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Abstract: Graphene is regarded as a potential co-photocatalyst for photocatalytic hydrogen (H2)
evolution, but its great photocatalytic ability requires tuning the band gap structure or design
morphology of composites. In this study, MoS2/TiO2/graphene (MTG) nanohybrids were fabricated
at varied ratios of graphene and served as co-photocatalysts for H2 evolution. The results exhibited
that the H2 evolution of MTG-10 obtained is much better than others. The amount of hydrogen
evolution was high, which was found to be 4122 µmol g−1 of H2 in 5 h with photocatalytic systems,
which is almost 7.5~13.4 times greater than that of previous pristine MoS2 (548 µmol g−1) and
TiO2 (307 µmol g−1) samples, respectively. This is significantly attributed to the graphene as a
bridge of MoS2/TiO2 and the incorporation of graphene, suggesting the synergistic effect of the rapid
electron-transferring of photoinduced electrons and holes and the powerful electron-collecting of
graphene, suppressing the charge recombination rate.

Keywords: hydrogen production; photocatalytic nanohybrid; charge carriers separation; MoS2/
TiO2/graphene

1. Introduction

The important environmental pollution and energy problem generated through fossil
fuels has received a lot of attention recently. A photocatalytic activity system can employ
reusable solar energy to create pure H2 energy and cause environmental remediation [1],
which is a favorable process in figuring out environmental and energy issues [2]. As a clean
substitute energy, H2 has attracted more attention because of its excellent energy content
and environmental friendliness. Many studies have been performed on the improvement
of better powerful semiconductor photocatalysts for H2 evolution [3]. Owing to a suitable
band gap structure and distinctive chemical and thermal stability, graphene is considered to
be a good co-photocatalyst when it merges with other materials to form heterojunctions [4,5].
A heterostructure’s photocatalytic is usually expressed as the operation in which reactions
occur when a photocatalyst (like a semiconductor) absorbs enough solar energy to produce
oxidative and reductive species, without the photocatalyst being consumed [6]. In the
field of photocatalysts, the build-up of economical and useful photocatalytic samples
for clean energy generation and environmental remediation has become one of the most
significant issues. In particular, photocatalysts have issues of poor charge carrier separation
rates and fast recombination efficiency. Now, solar H2 serves as a potentially clean and
renewable energy source of the future, owing to its good combustion capability, its high
energy density, its non-toxicity combustion by-products, and the ease of switching to varied
kinds of energy [7]. The promotion of capable photocatalysts has attracted expanded
attention for their significant utilization in H2 evolution through water splitting with
visible light irradiation [8]. Previously, photoinduced electrons and hole pairs have been
found to diffuse to the photocatalyst surface, where they contribute to the oxidation and
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reduction reactions of water (H2O) molecules [9,10]. During photocatalytic operation, the
H2O decomposition step is carried out via solar energy, which assists in the separation of
charge carriers [11]. Therefore, these processes merge the benefits of photocatalytic and
solar energy. Using photocatalysts in the form of nanohybrids further avoids the obstacles
associated with the purification and separation of photocatalysts [12].

As a normal molybdenum disulfide, MoS2, with a sandwich configuration of three
stacked atomic layers (S-Mo-S), has been proven to be a superior photocatalyst towards
H2 evolution [13]. Pristine MoS2, as a photocatalyst, has two existing faults: poor intrin-
sic conductivity and few active sites. Furthermore, titanium dioxide (TiO2) has been the
photocatalyst with the most potential due to it being not harmful and inexpensive and
having a great photocatalytic capability and good chemical stability [14]. In addition,
whereas TiO2 prohibits band widths that are too vast and conducts quick charge carriers
recombination [15], it is not enough for the efficient and quick evolution of H2 in practical
utilizations. Consequently, how to enhance the solar light harvest efficiency of TiO2 and
the separation performance of photo-response charge carriers is of interest to researchers.
Recently, the carbon-based photocatalyst graphene, with excellent electron transport and
reception capacity, has been broadly affected in the photocatalytic activity owing to the
conjugated π structure of the carbon structure [16]. The introduction of graphene can
improve the photocatalytic efficiency of photocatalysts and the application of visible light
energy [17]. Graphene also has photosensitization, which can enhance electrons in the
conduction band of the photocatalyst, improving the electron–hole density, forming valid
electrons and a holes separation rate, and making graphene play a positive role in het-
erojunction photocatalysts [18,19]. Recently, several works about the suitable and useful
photo-assisted deposition process for building an MoS2/TiO2 heterojunction have been
published [20], illustrating the great photocatalytic efficiency of MB and 2-CP removal with
visible light [21]. Hence, the main topic is to investigate high-performance nanohybrids
with proper band gap energy and a low carriers recombination efficiency of photo-response
electron–hole pairs.

In this work, the graphene-added MoS2/TiO2 heterojunction samples have been
fabricated successfully for the first time via facile hydrothermal technology. In addition,
the photocatalytic of the H2 evolution efficiency of the synthesized MoS2/TiO2/graphene
(MTG) nanohybrids was enhanced in relation to MoS2 and TiO2. The Z-scheme of MTG
nanohybrids with tense interfaces enhanced the charge carrier separation capability and
possessed the great reduction efficiency of photoinduced electrons. Finally, the MTG
nanohybrids exhibited an excellent photocatalytic hydrogen production rate (HER), with
light illumination and clean energy harvesting applications.

