powder X-
ray diffraction (XRD, a Rigaku Ultima IV) with the use of
Cu Ko radiation is tested are 2@ range of 30° to 80° and 4°
per minute scanning speed.The BET specific surface area
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was measured using a Micromeritics ASAP 2460 instru-
ment. The UV-visible diffuse reflectance (DRS, UH4150,
Hitachi) was used to measure the absorption spectral range
of the composite catalyst.This instrument used BaSO, as
the reflectance standard.The ESCALAB 250Xi X-ray
Photoelectron Spectrometer (XPS) was used for further
validation of the samples using Al Ko radiation.

2.4 Photocatalytic H, reaction

Details of the photocatalytic reactor is described in our
previous article (Zhang et al., 2019). 0.5 g of the sample
was dispersed in 100 mL sacrificial agent with 1M
Na,S-9H,0, 1M Na,SO; (Yan et al., 2009). The mixed
solution was adjusted to pH 7. After passing N, for 30 min,
the N, valve was closed. The reactor was continuously
stirredat 400 r/min and the photocatalytic system was
irradiated with a 400-700 nm Xe lamp. Gas was then
collected. The hydrogen was analyzed by gas chromato-
graphy (GC-9790 II, TCD) with argon as the carrier gas.
The photocatalytic activity of the catalyst was evaluated
using a photocatalytic H, production rate in 4 h.

The rate of H, production in 4 h was calculatedwith the
aid of Eq. (1):

n

T'm = (1)

Ctxm

The QY is defined by the following Egs. (2)—(5) (Zhang
et al., 2013; Zhang et al., 2014) was calculatedby a band-
pass interference filter (A=400-700 nm) and the spectro-
radiometer:

QY = X2 5 100% )
N=SxI 3)
A
I= fAZRdA )
n
r= 7 (%)

The detailed description of two formulas are indicated in
our previous article (Zhang et al., 2019).

2.5 Experimental design using Box—Behnken

Based on a single experimental factor, the influence of
various factors on H, evolution in 4 h was considered
synthetically. The H, evolution in 4 h was optimized and
the experimental result of photocatalytic water splitting
reaction was regression fitted with a quadratic polynomial
to predict the best conditions of photocatalytic water
splitting, according to Box-Behnken and Design Expert
(Yu et al., 2018; Zhang et al., 2018). The H, evolution in

4 h by photocatalyst was considered as a response (Y). The
loading weight percent of Mo(A), the loading weight of
GO(B) and the temperature of the hydrothermal reaction
(C) were used as independent variables. Table 1 shows the
design levels and parameters. Table 2 shows the design and
experimental results.

Table 1 Symbols and coded

Variables Symbol Code levels

-1 0 1
Loading weight of Mo (wt%) A 2 6 10
Loading weight of GO (wt%) B 1 2 3
Temperature of hydrothermal C 180 200 220

reaction (°C)

Table 2 Design and experimental results

Coded values H, evolution

Run A B C in 4 h (mL)
1 ] 1 0 3.8132
2 0 0 0 42757
3 0 0 0 42757
4 -1 0 -1 3.7989
5 0 0 0 42757
6 1 1 0 3.8149
7 1 -1 0 3.8146
8 0 -1 -1 3.8268
9 -1 0 1 3.8194
10 1 0 -1 3.8002
11 0 1 1 3.8757
12 0 0 0 42757
13 0 0 0 42757
14 1 0 1 3.8412
15 1 1 0 3.8329
16 0 1 1 3.8311
17 0 -1 1 3.8594

3 Results and discussion
3.1 Electron microscopy

Figures 1 and S1(in the supporting materials) revealed that
the morphologies of the prepared pure SiC, MoS,/SiC/GO
catalytic and SMG-2.5 catalyst after circular reaction
(defined as SMG-C2.5) by scanning electron microscopy
(SEM). Figures 1(a), 1(b) and 1(g) are the SEM images of
pure SiC, SMG-2.5, and SMG-C2.5, respectively. As seen
from Fig. 1(a), the prepared pure SiC materials were sheet
structures. Figures S1(a—d) are the SEM images of SMG-1,
SMG-1.5, SMG-2, and SMG-3, respectively. The prepared
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Fig. 1 SEM image of (a) pure SiC, (b) SMG-2.5 and element mapping images SMG-2.5 (c—f), (g) SMG-2.5 catalyst after circular

reaction (SMG-C2.5).

