Chalcogenide Letters Vol. 20, No. 9, September 2023, p. 639 - 648

Rational design of MoS; nanosheet/ MoS; nanowire homostructures and their
enhanced hydrogen evolution reaction
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In this paper, we report a facile method for the synthesis of MoS; nanosheet/ MoS;
nanowire homostructures by growing MoS, nanosheets on the surface of MoS; nanowires.
Benefiting from the uniform coating of MoS, nanosheets on the surface of MoS;
nanowires, the MoS; nanosheet/ MoS, nanowire homostructures highly expose their
electrocatalytic active edge sites and exhibit an enhanced electrocatalytic performance. It
demonstrates a low overpotential of 107 mV at 10 mA/cm? and a small Tafel slope of 64
mV/dec in 0.5 M H,SO4. This work provides an inspiration for the design of efficient

electrocatalysts with no stacking and aggregation structure.
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1. Introduction

With the environmental pollution problem becoming more and more serious, it is urgent to
find environment-friendly energy sources [1-3]. Hydrogen has attracted much attention in recent
years because of its pollution-free combustion and high energy density (143 kJ/g) [4-6]. Among
the ways to produce hydrogen, electrocatalytic hydrogen evolution reaction (HER) in water
splitting has been regarded as an efficiency way to produce clean hydrogen energy [7]. At present,
the noble metals like Pt exhibit the highest efficiency in electrocatalytic water splitting, but the
limited reserve and high price highly restrict their large-scale application [8-10]. Therefore,
exploring alternative catalysts with low price, high reserves, and excellent efficiency becomes
urgent. Transition metal dichalcogenides (TMDs) represented by MoS,, have attracted attraction
due to their suitable Gibbs free energy for hydrogen absorption [11]. Theoretical calculations and
experimental studies have shown that the edges of MoS, were electrochemical active, whereas the
basal planes were inert [11-13]. Therefore, highly increasing and exposing the active edge sites are
the efficiency way to enhance the electrocatalytic performance of MoS; [14-19]. In addition, the
high electrocatalytic activities of MoS, edges mainly come from the unsaturated S atoms, therefore,
forming amorphous structures and creating defective MoS, structures are often used to increase the
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active edge sites density [12, 20-22]. Lowing the dimension can increase the specific surface area
of MoS,, thus can also be used to increase the number of active sites [23,24]. Nanostructuring
MoS, with various morphologies is another efficient way to enhance the HER performance, for
example, MoS, with vertically aligned layers or double-gyroid morphologies can maximally
expose the active edges on the surface [25,26]. For the structures prepared by hydrothermal
method, the MoS; nanosheets often show a stacking structure. The stacking structure makes the
nanosheets aggregate, which is not beneficial to expose the active edge sites [27-29]. Therefore the
electrocatalytic performance of MoS, always be hampered. In this paper, MoS, nanowires are
synthesized via electrospinning and subsequent sulfurization process by using sulfur and
phosphomolybdic acid (PMA) as precursors. Then we grow MoS, nanosheets on the surface of
MoS; nanowires by the hydrothermal method. X-ray diffraction (XRD), Scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray Photoelectron Spectroscopy
(XPS) and BET were utilized to characterize the as-synthesized MoS; nanosheet/ MoS, nanowire
homostructures. Benefitting from the uniform coating structure, the aggregation is avoided and the
active edges sites are maximally exposed. It delivers a low overpotential of 107 mV at 10 mA/cm?
and a small Tafel slope of 64 mV/dec in acid media. It is expected to become an alternative to
noble metal electrocatalysts in the future.

