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Molybdenum disulfide (MoS,) with a layered structure has
attracted much attention on photocatalytic water splitting
for hydrogen production owing to its chemical stability.
However, the inherent stacking property screens part of
MoS; active sites which retards catalytic reactions. Herein,
we report one dimensional (1D) MoS,; nanosheet/porous
TiO, nanowire (shell/core) hybrid nanostructures
synthesized by a simple hydrothermal method, leading to an
enhanced specific surface area (66 m*/g) compared to MoS,
nanosheets (48 mZ/g). Scanning Electron Microscope (SEM),
Transmission Electron Microscope (TEM), X-ray
Diffraction (XRD) and Raman spectrum were utilized to
confirm the 1D MoS,/TiO, hybrid nanostructures. This 1D
hybrid nanostructures with a porous core as co-catalyst
exhibit high activity in visible light photocatalytic hydrogen
evolution reaction (HER) with an enhanced hydrogen
generation rate of 16.7 mmol-h™-g”. Our results provide
some general guidelines in the search for enhancing visible-
light photocatalytic HER.

Due to its excellent electronic and optical properties, MoS,, a
transitional metal dichalcogenides semiconductor with a layered
structure, has attracted much attention on catalysis,1 lithium ion
battery,” micro-electronics® and optoelectronic devices.** Layered
MoS, is composed of a two-dimensional (2D) structure which
includes an atomic layer of Mo atoms sandwiched between two
layers of S atoms. It has been revealed that with the thickness of
MoS, decreasing to monolayer, there is a transformation observed
from indirect band gap (1.3 eV) to direct band gap (1.8 eV).**’
Recently, more studies have focused on the photocatalytic property
of MoS, because of its special chemical stability in reactions.®'
Both high-resolution scanning tunneling microscopy (STM) and
theoretical calculations have proved that active sites of layered MoS,
are on the undercoordinated sulfur edges.'*'> However, the layered
configuration with low specific surface area can cause inefficient
reactant molecular adsorption. In addition, stacking character can
block the active sites on 2D nanosheets and cause inefficient carrier
transfer, which dramatically reduces the catalytic activities. Efforts
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have been made to overcome these limitations. For instance, MoS,
nanosheet/graphene hybrid structure has been employed to enhance
the specific surface area of MoS, nanosheets, resulting in a high
performance of photocatalytic HER from water splitting with a
hydrogen generation rate of 165.3 pumol « h™' (2.1mmol  h™' + g™)
under UV light irradiation.'® In the presence of Eosin Y (EY) dye,
MoS, nanosheet/reducesd graphene oxide (RGO) heterostructure
was also employed to act as catalyst for a HER under visible light
irradiation ( A =420nm). The enhanced hydrogen evolution rate was
88.5mmol/h (4.4pmol * h' « g in 80 mL of 15% (v/v) TEOA
aqueous solution (pH=9) with 20mg as prepared catalyst and 4 X 10*
M EY.” TiO, nanobelt has been utilized to form MoS,
nanosheet/TiO, nanobelt hybrid structure. The enhanced specific
surface area has been attained to be 44.9 m%/g.'® As catalyst, it has
improved the hydrogen production rate as high as 1.6mmol-h™-g"! 8
Herein, we report 1D MoS, nanosheet/porous TiO, nanowire
(shell/core) hybrid nanostructures with an enhanced surface area of
66 m*/g by a simple hydrothermal method. SEM, TEM, XRD and
Raman spectrum were utilized to characterize the MoS,/TiO, hybrid
nanostructure. The enhanced specific surface area was measured by
American Micromeritics Instrument Corporation TriStar IT 3020M
system. This hybrid configuration was employed as photo co-
catalyst for visible light photocatalytic hydrogen generation reaction.
The improved hydrogen generation rate is reached to be 16.7
mmol-h™-g.

