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ABSTRACT: Semiconductor heterostructures of two-dimensional (2D)
transition metal disulfide (TMD) have opened up approaches toward the
integration of each function and implementations in novel energy and electronic
devices. However, engineering TMD-based homostructures with tailored
properties is still challenging. Herein, we demonstrate a solution-processed
growth of vertically aligned 1T-MoS, using liquid-phase exfoliated 2H-MoS, as
self-templates. The unique MoS,-based homostructures not only provide more
exposed active sites in the edge and basal plane for the electrocatalytic hydrogen
evolution reaction (HER) but also improve the mass transfer due to the
introduction of high packing porosity. The resultant all-MoS, electrocatalysts
with an integration of polymorphous MoS, nanostructures exhibit a superior
HER activity with a low potential of 203 mV at 10 mA cm™?, a small Tafel slope
of 60 mV dec™', and a remarkable cyclic stability. This work thus provides a
simple and efficient route for the creation of unprecedented MoS,-based
homostructured materials with exciting properties, especially as an inexpensive alternative to platinum catalysts in electrochemical
hydrogen evolution production.
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1. INTRODUCTION

In recent years, hydrogen has been regarded as the most
promising future energy source because of its high efficiency,
environmental friendliness, and renewability.'~* The selection
and development for efficient catalysts of hydrogen evolution
electrode in direct electrolytic water splitting is the most
important factor for producing hydrogen.””” Platinum-group
precious metals exhibit good electrocatalytic activity toward the
hydrogen evolution reaction (HER), but their expensive costs
and resource scarcities have greatly limited their practical
applications.”®~'? Therefore, it is urgent to develop an efficient,

MoS, catalyst with as many exposed active sites as possible.
Besides, the poor conductivity of the semiconductive 2H-phase
MoS, of the most commonly naturally occurring polytype
MoS, greatly limits the performance of the catalysts.””*
Therefore, it is of great importance to adopt strategies to
increase the conductivity of catalysts and the density of catalytic
active sites by a rational design of the resultant MoS,-based
electrocatalysts.**™* Very recently, the construction of the
vertical heterostructure of 2D MoS, has drawn much attention
because such an anisotropic stacking form gives rise to
orientation-dependent functionalities of the 2D materi-

inexpensive, and earth-abundant electrocatalyst with a low
overpotential and optimized catalytic process."' "

Monolayer molybdenum disulfide (MoS,) is a promising
two-dimensional direct band gap semiconductor with various
potential applications,>~"” such as in lithium ion batteries,"*~*'
supercapacitors,”>* and catalysts.””~>” Due to similar Gibbs
free energy for hydrogen adsorption to platinum, MoS, has
been especially served as an efficient catalyst for HER.”*™** An
increase of the number of exposed edge sites by tuning the
microstructure, the dimension, and the exposed grain surfaces
plays important roles in tuning the catalytic activity toward
HER. ™" Unfortunately, due to the severe aggregation of
individual MoS, nanosheets, it is difficult to approach a limit of
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als.>'??**" Different from most researches on 2D MoS,
materials with other 2D layered materials for constructing
heterostructures using relatively easier synthesis methods,
engineering MoS,-based homostructures with tailored proper-
ties is still challenging and has been rarely reported.

Herein, a simple and efficient strategy for growth of fewer-
layer 1T-phase solvothermally synthesized MoS, (abbreviated
as syn-MoS,) onto 2H-phase liquid-exfoliated MoS, (abbre-
viated as exf-MoS,) has been proposed. This method by
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combining all 2D MoS, into homostructures with polymor-
phous crystal phases offers at least three advantages over
traditional methods for the synthesis of hierarchically nano-
structured MoS, reported in the literature: (1) Growing syn-
MoS, on exf-MoS, develops a homostructure with hierarchical
nanostructures and exciting properties. (2) The vertically
aligned syn-MoS, on exf-MoS, provides an edge-to-edge
structure with more exposed active sites. (3) The immobilized
metallic 1T-phase syn-MoS, improves the conductivity of the
homostructures to facilitate the electron transport and
introduce efficient mass transfer channels of electrolytes.