MoS,/SiC/GO composites were sheet structures that were
the same as the pure SiC. MoS, and GO are randomly
dispersed in the intermediate layer between SiC and have
good contact with each other. In addition, there are more
contact surfaces between the three SMG-2.5 composite
catalysts. It can be inferred that the contact surfaces
provide more reactive sites for photocatalytic hydrogen
production. Element mapping (EDS) of SMG-2.5 (Fig. 1
(c—f)) reveals that Si, C, Mo and S elements are distributed
in an entire composites. These structural analysis results
have proven that GO and MoS, effectively built into the
pure SiC. Compared with SMG-2.5, the sheet structure of

SMG-C2.5 has not changed significantly. It shows that the
structure of the sample after the photocatalytic reaction has
not changed.

3.2 Crystallinity analysis

The crystalline structure of the prepared samples were
investigated using XRD. Fig. 2 (a) shows the XRD patterns
of SMG-x (x =1, 1.5, 2, 2.5, 3), pure SiC and SMG-C2.5.
Despite the difference in x values, the XRD patterns of
these photocatalysts were similar, which showed that the x
values have a negligible effect on the crystallinity. We
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Fig. 2 (a) XRD patterns, (b) nitrogen adsorption-desorption isotherms and the pore-size distribution curves (inset).

observed that there were 12 diffraction peaks at 26 =
34.097°, 35.658°, 38.136°, 41.392°, 45.294°, 54.630°,
60.010°, 65.626°, 70.856°, 71.765°, 73.358°, and 75.520°
assigning to (101), (006), (103), (104), (105), (107), (110),
(109), (201), (116), (203) and (204) planes of 6H-SiC
(JCPDS card # 72-0018) respectively (Wang et al., 2015).
The XRD patterns of the MoS,/SiC/GO photocatalyst
indicated that it has a similar structure to that of pure SiC.
This shows that GO has no significant effect on the crystal
structure of 6H-SiC during the hydrothermal process and
has not been trapped inside the lattice of 6H-SiC.
Moreover, no peak of GO has been reflected in XRD
patterns, which may be due to the low contents and high
dispersion of GO in these samples (Yuan et al., 2015).
Interestingly, it was also found that the intensity of this
(006) peak in composite photocatalysts significantly
increases as compared to that of pure SiC. This may be
possible due to the fact that GO changes the crystallinity of
SiC. In comparison, the diffraction peaks and peak
intensities of SMG-C2.5 did not change significantly.
This indicates that the crystal structure of the sample has
not changed after the cyclic reaction.

3.3 Textural properties

The specific surface area and pore size of the synthesized
GO/SiC/MoS, composites were determined by the nitro-
gen adsorption-desorption isotherm. Figure 2(b) shows the
adsorption-desorption isotherms and pore size distribu-
tions (the inset) for pure SiC, SMG-1, SMG-1.5, SMG-2,
and SMG-3, respectively. According to the ITUPAC
classification, the isotherms of samples show that the
typical type IV has an H3 type hysteresis loop as shown in
Fig. 2(b). This indicates the presence of mesopores (Yuan
et al., 2015). Table S1 (in the Supporting materials) shows
the BET specific surface area and pore size of all the
samples. Compared with pure SiC, the specific surface area
of the composite sample becomes larger, which can be

ascribed to the role of GO and MoS,. The pore size
distribution diagram (inset) showed that the pore size of the
composite catalyst is mainly distributed at 10-40 nm.

3.4 UV-visible absorption spectra

The optical properties of pure SiC, MoS,, and its
composites were determined using the UV-vis diffuse
reflectance spectra. Figure 3(a) depicts the UV-vis
absorption spectra of the prepared samples. MoS, itself
has no photocatalytic activity because its forbidden
bandwidth and the position of the conduction band valence
do not meet the requirements for photocatalytic water
decomposition. Apparently, the spectra of SMG-1, SMG-
1.5, SMG-2, SMG-2.5, and SMG-3 are quite different
from pure SiC. Compared with pure SiC, the absorption
intensities of all the composites samples are obviously
larger in the vis-light region. The bandgap energy of the
samples was calculated using Eq. (6) based on Tauc’s
Equation (Nowak et al., 2009; Zhao et al., 2018):

(4hv)* = K(hv—E,) (©6)

where Eg stands for the bandgap energy; hv stands for
photon energy; K and A4 represent proportionality constant
and absorption coefficient, respectively.