2. Experimental details

2.1. Synthesis of one dimensional (1D) MoS; nanowires

1D MoS; nanowires were synthesized by two steps. Firstly, electrospinning method was
used to prepare PVP/PMA nanowires. 1.2 g PVP and 2 g PMA were dissolved in 10 mL N,
N-Dimethylformamide (DMF). With continuous stirring for ~6 h, the solution became transparent.
Then the transparent solution with no bubbles was transferred to syringe. The syringe pump with
the rate of 0.8 mL/h was used to drive the solution. The voltage between the collector (aluminum
foil) and the needle of syringe was set to 16 kV, and the distance was fixed at 15 cm. After
electrospinning process, the as-electrospun PVP/PMA nanowires were dried at 80 °C for 12 h in
air to stabilize their morphologies. Secondly, a sulfurization process was performed under an inert
and reductive atmosphere to convert the 1D PVP/PMA nanowires into 1D MoS; nanowires. The
as-dried 1D PVP/PMA nanowires and sulfur powder were placed on two aluminum oxide ceramic
boat, respectively. The mass ratio of PVP/PMA nanowires to sulfur powder was 1:10. The ceramic
boat loaded with PVP/PMA nanowires was placed at the center of the quartz tube furnace, and the
sulfur powder was 13 cm upstream away from the PVP/PMA nanowires. During the sulfurization
process, the quartz tube furnace was firstly heated to 200 °C and kept at 200 °C for 1 h. Then the
furnace was heated to 900 °C and kept at 900 °C for 1 h. The mixture gas of Ar/H»(5%) with the
flow rate of 50 sccm was used as the carrier and reducing gas during the whole process. After the
furnace cooled, 1D MoS; nanowires were successfully synthesized.

2.2. Synthesis of MoS; nanosheets

MoS, nanosheets were synthesized by the hydrothermal method. 0.08 g
(NH4)sMo07024-4H>0O and 0.16 g CH4N,S were dissolved in 40 mL deionized water. With
continuous stirring for~1 h, the solution was transferred to the Teflon-lined stainless autoclave
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with a capacity of 50 mL. The autoclave was heated at 200 °C for 12 h in the oven. After the
reaction, the products were washed with distilled water and absolute ethanol to remove the
impurities and then were dried in the vacuum oven to eliminate the adsorbate.

2.3. Synthesis of MoS; nanosheet/ MoS; nanowire homostructures

The procedures for the synthesis of MoS, nanosheet/ MoS, nanowire homostructures were
similar to that of MoS; nanosheets. The difference was that 0.5 g MoS, nanowires prepared by
electrospinning and subsequent sulfurization process were added to the Teflon-lined stainless
autoclave during the hydrothermal process. With MoS, nanowires added to the reaction solution,
they served as the substrates for the growth of MoS, nanosheets, thus forming the homogeneous
structures of MoS, nanosheet/MoS; nanowire.

2.4. Electrocatalytic measurements

The electrocatalytic measurements of HER in water splitting of as-synthesized MoS,
nanosheet/ MoS; nanowire homostructures were characterized in a CHI 660E electrochemistry
workstation. The measurement was performed in the 0.5 mol/L H>SOs solution. The procedures
were published in our previous work [30].

3. Results and discussion

SEM was used to character the morphologies of as-synthesized MoS, nanosheets, MoS,
nanowires and MoS; nanosheet/ MoS, nanowire homostructures. Figure 1(a) and 1(b) shows the
SEM images of as-electrospun PVP/PMA nanowires. The nanowires show a smooth surface with
the uniform diameter in the range of 100 nm-250 nm. Undergoing the sulfurization process, the
PVP/PMA nanowires were completely converted into MoS, nanowires successfully, as depicted in
Figure 1(c) and 1(d). The morphology of nanowires did not change before and after the
sulfurization. Figure 1(e) and 1(f) display the SEM images of MoS, nanosheets synthesized by the
hydrothermal method. The MoS; nanosheets show the aggregation morphology with
nanoflower-like structure. The stacking structure restricts the exposure of active edge sites, which
makes the HER performance be hampered, as discussed below. By using electrospinning,
sulfurization followed by hydrothermal process, MoS, nanosheet/ MoS, nanowire homostructures
were formed, as shown in Figure 1(g) and 1(h). The MoS, nanosheets are coated on the surface of
MoS; nanowires with preferential c-parallel orientation. Compared with the pure MoS; nanosheets,
the aggregation is effectively avoided, and the edges of MoS, nanosheets are highly exposed in the
MoS; nanosheet/ MoS, nanowire homostructures. The successful synthesis of MoS; nanosheet/
MoS; nanowire homostructures indicates that the MoS, nanowires are the ideal substrates for the
synthesis of MoS, nanosheets.
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Fig. 1. (a) and (b) SEM images of as-electrospun PVP/PMA nanowires. (c) and (d) SEM images of
as-synthesized MoS» nanowires. The diameter of the nanowires is in the range of 100 nm-250 nm. (e)
and (f) SEM images of MoS: nanosheets. The nanosheets agglomerate to form nanoflower-like
structure . (g) and (h) SEM images of as-synthesized MoS> nanosheet/ MoS>» nanowire
homostructures. The MoS» nanosheets were vertically standing on the surface of MoS> nanowires,