2. EXPERIMENTAL SECTION

2.1. Preparation of Monolayer and Few-Layer exf-MoS,. The
monolayer and few-layer exf-MoS, nanosheets were prepared by a
liquid-phase sonication exfoliation of bulk molybdenites (1.0 g) in
N,N-dimethylformamide (DMF) (100 mL). After a bath sonication for
6 h, the suspension was centrifuged at 1500 rpm for 15 min to remove
impurities, and the supernatant was left aside for the subsequent use.
The concentration of exf-MoS, in the supernatant was measured as
~0.80 mg mL™' by drying a designed volume of the supernatant on a
preweighted glass Petri dish in a 110 °C oven and then weighting the
residuals.

2.2. Preparation of Vertically Aligned Homostructured MoS,
(vh-MoS,). The solvothermal growth of few-layer syn-MoS, on exf-
MoS, for the preparation of vh-MoS, was presented as follows. The
mass ratios of exf-MoS, to syn-MoS, within the vh-MoS, products
were controlled by changing the initial concentrations of exf-MoS, in
DMEF. Typically, a designed volume of the supernatant of exf-MoS,
was diluted into 80 mL with DMEF, followed by the addition of 80 mg
of (NH,),MoS, and 0.8 mL of SO wt % hydrazine hydrate under
stirring. Then, the mixture was transferred into a 100 mL Teflon-lined
stainless steel autoclave and heated in an oven at 200 °C for 10 h. The
products were collected by filtration, washed with excess DMF and
ethanol, and dried at 60 °C in a vacuum oven overnight. The initial
volumes of the supernatant of exf-MoS, were selected as 40, 20, and 10
mL, respectively, and the resultant products were denoted as vh-MoS,-
1, vh-MoS,-2, and vh-MoS,-3, respectively. Neat syn-MoS, was
prepared for comparison under the same solvothermal condition in the
absence of exf-MoS,.

3. RESULTS AND DISCUSSION

The synthesis of vertically aligned syn-MoS, on exf-MoS, for
the construction of vh-MoS, mainly consists of two steps, as
shown in Figure 1. As exhibited in Figure la, monolayer and
few-layer exf-MoS, nanosheets are obtained by a sonication-
assisted exfoliation of bulk MoS, in an appropriate solvent such
as DMF."*™° A sediment experiment of exf-MoS, in DMF is
preferentially investigated by observing the exf-MoS, dispersion
after left standing for 2 weeks. The exf-MoS, in DMF keeps a
well-dispersed condition without any precipitations (Figure
S1). The exf-MoS, (Figure S2) exhibits a nanoflake structure,
indicating the successful exfoliations from bulk Mo§, via liquid-
phase sonication. A solvothermal synthesis of MoS, in the
absence of exf-MoS, always produces 2H-phase syn-MoS,
(Figure 1b). The as-grown syn-MoS, nanosheets (Figure S3)
self-assemble into a nanoflower structure. As shown in Figure
Ic, exf-MoS, and ammonium thiomolybdate are utilized as
template and precursor, respectively, for the solution-processed
growth of vh-MoS,. Eventually, few-layer 1T-phase syn-MoS,
are successfully vertically aligned on the exf-MoS, template,
providing high surface area with abundant active sites in both
edges and basal planes. The mass ratios of exf-MoS, and syn-
MoS, within the vh-MoS, are tuned, and the resultant products
are denoted as vh-MoS,-1, vh-MoS,-2, and vh-MoS,-3,
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Figure 1. Illustration of solution-processed synthesis of vh-MoS,. (a)
Schematic liquid-phase exfoliation of bulk MoS, into exf-MoS,
nanosheets. (b) Schematic solvothermal synthesis of syn-MoS,
nanosheets. (c) Schematic solvothermal synthesis of vh-MoS, in the
presence of exf-MoS, nanosheets.

respectively. Figures S4c and S4d show the morphology of
the vh-MoS,-2 at different magnifications, which exhibits a
hierarchical structure with ultrathin, interconnected, and
wrinkled syn-MoS, uniformly coated on large-lateral exf-
MoS,. No obvious MoS, agglomerates could be observed on
the whole, indicating that exf-MoS, nanosheets serve as ideal
templates for the efficient immobilization of in situ grown syn-
MoS,. The morphologies of the vh-MoS, with different
contents of exf-MoS, are systematically investigated. For the
vh-MoS,-1 sample (Figures S4a and S4b) with sufficient exf-
MoS, templates, only sparse syn-MoS, nanosheets are found on
exf-MoS, nanosheets. Conversely, as evidenced in Figures S4e
and S4f, redundant syn-MoS, nanosheets among the vh-MoS,-
3 sample tend to stack together forming a nanoflower structure.
The nitrogen adsorption/desorption isotherms of exf-MoS,,
syn-MoS,, and vh-MoS,-2 are measured and shown in Figure
SS5a. The data of the BET surface areas and their pore size
distributions of these samples are summarized in Table 1. The