The normalized graphs of (4/v)? for the photon energy
of the samples are shown in Fig. 3(b) and the bandgap
energy of all samples is shown in Table S1 (in the
Supporting materials). Compared with the pure SiC UV-vis
DRS, the composite samples showed enhanced photo-
absorption in the wavelength range from 370 to 770 nm
caused by the strong photoabsorption of the MoS,/GO, and
the composites have a significant degree of redshift.
Compared with pure SiC, the bandgap energies of all the
composites samples decreased significantly and are
between 1.94 and 2.08 e¢V. The forbidden bandwidth of
SMG-2.5 is 1.94 eV, and the photocatalytic hydrogen
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Fig. 3 (a) UV-vis diffuse reflectance spectra and (b) Corresponding Tauc plots.

production performance is the best. This shows that the
light absorption performance of the MoS,/SiC/GO com-
posite catalyst can be adjusted microscopically so that it
can effectively absorb visible light for photocatalytic
hydrogen production. The decreasing bandgap suggests
that incorporating GO and MoS, in SiC particles can
effectively reduce its bandgap into the visible-light
absorption region.

3.5 X-ray photoelectron spectrometer

XPS is further used to verify the successful preparation
of MoS,/SiC/GO composites and examine the valence
state of C, Si, Mo and S element. Fig. 4 shows XPS results
of pure SiC and SMG-2.5. VB-XPS plots tests of SiC
and MoS, are shown in Figs. 4(g) and 4(h). As seen from
Figs. 4(a) and 4(b), the C 1s spectrum shows two binding
energy(BE) peaks at 282.9 and 284.6 eV, which are
associated with C-Si and C-C, respectively (Zhang et al.,
2019). Compared with pure SiC, the peak area of the C-C
bond of SMG-2.5 is enhanced.The Si 2p spectrum is
shown in Figs. 4(c) and 4(d). The Si 2p spectrum shows the
peaks of two BE at 100.8 and 102.1 eV which are
associated with Si—C and Si—O bonds, respectively (Zhang
et al., 2019). The Mo 3d and S 2p spectrum of SMG-2.5
samples are shown in Figs. 4(e) and 4(f). As seen from
Fig. 4(e), the Mo 3ds,, and Mo 3d3,, peaks of the binding
energy are 228.9 and 232.5 eV, respectively (Lv et al.,
2017; Zhao et al., 2017). The results indicate the presence
of Mo*" (Yin et al., 2016). The peak of binding energy of
approximately 226.3 eV indicates the presence of 2s orbital
interaction of S. The peaks of the binding energy (BE) of
approximately 233.1 and 230.6 eV indicate the presence
of Mo®" (Zhang et al., 2019). The peak of binding energy
of approximately 235.7¢V indicates the presence of
Mo®" (Jiang et al., 2018). This indicates that the presence
of MoS,/SiC/GO composite the two peaks at binding
energies 161.3 and 163.3 eV and correspondsto S 2p3,,

and S 2p;, which represents the presence of S*°
(Fig. 4f) (Heydari-Bafrooei and Shamszadeh 2016).
From Figs. 4(g) and 4(h), the position of the valence
band top of SiC is 1.2 eV, and the position of the valence
band top of MoS, is 0.2 eV.

3.6 Photocatalytic activity and stability

The photocatalytic activities and stability of samples were
measured in Fig. 5. The hydrogen production result of
photocatalyst in 4 h are shown in Fig. 5(a). The H,
production of SMG-1, SMG-1.5, SMG-2, SMG-2.5,
SMG-3, and SiC/G-2.5 showed 2.7876 mL, 2.8410 mL,
3.21 mL, 4.5297 mL, 3.0679 mL, and 2.5212 mlL,
respectively. For comparison, the average photocatalytic
H, evolution rates in 4 h are calculated and shown in
Fig. 5(b). The average rates of hydrogen generation were
determined to be 56.89 pumol/g/h, 57.98 umol/g/h,
65.51 pmol/g/h, 92.44 pmol/g/h, 62.61 pmol/g/h, and
51.45 pmol/g/h for SMG-1, SMG-1.5, SMG-2, SMG-2.5,
SMG-3, and SiC/G-2.5, respectively. Obviously, all of the
photocatalysts exhibited better photocatalytic activities
than the pure SiC, especially the weight loading of
2.5 wt% GO onto the SiC/MoS, composites could achieve
the highest H, evolution rate. The catalyst added 2.5 wt%
of GO weight yielded the highest quantum of 21.69% at
400-700 nm of wavelength. The result indicates that GO
can effectively improve the photocatalytic activity and the
loading weight of GO is also important for photocatalytic
hydrogen production. The case where the content of GO is
higher but its photocatalytic hydrogen production perfor-
mance is low, excessive GO will increase photon
absorption and scattering during the photocatalytic reac-
tion. The photocatalytic stability of the samples is
also crucial for its practical application. Thus, the long-
term photocatalytic stability and reproducibility of the
photocatalyst samples for H, generation were further
evaluated through three consecutive runs under the same
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Yan Zhang et al. Ternary graphene-like photocatalyst 9