2. Results
2.1. Microstructure Characterization

X-ray diffraction pattern (XRD) tests were collected to check the crystal structure of
the MoS2, TiO2, and MoS2/TiO2/graphene (MTG) nanohybrids. As displayed in Figure 1a,
the diffracted peaks at 14.4◦, 32.7◦, 39.5◦, 44.2◦, 49.8◦, and 60.2◦ corresponding to the (002),
(100), (103), (006), (105), and (110) crystal plane for all samples, exhibit the MoS2 with a
hexagonal structure (PDF 73-1503) [22]. The secondary peaks at 25.3◦, 37.7◦, 47.9◦, 53.9◦,
55.1◦, and 62.9◦, corresponding to the (101), (004), (200), (105), (211), and (204) crystal plane
in the MTG nanohybrids photocatalysts, were obtained for the anatase structure TiO2 phase
(PDF 21-1272) loading on the surface of MoS2 as the first heterostructure (Figure 1a) [23].
As exhibited in Figure 1a, the diffraction peaks of the graphene were located at 25.5◦ of
the XRD pattern [24]. Afterwards, the diffracted peaks did not appear in the XRD analysis
of the MTG nanohybrids. This is caused by the dose of graphene loaded on the surface
of the MoS2/TiO2 nanohybrid being lower than the detection limit of the XRD pattern.
The UV–vis spectrum was studied for the MTG-2, MTG-5, MTG-10, and MTG-20 samples
(Figure 1b). The absorbance of the MTG-20 nanohybrid, compared to that of MTG-2,
MTG-5, and MTG-10, was significantly improved by adding the graphene. These optical
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properties in the MTG-20 nanohybrid displayed more visible light absorbance than those of
the MTG-2, MTG-5, and MTG-10, causing an improved dose of photoinduced electron and
hole pairs while enhancing the charge carriers’ mobility [25,26]. The optical absorption edge
of the MTG-20 nanohybrid is 525 nm. The deposition of graphene as a co-photocatalyst
with a narrow band gap onto MoS2/TiO2 significantly enhanced the absorption of solar
light owing to the heterostructure development of graphene with MoS2/TiO2. Adding
graphene also improved the absorption of solar light owing to the construction of a double
heterostructure of graphene with MoS2 and TiO2. The band structures of the samples were
estimated by the Kubelka–Munk (M-K) equation [27], αhv = A(hv − Eg)1/2, and acquired
the corresponding band gap energy (Eg), as exhibited in Figure 1c, in which α, hv, A, and
Eg are the absorption coefficient, photon energy, a constant, and the direct band gap (eV),
respectively. The band gap values of the as-fabricated heterojunction that were calculated
by the UV–vis absorption edges via the M-K equation exhibited that 2.41 eV of MTG-2 was
decreased to 2.26 eV of MTG-20 after increasing with graphene. Therefore, it is indicated
that MTG nanohybrid photocatalysts possess favorable band gap energy for absorbing
solar light and approaching the transition from H+ to H2.
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as-synthesized MTG nanohybrid photocatalysts with different amounts of graphene.

The morphology of fabricated photocatalysts was received via SEM tests. As displayed
in Figure 2a, the MoS2 photocatalyst shows large sheets with a relatively flat surface and
an average dimension of several micrometers. The morphology of TiO2 photocatalysts has
developed particles with an average dimension of 2~3 µm, which have been contained
within the spheres in Figure 2b. The morphology of the MTG-10 nanohybrid exhibits
only alike nanoparticles in Figure 2c. Hence, the obtained photocatalyst in the MTG-10
nanohybrid structure could be referred to the MoS2 and TiO2. TEM images are recorded
to study the specific structure of the fabricated nano-scale structures and their compos-
ites. Figure 2d displays the TEM tests of the MTG-10 nanohybrid. Fabricated MTG-10
nanohybrids are uniform in the sizes of the nanoparticles (~15–18 nm). Figure 2e exhibits
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a histogram of the diameter of nanohybrids received from the TEM microscopy test. The
samples distribution histogram was achieved via 200 samples from the TEM micrograph.
The results referred to the log–normal distribution fit with an average particle size of
17 nm and a standard deviation of 0.24. The elemental composition distribution of MTG-10
nanohybrids was studied through energy dispersive spectra (EDS) element mapping tests
in Figure 2f–k. The results implied the presence of Mo, S, Ti, O, and C elements in the
MTG-10 nanohybrids, and it is apparent that the elements were distributed uniformly. The
height coincidence of elemental distribution could be obtained in the Mo element and
Ti element, which verifies the preparation of MTG nanohybrids. Then, the height coinci-
dence was observed for the S element and the C element, mostly referring to the graphene
added. Despite the pronounced height coincidence, however, an evident diverse area
could be noted through comparing the S element with the C element, which was certainly
consistent with the distribution distinction between the Mo element and the Ti element
at the same location. Furthermore, the well-fabricated MTG nanohybrids were regularly
anchored all over the heterojunction interface and onto the surface of the nanohybrid
itself, establishing the construction of the nanohybrid interface [28]. The Fourier Transform
Infrared (FT-IR) curves of the MoS2, TiO2, and MTG-10 samples are characterized to check
the interaction in the heterostructures in Figure 2l. The total patterns of samples are similar,
suggesting that the presence of graphene formation in the MTG-10 samples does not signif-
icantly affect the basis construction of the MoS2 and TiO2. The feature peak of the aromatic
ring plane vibration could be noted from 1150 cm−1 to 1800 cm−1.
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We used the X-ray photoelectron spectroscopy (XPS) to study the structure and surface
element composition of different catalysts in Figure 3. The Mo 3d, S 2p, Ti 2p, O 1s, and
C 1s binding energies were related to the C 1s peak at 284.9 eV. From the survey spectra in
Figure 3a, the binding energies of the electrons of the Mo, S, Ti, O, and C elements could
be obtained. The feature peaks assigned at 229.46 eV and 232.65 eV correspond to the
Mo 3d5/2 and Mo 3d3/2 [29], respectively, as exhibited in the high-resolution XPS spec-
trum of Mo 3d in Figure 3b. In addition, Figure 3c reveals the deconvolution of the
high-resolution S 2p spectra in the nanohybrid. It displayed two major feature peaks at
162.37 and 163.49 eV, referring to S 2p 3/2 and S 2p 1/2, respectively [29]. Furthermore, the
XPS spectrum of Ti represents two peaks at 459.68 and 464.95 eV, referring to Ti 2p 3/2 and
Ti 2p 1/2 of the MTG-10 sample (Figure 3d), respectively [30]. The Gaussian peak fitting
of O 1s in the nanohybrid exhibited three varied peaks at 530.98, 531.92, and 532.76 eV
(Figure 3e) and adsorbed oxygenated species, respectively. The high-resolution spectra of
C 1s in the MTG-10 photocatalyst (Figure 3f) reveal three feature peaks at 284.18, 284.95,
and 285.61 eV, respectively [31].
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2.2. Photoelectrochemical Behavior