Figure 1a presents the morphology of pure TiO, nanowires with
a diameter of 50-70 nm prepared by an electrospinning method."
The inset shows the porous morphology of pure TiO, nanowires,
composed of interconnected TiO, nanoparticles with an average
grain size of 8-12nm. Figure 1b shows the SEM image of the as-
synthesized MoS, nanosheet/TiO, nanowire hybrid nanostructures.
The low magnification TEM image shown in the inset of Figure 1b
reveals that the TiO, nanowires were coated by few-layer MoS,
nanosheets, forming TiO,/MoS, core-shell structure. XRD patterns
(Figure lc) indicate that the as-synthesized hybrid nanostructures
with well-defined crystalline consist of hexagonal phase MoS, and
anatase phase TiO,. Figure 1d shows high-resolution TEM image of
MoS; nanosheet/TiO, nanowire hybrid structure. It indicates that
most of the shells in the hybrid core/shell nanostructures consist of
5-7 layers of MoS, nanosheets. The lattice fringes of TiO,
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nanoparticles with a lattice spacing of 3.6A correspond to the (101)
plane. The well-defined crystalline structure of MoS, nanosheets are
also illustrated by the lattice fringes with a lattice spacing of 6.2A,
corresponding to the plane of (002).

To further explore the property of the hybrid nanostructure, the
phonon spectra of the MoS, nanosheet/TiO, nanowire were
measured by Raman scattering (Figure 2a). The phonon vibrational
modes of pure TiO, nanowies at 148 em’”, 397 em™!, 518 cm™ and
638cm™ correspond to the Ef, By, Ay + B, and EZ modes of
anatase TiO,, respectively. The Raman scattering peaks of pure
MoS, nanosheets observed at 384 cm’’, 408 cm™ and 452 cm™ can
be assigned to the representative modes of E%g, A, and E2,,
respectively. In the Raman spectrum of the MoS, nanosheet/TiO,
nanowire hybrid nanostructures, there is a blue shift observed in the
mode of Eé with a size of ~ 5 cm’, compared to pure TiO,
nanowires. The blue shift is mostly due to a surface strain induced
by the coated MoS, nanosheet on the TiO, surface.”’ In the
meanwhile, there is also a surface strain generated in the coated
MoS, nanosheets. It explains the observed red shifts in the modes of
E%g and A, with sizes of ~ 6 and 7 em’, respectively, compared to
pure MoS, nanosheets. The shell configuration of MoS, nanosheets
leads to a tensile strain along the [001] and a compressive strain in
the basal plane. This tensile strain along [001] direction reduces the
Van der Waals force between neighboring layers, which causes a
decrease in restoring force. Therefore, we observed a decrease in
both of the E%g and A, vibrational frequencies.”' In terms of crystal
structure, the phonon spectra of the hybrid structures confirm a
core/shell configuration in our synthesized MoS, nanosheets/TiO,
nanowires samples.
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Fig. 1 (a) SEM image of pure TiO, nanowires. The inset shows the
porous morphology of pure TiO, nanowires. (b) SEM image of as-
synthesized MoS, nanosheet/TiO, nanowire hybrid structures. The
inset is the corresponding low magnification TEM image, which

presents the core/shell TiO, nanowire/MoS, nanosheet configuration.

(¢) XRD patterns of pure TiO, nanowires (black), pure MoS,
nanosheets (red) and MoS,/TiO, hybrid structures (blue). (d) High-
resolution TEM image of as-synthesized MoS,/TiO, hybrid
structures. It exhibits the well-defined crystalline structures of the
hybrid configuration.
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Fig. 2 (a) Raman spectra and (b) absorption spectra of pure TiO,
nanowires (black), pure MoS, nanosheets (red) and as-synthesized
MoS, nanosheet/TiO, nanowire hybrid structures (blue)

Figure 2b presents the absorption spectra of pure TiO,
nanowires, pure MoS, nanosheets and as-synthesized MoS,
nanosheet/TiO, nanowire hybrid structures. A sharp absorption edge
is observed at 393 nm (3.16 eV) in the absorption spectrum of pure
TiO, nanowires, which indicates a direct band gap of 3.16 eV in pure
TiO, nanowires. In the absorption spectrum of pure MoS,
nanosheets, two absorption peaks observed at 606 and 661 nm are
assigned to excitonic transitions at the K point of the Brillouin
zone.” The energy separation of ~ 0.17 eV between the two peaks is
due to the spin-orbit splitting at the top of the valence band at K
point.”> Due to indirect band gap property, the absorption edge of
MoS, nanosheets exhibits a gradual increase instead of abrupt slope.
Another peak feature is observed at ~ 350 nm, which correlates to a
c-axis polarized transition.”> We also observed two representative
excitonic transition peaks at ~ 607 and 661 nm in the absorption
spectrum of MoS; nanosheet/TiO, nanowire hybrid structures. At the
short wavelength side of the excitonic transition peaks, there is an
absorption peak observed at ~ 340 nm. Since the absorption edge
location of pure TiO, nanowires is close to the c-axis polarized
transition in MoS, nanosheets, this peak feature at ~ 340 nm could
be admixture of MoS, and TiO, absorption peaks.