conditions. Each cycle was performed under the same light
irradiation condition for 4 h. The reaction system was re-
evacuated, after each run. Figs. 5(c)-5(f) display the
cycling measurements of photocatalytic H, generation
over all the samples under visible light irradiation(400—
700 nm). As seen from Figs. 5(c)-5(f), the photocatalytic
stability of the SMG-2.5 sample was excellent after three
consecutive experiments. The result indicates that proper
GO loading can enhance the photocatalytic hydrogen
generation activity and maintain good stability of photo-
catalytic hydrogen generation.

3.7 Analysis of response surface design of the H, evolution
in4h
3.7.1 Model equation construction

The effect of key factors such as the loading weight of Mo,
the loading weight of GO, the temperature of the
hydrothermal reaction, and their interactions were inves-
tigated for photocatalytic water splitting for H, evolution
in 4 h. The H; evolution in 4 h experimental data by MoS,/
SiC/GO photocatalyst in Table 2 was analyzed using
software Design-Expert 8.0 software by quadratic regres-
sion fitting (Yu et al., 2018).

The design includes 17 runs to evaluate the error
between each test by considering five replicates. In this
design, the related factor or interaction isoutstanding.
Hence, parameters A, B, and C and their interactions (i.e.
AB, AC, BC, A?, B?, and C?) for the H, evolution in 4 h are
significantly considerable. Meantime, quadratic multi-
nomial regression Eq. (7) were got by OPTIMIZATION
of “Design Expert” to study the influence of the
experimental variables on the photocatalytic water splitting
for H, evolution in 4 h:

Table 3 Regression model and variance analysis

H, evolution (mL) = 4.27 + 5.563 x 10 °A
+5.075 x 10 °B 4+ 0.017C +4.15 x 10 °AB
+4.625 x 10 *AC 4+ 3 x 10 *BC—0.244>

~0.21B*-0.21C* (7

The model F-value represents the mean square ratio
between the groups in the ANOVA analysis. It can reflect
the importance of each factor for the H, evolution in 4 h
and is used to evaluate the observability of the fitted model
(Delavari and Amin 2014). With regards to Table 3, the
Model F-value of 12662.57 indicates that the model is
important.

Use Eq.(7) to construct the contour map with the third
independent variable at the midpoint level (Zhou et al.,
2018). Equation (7) indicates that the evolution of H, in4 h
efficiency improved with a loading weight of Mo usage
(A), loading weight of GO(B) and temperature of
hydrothermal reaction(C).

In this work, A, B, C, AB, AC, BC, A% B2, C? are
important model terms. The ANOVA was adopted to assess
the significance of the developed model. In this work, the
“Pred R-Squared” of 0.9990 is in reasonable agreement
with the “Adj R-Squared” of 0.9999. These results indicate
that the prediction model can well describe the evolution of
H, in 4 h behavior.

3.7.2 3D response surface and contour plots

Contour plots (Fig. 6) present the interaction of each
independent actor on the response variables in the whole
design space (Koh et al., 2017; Bazrafshan et al., 2019).

Source Sum of Squares df Mean Square F value Prod>F
Model 0.71 9 0.078 12662.57 <0.0001
A 2.475%x10°° 1 2.475%10°° 40.05 0.0004
B 2.060x107 1 2.060x107 33.33 0.0007
C 2.336x107° 1 2.336x107° 377.91 <0.0001
AB 6.889x10°* 1 6.889x107* 11.15 0.0124
AC 8.556x10* 1 8.556x10* 13.84 0.0075
BC 3.600x10°* 1 3.600x10* 5.82 0.0465
A? 0.25 1 0.25 40294.37 <0.0001
B’ 0.19 1 0.19 30151.75 <0.0001
o 0.19 1 0.19 31156.01 <0.0001
Pure Error 0 4 0