The separation and transport of photo-response charge carriers in photocatalysts are
of intense significance [32]. Mainly, photocatalysts with better photocatalytic efficiency are
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normally practical for the valid transfer and separation of photo-response charge carriers.
Primarily, photoluminescence spectrum (PL) and EIS tests were performed to explore the
separation and recombination behavior of photo-response electrons in semiconductors. The
peak intensity in the PL spectrum reflects the recombination capability of photo-response electrons
and holes. As expected, the PL intensities order was MTG-2 > MTG-5 > MTG-20 > MTG-10,
implying that the recombination ability of electron–hole pairs diminished gradually. The
lesser the PL intensity, the lesser the recombination rate and, therefore, the greater the
separation performance [32,33]. Figure 4a shows that the primary PL feature peak for
MTG-10 is located at nearly 500 nm, which refers to the transition between its states of the
band gap and reveals an excellent electron–hole recombination efficiency. Compared with
MTG-2, MTG-5, and MTG-20, the PL feature peak intensity of MTG-10 decreases obviously.
Especially, the PL feature peak intensity of MTG-10 is the lowest. These PL spectrum
analyses verify that the MTG-10 nanohybrid can practically transfer photo-response charge
carriers to inhibit their recombination rate. The transportation of photo-response charge
carriers has been studied via electrochemical impedance spectroscopy (EIS). In Figure 4b,
the Nyquist semicircle radius of the MTG-10 nanohybrid is obviously smaller than that of
MTG-2, MTG-5, and MTG-20, suggesting that the transmission resistance of photo-response
charge carriers in the MTG-10 sample is the smallest among these photocatalysts. The
results demonstrate that the formed nanohybrid can enhance transport photo-response
electron–hole pairs, which is very efficient in promoting the photocatalytic efficiency of the
photocatalysts [34,35]. The photocatalytic efficiency of the MTG nanohybrid was studied
via measuring the photocurrent responses at 0 V in Figure 4c [36]. It is clear that the
jointing of graphene to MoS2/TiO2 improved the photocatalytic efficiency, and the MTG
nanohybrid exhibited the best photocurrent density value of 37.5 µA cm−2 compared to the
others. This suggests its improved photocatalytic capability. Otherwise, MTG-2 displayed
an insignificant photocurrent signal, which confirms its lower photocatalytic activity in
Figure 4c. As for the transient photocurrent response tests results, the photocurrent intensities
of the as-fabricated samples exhibited the order of MTG-2 <MTG-5 < MTG-20 < MTG-10. The
photocurrent density value of MTG-10 is 3.24-fold that of the MTG-2 sample, 2.35-fold that
of the MTG-5 sample, and 1.04-fold that of the MTG-20 sample. Stability is a critical factor
for using a material as a photocatalyst. Figure 4d describes the variety of photocurrent
responses of the MTG-10 nanohybrid with the visible light irradiation time. Particularly, the
photocurrent density exhibited no apparent decrease from its initial value after irradiation
with visible light for 800 s. This suggests the improved photostability of the nanohybrid.
All of the above results obviously verify that the photo-response charge carriers in the
MTG-10 nanohybrid could be successfully transferred and separated.

To research the active radicals under the photocatalytic reaction system, the electron
paramagnetic resonate (EPR) spectrum of the MTG-10 nanohybrids was recorded with
visible light with various illumination times, and the results are shown in Figure 5. No
feature signal could be obtained with dark conditions. During the visible light response,
four sets of antisymmetric feature signals with intensities of 1:2:2:1 of MTG-10 nanohybrids
could be received. The four signals are the feature peaks of the DMPO-•OH adducts. With
an extended irradiation time, the feature peak intensities of MTG-10 nanohybrids display
an insignificant increase, which suggests that the number of •O2

− radicals generated has
enhanced [37]. The EPR results indicate that •OH radicals are the major active species of
the MTG-10 nanohybrid in the photooxidation activity with the visible light response. The
feature peak intensity of the MTG-10 nanohybrid is much stronger than that of the sample
with the increase in irradiation time, which demonstrates that more •OH radicals could be
generated with 60 s than with 10 s under the same conditions, and this is assigned to the
photoinduced electron migration performance of the as-fabricated MTG-10 nanohybrid.
The feature peak of DMPO–•O2

− can roughly be received, which indicates that •OH is
the dominant active radical of this photocatalytic system. With the prolongation of the
visible light irradiation time, the signal intensities of EPR gradually enhance, while the
signal intensities of •OH gradually increase, suggesting that the MTG sample can oxidize
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water (H2O) and also convert it to •OH radicals. Owing to the better redox efficiency of
•O2

− radicals and •OH radicals, H2O decomposition and H2 production could be achieved.
Based on the above results, a nanohybrid is developed between graphene and MoS2/TiO2
in the MTG-10 sample. The addition of graphene can improve the photo-response charge
carriers’ transfer ability in the heterostructure and extend the photo-response electron
lifetime to enhance the separation performance of the photoinduced electron–hole pairs [38].
Graphene in the MTG-10 heterojunction forms a stable Z-type system, which enhances the
visible light operation performance [39].
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2.3. Hydrogen (H2) Evolution Behavior