To probe the photocatalytic performance, as-synthesized MoS,
nanosheet/TiO, nanowire hybrid nanostructures were utilized as
photo co-catalyst for visible light (A > 420 nm) photocatalytic
hydrogen generation from water splitting (details in Supporting
Information). Figure 3 shows a promising hydrogen evolution rate of
167 mmol-h"-g' achieved from as-synthesized MoS,
nanosheet/TiO, nanowire hybrid structures photosensitized by Eosin
Y under visible light illumination. In addition, the stable
performance is another important requirement for co-catalyst in
hydrogen evolution reactions. The inset of Figure 3 shows a good
stability of photocatalytic HER catalyzed by as-synthesized MoS,
nanosheet/TiO, nanowire hybrid nanostructures, which exhibits a
slight saturation after 12 hours visible light illumination.

As shown in Figure 1d, the pure TiO, nanowires are composed
of interconnected TiO, nanoparticles with a diameter of 8-12 nm.
And we also observed numbers of pores in the TiO, nanowires in
Figure 1d, due to the volume loss and gas release during synthesis
induced from a non-equilibrium calcination process at 500°C in air
after the electrospinning step.'® At the calcination stage, a thermal
decomposition of the TiO, precursor triggers the nucleation and
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growth of TiO, nanoparticles, in the meanwhile small voids are
created at the nanoparticle interface due to gas release from the
reactions between the carbon, nitrogen, hydrogen atoms and
atmospheric oxygen. This 1D porous structure composed of quantum
size TiO, nanoparticles provides a chance to enhance the specific
surface area of MoS, 2D nanosheets. Most of interlayer edges
(acting as active sites) are covered by the outmost layers in as-
synthesized multilayered pure MoS, nanosheets (Figure S2), which
hinders the interlayer edges exposed to the reactants in hydrogen
generation reactions. With an introduction of 1D TiO, nanowires,
the 2D configuration of pure MoS, nanosheets was transformed into
1D structure by the formation of the MoS,/TiO, hybrid
nanostructures. Only several layers of MoS, coated, this 1D hybrid
core/shell configuration provides more chances to expose the edges
of MoS, nanosheets to the reactants in hydrogen generation
reactions. The specific surface area of the hybrid nanostructures was
dramatically enhanced to be ~ 66 m*g compared to pure MoS,
nanosheets (48m%g). The porous morphology of the core TiO,
nanowires also provides higher possibility to adsorb more reactant
molecules into the hybrid core/shell structures. As a result, as-
synthesized MoS, nanosheets/TiO, nanowires nanostructures exhibit
highly reactive in the visible-light photocatalytic hydrogen evolution
reaction with an enhanced hydrogen evolution rate of 16.7 mmol * h”
'« ¢!, However, using our TiO,/MoS, core/shell hybrid structure as
photo co-catalyst without a photosensitizer involved in for a HER,
there is no hydrogen gas generation observed as shown in Figure 3.
It could be due to less sufficient electron transfer in HER, resulting
from weak alkalinity in TEOA. Therefore no hydrogen generation
could be detected from this reaction without a photosensitizer.
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Fig. 3 Different photocatalytic hydrogen evolution rate within 3
hours under visible light illumination catalyzed by different
photocatalytic systems (details in Supporting Information). The
highest hydrogen evolution rate ( ~ 16.7 mmol « h' « g} is
achieved in the 1D MoS, nanosheet/TiO, nanowire hybrid
nanostructures. The inset shows the stability performance of as-
synthesized MoS, nanosheet/TiO, nanowire hybrid structures as
photo co-catalyst in visible light photocatalytic HER.

Conclusions

In summary, the MoS, nanosheet/porous TiO, nanowire hybrid
nanostructures were successfully synthesized by a simple
hydrothermal method, leading to an enhanced surface area. This
1D hybrid structures with the porous core as co-catalyst exhibit
high activity in the visible-light photocatalytic hydrogen
evolution reaction with an enhanced hydrogen generation rate
of 16.7 mmol * h' « g”'. This 1D hybrid nanostructure as co-
catalyst provides us some general guidelines for overcoming
the low efficiency of the other catalysts in water splitting
reactions.
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