Cor Total 0.71 16

Note: A, B, and C represent variables of the loading weight of Mo, the loading weight of GO, and the temperature of the hydrothermal reaction, respectively.
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Fig. 6 3D response surface and contour plots of the H, evolution in 4 h: (a) loading weight of Mo and loading weight of GO, (b) loading
weight of Mo and temperature of the hydrothermal reaction, (c) loading of GO and temperature of the hydrothermal reaction, (d) the
photocatalytic hydrogen production mechanism in the MoS,/SiC/ GO photocatalyst.
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The effects of loading weight of Mo, loading weight of
GO, and temperature of hydrothermal reaction on the
evolution of H, in 4 h are plotted in Figs. 6(a—c).

The results revealed that there are optimal three
independent variables for 4 h of hydrogen production.
Meanwhile, the effect of temperature of the hydrothermal
reaction is much more obvious than the loading weight of
Mo and GO on the evolution of H, in the 4 h process.
Based on the results of ANOVA and the construction of the
model equation, the optimal conditionswere considered to
be 8.19 wt% Mo, 2.02 wt% GO, and hydrothermal reaction
at 200.95°C. At this point, the evolution of H; in 4 h may
reach 4.2030 mL. Furthermore, the shape of the relation-
ship between these factors implies the strength of the
interaction between the variables. That is, the circular
contours indicate a weaker interaction intensity (Muthu-
kumar et al., 2017). Thence, Figures 6(a—c) show that the
interaction intensity of each other is almost the same.

3.7.3 Verification of optimal conditions

To verify the prediction of the optimal conditions, three
sets of parallel experiments were performed under the
optimal conditions required to compare the hydrogen yield
obtained from the test with the predicted results. We re-
prepared a new sample under the following conditions; the
loading weight of Mo was 8.19 wt%, the loading weight of
GO was 2.02 wt% and the temperature of the hydrothermal
reaction was 200.93°C. Three samples (4.1026 mL, 4.2107
mL, and 4.1098 mL) were prepared and kept for 4 h for
photocatalytic hydrogen production. The average of the
hydrogen production in 4 h is 4.1410 mL. The error of the
test average is 1.47%, and the prediction result is good. To
verify the optimal reaction conditions of the prepared
materials obtained by the Design-Expert software, experi-
ments were performed to confirm the given conditions.

3.8 Mechanism for H, Evolution

Based on the above studies, it can be confirmed from
Fig. 6(d) that the mechanism of photocatalytic H, in the
GO/SiC/MoS, system with GO/MoS, as co-catalyst is due
to the synergistic effect of MoS, and GO. The cocatalyst is
effectively improved by the photocatalytic activity of
GO/SiC/MoS, photocatalyst, the electron-hole separation
efficiency, and the transfer efficiency. Under visible light,
the photogenerated electrons of SiC are excited and
transferred to the surface of SiC. The electrons of SiC
can be transferred to MoS, through graphene, and
hydrogen is generated by reaction with H* under visible
light irradiation. GO acts as an intermediate bridge. The
electrons generated by the SiC are transferred to the MoS,
by GO, and the hydrogen is generated by reacting with H*
under visible light irradiation.

4 Conclusions

In conclusion, ternary graphene-like photocatalysts were
successfully synthesized by a one-step hydrothermal
method. This study demonstrated that the ternary photo-
catalyst possessed higher photocatalytic activity for
hydrogen evolution and promoted the separation of
photogenerated electron-hole pairs than pure SiC and
binary composite photocatalysts. In particular, the SMG-
2.5 shows a significant increase in the average rate of
hydrogen evolution in 4 h as compared to the pure. This
reveals that graphene-like materials as cocatalysts improve
the photocatalytic hydrogen production activity of SiC.
This research not only provides an excellent candidate for
photocatalytic hydrogen production but also provideda
facile method approach to explore highly efficient ternary
graphene-like semi-conductor photocatalyst for photoca-
talytic H, generation. According to Box-Behnken, a
quadratic model was designed to predict the change of
hydrogen production in 4 h. It can be seen from the
predicted quadratic model that with the loading weight of
Mo and GO and the increase of hydrothermal reaction
temperature, the evolution of 4 h efficiency H, increases
and then decreases. The optimum solution suggested by
OPTIMIZATION of “Design Expert” was 8.19 wt% Mo,
2.02 wt% GO, and 200.93°C with 4.2030 mL H,
evolution.
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