The photocatalytic H2 evolution effect of MoS2, TiO2, and MTG nanohybrids was
performed with visible light, with triethanolamine (TEOA) as the sacrificial reagent. As
exhibited in Figure 6a, the H2 production efficiency of MTG-10 improves by 7.6 and
13.5 times compared to those of the MoS2 and TiO2 samples, respectively. Furthermore,
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the trend in the H2 evolution efficiency of the MTG nanohybrids exhibits a “sharp” form,
implying that graphene influences the photocatalytic capability of the MTG nanohybrids
(Figure 6b). When the addition of graphene was excessive, the graphene aggregated on the
surface of the sphere-like MTG nanohybrids, suggesting an increase in the surface rugged-
ness of MTG nanohybrids and hence prohibiting the internal diffusion of the sacrificial
reagent [40]. Excessive graphene may develop recombination centers for photoinduced
charge carriers and then decrease the photocatalytic activity. Further, a slight amount of
graphene will produce the interface between the MoS2 and TiO2, limited to migrating and
separating the photo-response electron–hole pairs, which cannot efficiently suppress the
recombination rate of photo-response charge carriers. Afterward, we studied the perfor-
mance of MTG-10 in relation to TEOA at various pH values. The H2 production in the
TEOA solution at pH = 7, 8, 9, 10, 11, and 12 is exhibited in Figure 6c. As the solution
alters from pH 7 to pH 12, the efficiency of H2 production further presents a “sharp” mode.
The H2 production is the best at pH 9. This is caused by the diminished concentration of
H+ in the solution being negative to H2 production in terms of thermodynamic kinetics
and the electrostatic repulsion between the reaction solution and graphene added [41].
In the photocatalytic activity, graphene is adsorbed on the surface of the nanohybrids so
that this graphene can contribute to the photocatalytic system. Therefore, it is required to
explore the optimal amount of the photocatalyst included in the photocatalytic process. As
exhibited in Figure 6d, with the addition of photocatalysts, the efficiency of H2 production
enhances gradually until the amount of the photocatalyst approaches 40 mg. After that, the
H2 production reaction is gradually suppressed with an increasing photocatalyst amount.
This suggests that it is usefully applied when the amount of the photocatalyst is suitable.
Once the amount of the photocatalyst exceeds 40 mg, excess photocatalyst collects in the
system, forbidding the photon adsorption and practical electron migration of the sample
and then reducing the number of photons on the surface of the sample, implying reduced
H2 evolution operation [42]. To investigate the stability of photocatalysts, an H2 production
cycle experiment was achieved. As exhibited in Figure 6e, the efficiency of H2 evolution in
the fifth cycle test was slightly decreased compared with that in the first cycle. Figure 6f
shows when the sacrificial agent was methanol and ethanol, the hydrogen production ac-
tivity significantly decreased, with methanol resulting in the highest hydrogen production
activity of only 384.3 µmol g−1 h−1, indicating that these alcohols had inferior hole-capture
abilities compared with TEOA. The H2 evolution rate over the MTG-10 photocatalyst in
methanol, ethanol, and TEOA aqueous solutions were 384.3, 327.6, and 824.6 µmol g−1 h−1,
respectively. The H2 production performance of MTG-10 with 3.0 wt.% and 1.0 wt.% Pt as
cocatalysts was 382.3 and 484.5 µmol g−1 h−1, as shown in Figure 6g. For MTG-10 with
1.0 wt.% Pt, the H2 production performance was better than that of MTG-10 with 3.0 wt.% Pt
as a cocatalyst. In addition, the H2 production performance of MTG-10 without a Pt of
824.6 µmol g−1 h−1 was approached. It is implied that MTG-10 indicates the optimal
efficiency, and the suggested H2 production performance of MTG-10 is 2.2- and 1.7-fold
better than that of MTG-10 with 3.0 wt.% Pt and MTG-10 with 1.0 wt.% Pt, respectively. At
the end (fifth) of the cycle experiment, the XRD analysis of the nanohybrid was performed
again. As exhibited in Figure 6h, the positions of the XRD feature signals before and after
cycling do not obviously alter, suggesting that the photocatalyst has superior cycle stability
during this system.

According to the abovementioned results, a possible photocatalytic H2 production
mechanism can be proposed (Figure 7). During the visible light activity, photoexcited
electrons in both TiO2 and MoS2 are induced from VB to their CB, respectively, with
holes moved on their VB. In addition, donated through the vigorous interface conjugation
between TiO2 and MoS2, the electrons transport from the CB of TiO2 to the VB of MoS2
and suppress the photoexcited holes because of a Z-scheme charge carriers transport
process. Additionally, owing to the low Fermi level of graphene, the formed Schottky
junction between MoS2 and TiO2 could further accelerate the charge transfer and inhibit
the electron–hole recombination rate. Consequently, these photoinduced charges can be
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transferred to the surface and conduct the H2 production more successfully. The interfacial
graphene, which acts as an interfacial bridge, can remarkably accelerate the separation of
photoexcited electrons and holes, resulting in a higher charge transfer efficiency between
TiO2 and MoS2. In this work, we indicated that graphene, as a conductive “bridge”,
can improve the valid charge carriers separation efficiency and be a useful interfacial
charge transfer path [43]. This result provides a basis for the realization of the design of
photocatalysts for H2 production and for enhancing the stability of the heterojunction to
photocorrosion.
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Figure 6. H2 production of (a,b) MoS2, TiO2, and MTG nanohybrids (MTG-2, MTG-5, MTG-10, and
MTG-20). (c) H2 production of MTG-10 in TEOA with various pH values in three repeated tests.
(d) H2 production with various amounts of MTG-10. (e) H2 production of the cycling experiment.
(f) Photocatalytic H2 production activity over different sacrificial agents. (g) H2 evolution efficiency
of MTG-10 with and without Pt. (h) XRD analysis of MTG -10 after and before the H2 production test.
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3. Materials and Methods
3.1. Preparation of Photocatalysts

All reagents were purchased from Sigma Aldrich (St. Louis, MO, USA), with no
subsequent decontamination. Sodium dihydromyldimolate (Na2MoO4 2H2O), L-cysteine
(C3H7NO2S), titanium butoxide (Ti(OBu)4, 98%), 2-propanol, tetrabutylammonium hydrox-
ide (TBA), and graphene were supplied from Sigma Aldrich.