and the active edge sites were highly exposed.
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The crystal structure of as-synthesized samples was characterized by XRD, as shown in
Figure 2(a). The XRD patterns of MoS, nanosheets, MoS, nanowires and MoS; nanosheet/ MoS,
nanowire homostructures all exhibit obvious peaks at 14.1°, 33.6°, 39.6° and 58.8° which
corresponds to the diffraction peaks of hexagonal MoS, with the JCPDS Card No. 37-1492 [31].
The peaks marked by * correspond to the diffraction peaks of the C which is produced by
carbonization of PVP. Figure 2(b) shows the TEM image of MoS, nanosheet/ MoS, nanowire
homostructures. It’s obvious that the thin MoS, nanosheets are coated on the surface of MoS;
nanowires, which is consistent with the results in SEM characterizations. The high resolution TEM
(HRTEM) image of MoS; nanosheet/ MoS, nanowire homostructures is depicted in Figure 2(c).
The clear lattice fringes indicate that the as-synthesized samples are well crystalline. The lattice
spacing of 0.62 nm corresponds to the (002) adjacent layer spacing of MoS, [32]. To visualize the
composition of as-synthesized sample, energy-dispersive X-ray (EDX) characterization was also
performed, as exhibited in Figure 2(d). The EDX mapping clearly demonstrates that Mo and S
atoms are the basic chemical composition of the as-synthesized MoS; nanosheet/ MoS, nanowire

homostructures.
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Fig. 2. (a) XRD patterns of as-synthesized MoS» nanosheets, MoS; nanowires and MoS: nanosheet/
MoS; nanowire homostructures. (b) TEM image of MoS> nanosheet/ MoS> nanowire homostructures.
The MoS> nanosheets are coated on the surface of MoS; nanowires, and the active edge sites are
highly exposed. (c) HRTEM image of as-synthesized MoS> nanosheet/ MoS: nanowire
homostructures. The lattice fringes of 0.62 nm are indexed to the adjacent layer spacing of (002)
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planes. (d) EDX mapping of MoS: nanosheet/ MoS; nanowire homostructures. It confirms the basic

(a)

Intensity (a.u.)

chemical composition of the sample.
The chemical composition of as-synthesized samples were further demonstrated by the
XPS. The Mo 3d and S 2p orbital peaks are shown in Figure 3. The peaks located at ~226.9 eV
correspond to the S 2s [33,34]. As for the Mo 3d, two obvious peaks located at 229.7 eV and 232.9
eV are attributed to the Mo ** 3ds;» and Mo** 3dsy, respectively [33]. The binding energies of 162.5
eV and 163.6 eV are assigned to the S 2ps» and S 2p12 peaks, respectively [35].
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Fig. 3. XPS measurements for Mo and S binding energies in the as-synthesized MoS> nanosheets,

MoS, nanowires and MoS> nanosheet/ MoS> nanowire homostructures.
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Fig. 4. N, adsorption/desorption isotherms and corresponding pore size distribution curves of (a)
MoS> nanosheets, (b) MoS> nanowires, and (c) MoS: nanosheet/ MoS: nanowire homostructures.