3.2. Synthesis

The fabrication of nanohybrids and the hydrothermal process are illustrated in Scheme 1.
Briefly, 1.2 mmol of Na2MoO4 2H2O was mixed with 20 mL of DI water, with vigorous
stirring for 40 min (Precursor A solution). TiO2 nanoparticles were fabricated, adopting
the hydrothermal route [44]. In this work, a 0.5 M titanium butoxide (Ti(OBu)4) solution in
2-propanol was mixed in DI water, with magnetic stirring for 50 min (Precursor B solution).
The received residue was filtered to obtain the TiO2 product. The TiO2 product was added
in tetrabutylammonium hydroxide (TBA) and dilute HNO3 solutions and heated at 80 ◦C
for 30 min with magnetic stirring. Subsequently, 2.4 mmol of L-cysteine and 2.2 mmol of
TiO2 were delivered to 30 mL of DI water for 30 min, with magnetic stirring (Precursor C
solution). Also, HCl (0.1 mL) and varied dosages (2, 5, 10, and 20 mg) of graphene were
removed from the abovementioned two solutions with fixed stirring to obtain various ratios
of MoS2/TiO2/graphene (MTG) (Precursor D solution). Next, the mixed suspension was
transferred to a 50 mL Teflon-lined stainless-steel autoclave for hydrothermal treatment at
180 ◦C for 16 h. The obtained products were expressed as MTG-2, MTG-5, MTG-10, and
MTG-20, respectively, based on the sum of graphene.

3.3. Characterization

The crystal structure of the samples was studied by X-ray diffraction (XRD) Bruker D8
Advanced (Billerica, MA, USA) with Cu Kα radiation. The microstructures and morpholo-
gies of the samples were checked by a scanning electron microscope (SEM, ZEISS AURIGA,
Oberkochen, Germany) and transmission electron microscope (TEM, JEOL JEM-2100F,
Tokyo, Japan). Electron paramagnetic resonance (EPR, Munich, Germany) was used as
the trapping agent to trap the hydroxyl radical (·OH) or the superoxide radical (·O2

–) on
Bruker A300 under visible light. The UV–vis absorption spectra were recorded by a UV–vis
spectrometer (Hitachi UV-4100, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) was
used on a Thermo ESCALAB spectrometer (XPS, Thermo Fisher Scientific, Waltham, MA,
USA) with an Al Kα source.
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3.4. Photocatalytic Hydrogen Evolution Tests

The photocatalytic H2-generated activity of the as-obtained nanohybrid was further
measured by GC 7890 gas chromatography with a TCD detector from an aqueous solution.
The types and concentrations of the sacrificial agent are 10 vol% triethanolamine (TEOA)
and the equimolar amount of organic alcohol, including methanol and ethanol. Mostly, the
photocatalytic H2 production reactions of the nanohybrids were achieved in a photocatalytic
system composed of a double-walled quartz reaction vessel combined with a close gas
rotation. Subsequently, a Xe lamp of 350 W with simulated solar irradiation AM 1.5 G
(100 mW/cm2) was used as a light source. Visible light (410 < λ < 790 nm) was used as an
irradiation source, which was achieved by using both a 790 nm cutoff filter (short-wave-
pass) and a 410 nm cutoff filter (longwave-pass). In all cases, the reaction temperature was
contained at 12 ◦C by flowing cold water, adopting a flowing water jack. A total of 20 mg
of the sample was spread in a mixture of 100 mL of water and 10 mL of methanol. During
this photocatalytic activity, argon gas as the carrier gas was used through the reaction
merger under the dark to eliminate oxygen and ensure the anaerobic status. After the
removal of air with a highly pure argon gas, the light was turned on for 60 min without
photocatalysts. It is properly stated that the reaction vessel was not vacuumed. Stability
tests were performed under the same situation.

3.5. Photoelectrochemical (PEC) Analysis

The photoelectrochemical (PEC) tests of the samples were recorded by PEC worksta-
tions, consisting of electrochemical impedance spectroscopy (EIS) and a transient photocur-
rent response. The PEC measurement was analyzed on a three-electrode electrochemical
workstation, where the reference electrode was a saturated calomel electrode, a Pt electrode
was the counter electrode, and the working electrode was composed of a conductive glass
substrate (FTO) coated with photocatalysts. The preparation process for the working elec-
trode is as follows: 10 mg of the sample was added in a mixture solution of 1 mL of alcohol
and 0.1 mL of Nafion. The mixture solution was then coated on an FTO substrate with an
effective area of 1.5 × 1.5 cm2 and dried for 10 h in the air. EIS was recorded at a voltage
extent of 10 mV. The photocurrent response was performed within 600 s under a 350 W
xenon lamp as the visible light source, and the wavelength was arranged to above 420 nm
via a filter.
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4. Conclusions

In summary, the MoS2/TiO2/graphene (MTG) nanohybrids with heterojunction inter-
facial contact were built via a facile hydrothermal process. We established the visible light
irradiation activity and the higher contribution to the H2 production of MTG nanohybrids.
The charge carriers with high-energy photon excitation can be utilized via the surface
defects of the MTG nanohybrid, which is achieved as the photocatalytic central and ac-
celerates the H2 production process. Therefore, the H2 production efficiency of the MTG
nanohybrids was obviously enhanced to 824.6 µmol g−1 h−1 with visible light irradiation,
which was 13.5-fold and 7.6-fold greater than that of pristine TiO2 (61.4 µmol g−1 h−1)
and MoS2 (109.6 µmol g−1 h−1), respectively. The matched energy band structure between
graphene and MoS2/TiO2 enhances the separation ability of photo-induced charge carriers
and restrains the recombination of hole–electron pairs. This is significantly attributed to
the graphene as a bridge of MoS2/TiO2 and the incorporation of graphene, suggesting the
synergistic effect of the rapid electron-transferring of photoinduced electrons and holes
and the powerful electron-collecting of graphene, suppressing the charge recombination
rate. The current work not only provides insight into a graphene-bridged heterojunc-
tion photocatalytic for H2 evolution but also motivates people to actively explore novel
heterojunctions with various photocatalysts towards various applications.

Author Contributions: Writing—original draft, Methodology, T.-M.T.; Writing—review and editing,
E.L.C.; Data curation, Formal analysis, T.-M.T.; Funding acquisition, T.-M.T.; Writing— review and
editing, T.-M.T.; Validation, E.L.C.; Resources, T.-M.T.; Formal analysis, Data collection, E.L.C.; Con-
ceptualization, Writing—review and editing, E.L.C.; Supervision, Investigation, E.L.C.; Supervision,
Project administration, T.-M.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The MOST and the NKUST are gratefully acknowledged for their general
support. The authors gratefully acknowledge the use of HRTEM equipment belonging to the
Instrument Center of National Cheng Kung University.

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

References
1. Jang, D.; Choi, S.; Kwon, N.H.; Jang, K.Y.; Lee, S.; Lee, T.W.; Hwang, S.J.; Kim, H.; Kim, J.; Park, S. Water-Assisted Formation of

Amine-Bridged Carbon Nitride: A Structural Insight into the Photocatalytic Performance for H2 Evolution under Visible Light.
Appl. Catal. B Environ. 2022, 310, 121313. [CrossRef]

2. Zou, Y.; Yang, B.; Liu, Y.; Ren, Y.; Ma, J.; Zhou, X.; Cheng, X.; Deng, Y. Controllable Interface-Induced Co-Assembly toward Highly
Ordered Mesoporous Pt@TiO2/g-C3N4 Heterojunctions with Enhanced Photocatalytic Performance. Adv. Funct. Mater. 2018, 28,
1806214. [CrossRef]

3. Hayat, A.; Sohail, M.; Jery, A.E.; Al-Zaydi, K.M.; Raza, S.; Ali, H.; Al-Hadeethi, Y.; Taha, T.A.; Din, I.U.; Khan, M.A.; et al. Recent
advances in ground-breaking conjugated microporous polymers-based materials, their synthesis, modification and potential
applications. Mater. Today 2023, 64, 180. [CrossRef]

4. Samaniego-Benitez, J.E.; Jimenez-Rangel, K.; Lartundo-Rojas, L.; García-García, A.; Mantilla, A. Enhanced Photocatalytic H2
Production over g-C3N4/NiS Hybrid Photocatalyst. Mater. Lett. 2021, 290, 129476. [CrossRef]

5. Chen, L.J.; Chuang, Y.J. Directly electrospinning growth of single crystal Cu2ZnSnS4 nanowires film for high performance thin
film solar cell. J. Power Sources 2013, 241, 259. [CrossRef]

6. Shen, L.; Qi, S.; Jin, Y.; Li, C.; Cheng, J.; Wang, H.; Ma, H.; Li, L. α-NiS-β-NiS Growth on Cd0.5Zn0.5S Formed Schottky
Heterojunctions for Enhanced Photocatalytic Hydrogen Production. New J. Chem. 2022, 46, 17469–17478. [CrossRef]

7. Mo, Z.; Xu, H.; Chen, Z.; She, X.; Song, Y.; Lian, J.; Zhu, X.; Yan, P.; Lei, Y.; Yuan, S.; et al. Construction of MnO2/Monolayer
g-C3N4 with Mn Vacancies for Z-Scheme Overall Water Splitting. Appl. Catal. B Environ. 2019, 241, 452–460. [CrossRef]

8. Wang, Y.; Wang, L.; Xiao, Z.; Liu, S.; Hu, J.; Long, X.; Wu, L.; Sun, C.; Chen, K.; Jiao, F. Construction of Z-Scheme Heterojunction
of (BiO)2CO3/ZnFe-LDH for Enhanced Photocatalytic Degradation of Tetracycline. J. Alloys Compd. 2022, 900, 163450. [CrossRef]

9. Liu, H.Y.; Niu, C.G.; Guo, H.; Liang, C.; Huang, D.W.; Zhang, L.; Yang, Y.Y.; Li, L. In Suit Constructing 2D/1D MgIn2S4/CdS
Heterojunction System with Enhanced Photocatalytic Activity towards Treatment of Wastewater and H2 Production. J. Colloid
Interface Sci. 2020, 576, 264–279. [CrossRef]

https://doi.org/10.1016/j.apcatb.2022.121313
https://doi.org/10.1002/adfm.201806214
https://doi.org/10.1016/j.mattod.2023.02.025
https://doi.org/10.1016/j.matlet.2021.129476
https://doi.org/10.1016/j.jpowsour.2013.04.128
https://doi.org/10.1039/D2NJ03338K
https://doi.org/10.1016/j.apcatb.2018.08.073
https://doi.org/10.1016/j.jallcom.2021.163450
https://doi.org/10.1016/j.jcis.2020.05.025


Catalysts 2023, 13, 1152 13 of 14

10. Chen, L.J.; Chuang, Y.J.; Chen, C. Surface passivation assisted lasing emission in the quantum dots doped cholesteric liquid
crystal resonating cavity with polymer template. RSC Adv. 2014, 4, 18600. [CrossRef]

11. Qiu, Y.P.; Shi, Q.; Zhou, L.L.; Chen, M.H.; Chen, C.; Tang, P.P.; Walker, G.S.; Wang, P. Ni Pt Nanoparticles Anchored onto
Hierarchical Nanoporous N-Doped Carbon as an Efficient Catalyst for Hydrogen Generation from Hydrazine Monohydrate.
ACS Appl. Mater. Interfaces 2020, 12, 18617–18624. [CrossRef]

12. Jiang, K.; Xu, K.; Zou, S.; Cai, W.B. B-doped Pd catalyst: Boosting room-temperature hydrogen production from formic acidformate
solutions. J. Am. Chem. Soc. 2014, 136, 4861–4864. [CrossRef]

13. Li, Y.; Wang, H.; Xie, L.; Liang, Y.Y.; Hong, G.S.; Dai, H.J. MoS2 Nanoparticles Grown on Graphene: An Advanced Catalyst for the
Hydrogen Evolution Reaction. J. Am. Chem. Soc. 2011, 133, 7296–7299. [CrossRef] [PubMed]