The XPS results clearly show the existence of Mo and S elements in the as-prepared
samples, which is in great agreement with the EDS mapping characterizations. As shown in Figure
4, the texture properties of the samples are characterized by the N, adsorption/desorption tests. The
BET surface area of MoS, nanosheets and MoS, nanowires are 33.1 m%g and 89.1 m?g,
respectively, which are smaller than that of MoS, nanosheet/ MoS, nanowire homostructures
(143.1 m?/g). The larger specific surface area indicates that the MoS, nanosheet/ MoS, nanowire
homostructures expose more active edge sites for HER in water splitting. For the pore size of the
samples, the MoS; nanosheet/ MoS, nanowire homostructures center at 3.4 nm, close to that of
MoS; nanosheets (3.8 nm) and MoS; nanowires (3.9 nm), as shown in the insets of Figure 4.

The HER activities of as-synthesized samples were characterized using a three-electrode
configuration in 0.5 M H»SOs. Figure 5(a) displays the HER polarization curves of MoS,
nanowires, MoS; nanosheets and MoS,; nanosheet/ MoS, nanowire homostructures. The
overpotential of MoS, nanosheet/ MoS, nanowire homostructures at the current density of 10
mA/cm? is 107 mV, which is smaller than that of MoS; nanowires (170 mV) and MoS, nanosheets
(163 mV). Furthermore, the current density observed in the MoS, nanosheet/ MoS, nanowire
homostructures (245 mA/cm?) is larger than that in MoS; nanowires (116 mA/cm?®) and MoS;
nanosheets (131 mA/cm?) at the overpotential of 400 mV. The larger current density implies that
it’s easy to transfer electrons between catalysts and electrode.
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Fig. 5. (a) Polarization curves and (b) Tafel plots of as-synthesized MoS>» nanowires, MoS>
nanosheets and MoS: nanosheet/ MoS> nanowire homostructures in HSOq. (c) Stability
characterization of MoS>» nanosheet/ MoS> nanowire homostructures.
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Tafel slope is also an important parameter to assess the electrocatalytic activity of catalysts.
As displayed in Figure 5(b), the Tafel slope of MoS; nanosheet/ MoS, nanowire homostructures
(64 mV/dec) is clearly smaller than that of MoS, nanowires (108 mV/dec) and MoS; nanosheets
(100 mV/dec). It indicates that the MoS; nanosheet/ MoS; nanowire homostructures possess faster
HER kinetics during electrocatalytic water splitting. The polarization curves and Tafel slope
characterizations manifest that the MoS, nanosheet/ MoS, nanowire homostructures exhibit
enhanced HER performance compared to the MoS, nanosheets and MoS, nanowires. Besides, we
also character the electrocatalytic stability during the HER process. As shown in Figure 5(c), the
polarization curves almost coincide before and after 1000 cycles, which indicates that the MoS;
nanosheet/ MoS; nanowire homostructures show an excellent elctrocatalytic stability.

For the MoS,, the electrocatalytic inert basal planes always limit the HER performance. As
shown in the SEM images, the MoS, nanosheets stacking together form a nanoflower-like
morphology, which hides the active edge sites of MoS,. Therefore, the MoS; nanosheets exhibit a
hampered electrocatalytic performance. By growing MoS, nanosheets on the surface of MoS,
nanowires, the active edge sites are highly exposed. As a result, the MoS, nanosheet/ MoS,
nanowire homostructures exhibit a superior electrocatalytic performance.

4. Conclusions

In summary, we have synthesized MoS; nanosheet/ MoS, nanowire homostructures by
using electrospinning, sulfurization followed by hydrothermal process. The MoS, nanosheets
vertically standing on the surface of MoS; nanowires makes the MoS; active edge sites be highly
exposed, and the aggregation effect be avoided. As a result, compared to MoS; nanosheets and
MoS;, nanowires, the MoS; nanosheet/ MoS, nanowire homostructures show enhanced
electrocatalytic performance with the overpotential of 107 mV at the current density of 10 mA/cm?,
a Tafel slope of 64 mV /dec and excellent stability. Our results provide an efficient way to highly
expose the HER active edge sites, which can be applied to other electrocatalysts system.
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