14. Hayat, A.; Sohail, M.; Jery, A.E.; Al-Zaydi, K.M.; Raza, S.; Ali, H.; Ajmal, Z.; Zada, A.; Taha, T.A.; Din, I.; et al. Recent advances,
properties, fabrication and opportunities in two-dimensional materials for their potential sustainable applications. Energy Storage
Mater. 2023, 59, 102780. [CrossRef]

15. Singh, R.; Dutta, S. A review on H2 production through photocatalytic reactions using TiO2/TiO2-assisted catalysts. Fuel 2018,
220, 607. [CrossRef]

16. Shaikh, Z.A.; Laghari, A.A.; Litvishko, O.; Litvishko, V.; Kalmykova, T.; Meynkhard, A. Liquid-Phase Deposition Synthesis of
ZIF-67-Derived Synthesis of Co3O4@TiO2 Composite for Efficient Electrochemical Water Splitting. Metals 2021, 11, 420. [CrossRef]

17. Li, X.Y.; Shao, J.; Li, J.; Zhang, L.; Qu, Q.T.; Zheng, H.H. Ordered mesoporous MoO2 as a high-performance anode material for
aqueous supercapacitors. J. Power Sources 2013, 237, 80–83. [CrossRef]

18. Ghodke, N.P.; Rayaprol, S.; Bhoraskar, S.V.; Mathe, V.L. Catalytic hydrolysis of sodium borohydride solution for hydrogen
production using thermal plasma synthesized nickel nanoparticles. Int. J. Hydrog. Energy 2020, 45, 16591–16605. [CrossRef]

19. Chen, L.J.; Lee, C.R.; Chuang, Y.J.; Wu, Z.H.; Chen, C. Synthesis and Optical Properties of Lead-Free Cesium Tin Halide Perovskite
Quantum Rods with High-Performance Solar Cell Application. J. Phys. Chem. Lett. 2016, 7, 5028. [CrossRef]

20. Teng, W.; Wang, Y.M.; Lin, Q.; Zhu, H.; Tang, Y.B.; Li, X.Y. Synthesis of MoS2/TiO2 nanophotocatalyst and its enhanced visible
light driven photocatalytic performance. J. Nanosci. Nanotechnol. 2019, 19, 3519. [CrossRef]

21. Zhu, Y.Y.; Ling, Q.; Liu, Y.F.; Wang, H.; Zhu, Y.F. Photocatalytic H2 evolution on MoS2-TiO2 catalysts synthesized mechanochem-
istry. Phys. Chem. Chem. Phys. 2014, 2, 933. [CrossRef]

22. Tien, T.M.; Chen, E.L. S-Scheme System of MoS2/Co3O4 Nanocomposites for Enhanced Photocatalytic Hydrogen Evolution and
Methyl Violet Dye Removal under Visible Light Irradiation. Coatings 2023, 13, 80. [CrossRef]

23. Xiang, Q.; Yu, J.; Jaroniec, M. Synergetic effect of MoS2 and graphene as cocatalysts for enhanced photocatalytic H2 production
activity of TiO2 nanoparticles. J. Am. Chem. Soc. 2012, 134, 6575–6578. [CrossRef] [PubMed]

24. Hu, M.; Yao, Z.; Wang, X. Graphene-based nanomaterials for catalysis. Ind. Eng. Chem. Res. 2017, 56, 3477–3502. [CrossRef]
25. Chen, L.J.; Lee, C.R.; Chuang, Y.J.; Chen, C. Compositionally controlled band gap and photoluminescence of ZnSSe nanofibers by

electrospinning. CrystEngComm 2015, 17, 4434. [CrossRef]
26. Chen, L.J. Tunable photoluminescence emission from Cadmium Tellurium nanorods with ethylenediamine template-assistance at

a low temperature. Mater. Lett. 2013, 101, 83. [CrossRef]
27. Tien, T.M.; Chuang, Y.; Chen, E.L. Z-scheme driven of MoS2/Co3O4 nano-heterojunction for efficient photocatalysis hydrogen

evolution and Rhodamine B degradation. J. Photochem. Photobiol. A Chem. 2023, 444, 114986. [CrossRef]
28. Shaybanizadeh, S.; Chermahini, A.N.; Luque, R. Boron nitride nanosheets supported highly homogeneous bimetallic AuPd alloy

nanoparticles catalyst for hydrogen production from formic acid. Nanotechnology 2022, 33, 27. [CrossRef] [PubMed]
29. Jun, S.E.; Hong, S.; Choi, S.; Kim, C.; Ji, S.G.; Lee, S.A.; Yang, J.E.; Lee, T.H.; Sohn, W.; Kim, J.Y.; et al. Boosting unassisted alkaline

solar water splitting using silicon photocathode with TiO2 nanorods decorated by edge-rich MoS2 nanoplates. Small 2021, 17,
e2103457. [CrossRef]

30. Tien, T.M.; Chung, Y.J.; Huang, C.T.; Chen, E.L. WSSe Nanocomposites for Enhanced Photocatalytic Hydrogen Evolution and
Methylene Blue Removal under Visible-Light Irradiation. Materials 2022, 15, 5616. [CrossRef]

31. Chen, Y.; Wang, Y.; Li, W.; Yang, Q.; Hou, Q.; Wei, L.; Liu, L.; Huang, F.; Ju, M. Enhancement of photocatalytic performance with
the use of noble-metal-decorated TiO2 nanocrystals as highly active catalysts for aerobic oxidation under visible-light irradiation.
Appl. Catal. B 2017, 210, 352–367. [CrossRef]

32. Adnan, R.H.; Madridejos, J.M.L.; Alotabi, A.S.; Metha, G.F.; Andersson, G.G. A review of state of the art in phosphine ligated
gold clusters and application in catalysis. Adv. Sci. 2022, 9, 2105692. [CrossRef] [PubMed]

33. Chen, L.J.; Chuang, Y.J. Quaternary Semiconductor Derived and formation mechanism by non-vacuum Route from Solvothermal
Nanostructures for High-Performance application. Mater. Lett. 2013, 91, 372. [CrossRef]

34. Zhong, W.; Gao, D.; Yu, H.; Fan, J.; Yu, J. Novel amorphous nicus H2 -evolution cocatalyst: Optimizing surface hydrogen
desorption for efficient photocatalytic activity. Chem. Eng. J. 2021, 419, 129652. [CrossRef]

35. Chuang, Y.J.; Liao, J.D.; Chen, L.J. Polyvinylbutyral-assisted synthesis and characterization of mesoporous silica nanofibers by
electrospinning route. J. Compos. Mater. 2012, 46, 227. [CrossRef]

36. Chen, L.J.; Chuang, Y.J. Hydrothermal Synthesis and Characterization of Hexagonal Zinc Oxide Nanorods with a Hexam-
ethylenetetramine (HMTA) Template-assisted at a Low Temperature. Mater. Lett. 2012, 68, 460–462. [CrossRef]

37. Kadam, S.R.; Enyashin, A.N.; Houben, L.; Bar-Ziv, R.; Bar-Sadan, M. Ni-WSe2 nanostructures as efficient catalysts for electro-
chemical hydrogen evolution reaction (HER) in acidic and alkaline media. J. Mater. Chem. A 2020, 8, 1403–1416. [CrossRef]

https://doi.org/10.1039/C4RA01361A
https://doi.org/10.1021/acsami.0c03096
https://doi.org/10.1021/ja5008917
https://doi.org/10.1021/ja201269b
https://www.ncbi.nlm.nih.gov/pubmed/21510646
https://doi.org/10.1016/j.ensm.2023.102780
https://doi.org/10.1016/j.fuel.2018.02.068
https://doi.org/10.3390/met11030420
https://doi.org/10.1016/j.jpowsour.2013.03.020
https://doi.org/10.1016/j.ijhydene.2020.04.143
https://doi.org/10.1021/acs.jpclett.6b02344
https://doi.org/10.1166/jnn.2019.16122
https://doi.org/10.1039/C4CP04628E
https://doi.org/10.3390/coatings13010080
https://doi.org/10.1021/ja302846n
https://www.ncbi.nlm.nih.gov/pubmed/22458309
https://doi.org/10.1021/acs.iecr.6b05048
https://doi.org/10.1039/C5CE00477B
https://doi.org/10.1016/j.matlet.2013.03.082
https://doi.org/10.1016/j.jphotochem.2023.114986
https://doi.org/10.1088/1361-6528/ac5e84
https://www.ncbi.nlm.nih.gov/pubmed/35294941
https://doi.org/10.1002/smll.202103457
https://doi.org/10.3390/ma15165616
https://doi.org/10.1016/j.apcatb.2017.03.077
https://doi.org/10.1002/advs.202105692
https://www.ncbi.nlm.nih.gov/pubmed/35332703
https://doi.org/10.1016/j.matlet.2012.10.037
https://doi.org/10.1016/j.cej.2021.129652
https://doi.org/10.1177/0021998311410482
https://doi.org/10.1016/j.matlet.2011.11.005
https://doi.org/10.1039/C9TA10990K


Catalysts 2023, 13, 1152 14 of 14

38. Guan, X.; Zong, S.; Tian, L.; Zhang, Y.; Shi, J. Construction of SrTiO3-LaCrO3 solid solutions with consecutive band structures for
photocatalytic H2 evolution under visible light irradiation. Catalysts 2022, 12, 1123. [CrossRef]

39. Wang, C.; Li, N.; Wang, Q.; Tang, Z. Hybrid nanomaterials based on graphene and gold nanoclusters for efficient electrocatalytic
reduction of oxygen. Nanoscale Res. Lett. 2016, 11, 336. [CrossRef]

40. Luo, J.; Li, D.; Yang, Y.; Liu, H.; Chen, J.; Wang, H. Preparation of Au/reduced graphene oxide/hydrogenated TiO2 nanotube
arrays ternary composites for visible-light-driven photoelectrochemical water splitting. J. Alloys Compd. 2016, 661, 380–388.
[CrossRef]

41. Si, J.; Yu, L.; Wang, Y.; Huang, Z.; Homewood, K.; Gao, Y. Colour centre controlled formation of stable sub-nanometer transition
metal clusters on TiO2 nanosheet for high efficient H2 production. Appl. Surf. Sci. 2020, 511, 145577. [CrossRef]

42. Mondal, A.; Prabhakaran, A.; Gupta, S.; Subramanian, V.R. Boosting photocatalytic activity using reduced graphene oxide
(rGO)/semiconductor nanocomposites: Issues and future scope. ACS Omega 2021, 6, 8734–8743. [CrossRef]

43. Chen, L.J. Synthesis and optical properties of lead-free cesium germanium halide perovskite quantum rods. RSC Adv. 2018, 18,
18396. [CrossRef] [PubMed]

44. Ruan, X.; Cui, X.; Cui, Y.; Fan, X.; Li, Z.; Ba, K.; Jia, G.; Zhang, H.; Zhang, H. Favorable energy band alignment of TiO2
anatase/rutile heterophase homojunctions yields photocatalytic hydrogen evolution with quantum efficiency exceeding 45.6%.
Adv. Energy Mater. 2022, 12, 2200298. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/catal12101123
https://doi.org/10.1186/s11671-016-1552-0
https://doi.org/10.1016/j.jallcom.2015.11.211
https://doi.org/10.1016/j.apsusc.2020.145577
https://doi.org/10.1021/acsomega.0c06045
https://doi.org/10.1039/C8RA01150H
https://www.ncbi.nlm.nih.gov/pubmed/35541141
https://doi.org/10.1002/aenm.202200298

	Introduction 
	Results 
	Microstructure Characterization 
	Photoelectrochemical Behavior 
	Hydrogen (H2) Evolution Behavior 

	Materials and Methods 
	Preparation of Photocatalysts 
	Synthesis 
	Characterization 
	Photocatalytic Hydrogen Evolution Tests 
	Photoelectrochemical (PEC) Analysis 

	Conclusions 
	References