Table 1. BET Surface Areas and Pore Size Distributions of
exf-MoS,, syn-MoS,, and vh-MoS,-2

total pore micropore mesopore
SZBET volume volume volume
samples [m”g™'] [mL g™'] [mL g™'] [mL g™']
exf-MoS, 43.5 0.12 0.002 0.12
syn-MoS, 315 0.1 0 0.15
vh-MoS,-2 62.2 0.20 0.01 0.19

vh-MoS,-2 exhibits an obviously enlarged specific surface area
of 62.2 m* g”', which is obviously larger than that of exf-MoS,
(43.5 m* g™') and syn-MoS, (31.5 m* g™'), indicating that the
exf-MoS, can be considered as an effective template for the
sequent decoration of the all-MoS, hierarchical nanostructures
with increased surface areas. As shown in Figure SS5b and Table
1, the enlarged pore volume with both micropores and
mesopores may also make contributions to the enhanced
electrocatalytic performances.

The morphologies of MoS, homostructures were further
investigated by TEM observations. Figure 2a indicates that exf-
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Figure 2. TEM images of (a, b) exf-MoS,, (c, d) syn-MoS,, and (e, f)
vh-MoS,-2 at low and high magnifications, respectively, and (g, h)
HRTEM images of vh-MoS,-2.

MoS, nanosheets with a large lateral size of several micrometers
are exfoliated well, and even monolayer edges could be
observed (red arrows in Figure 2a and enlarged in Figure 2b).
Neat syn-MoS, displays a flower-like morphology composed of
massive wrinkled Mo$S, nanosheets (Figure 2c and 2d). From
Figure 2e and 2f it can be clearly seen that among the vh-
MoS,-2 sample the perpendicularly oriented MoS, nanosheets
(marked by yellow circle) are vertically aligned on exf-MoS,
(marked by red arrows) without agglomeration and restacking,
which are consistent with SEM results of vh-MoS,-2 (Figure
S4c and S4d). Besides, the HRTEM images of the vh-MoS,-2
sample in Figure 2g and 2h clearly exhibit a large quantity of
exposed edge sites of the (002) plane. The perpendicularly
oriented MoS, nanosheets are composed of fewer layers (5—15
layers) with the interlayer spacing of 0.65 nm (marked by red
arrows).

The growth mechanism of syn-MoS, on exf-MoS, is
intensively investigated, and the self-standing exf-MoS, film is
fabricated and used as macroscopic templates to grow syn-
MoS,. The exf-MoS, film with preferential plane orientation is
fabricated by directly casting the exf-MoS, suspension on
copper foil via a drying-induced self-assembly process.
Compared with monolayer and few-layer exf-MoS, nanosheets,
exf-MoS, film provides more flat and large surface for the direct
immobilization of syn-MoS,, and therefore it is more
convenient to observe the morphology of immobilized syn-
MoS, at a relatively large scale. As shown in Figure 3, after in
situ growth of syn-MoS,, close inspections from SEM images
show that the surface of exf-MoS, film is uniformly covered
with syn-MoS, arrays with their ab-faces perpendicular and
parallel to the exf-MoS,. An evolution selection process is
further employed here to explain the vertical growth

4 >

Figure 3. SEM images of vertical aligned MoS, nanosheets grown on
the exf-Mo$S, film with a (a) 15000, (b) 30000, (c) 75000, and (d)
150 000 magnification. The SEM images clearly proved that syn-MoS,
in the form of vertical aligned nanostructures was successfully grown
on the exf-MoS, templates.

mechanism of syn-MoS, arrays on exf-MoS,. The nucleation
density of syn-MoS, on the basal planes of exf-MoS,
significantly increases, and thus ab-planes of syn-MoS,
perpendicular to the template become dominant on the exf-
MoS, surface.

The crystalline phase identity was further confirmed using
XRD patterns and Raman spectroscopy. Figure 4a exhibits the
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Figure 4. (a) XRD patterns and (b) Raman spectra of exf-Mo$S,, syn-
MoS,, and vh-Mo$S, samples. XPS spectra of (c) Mo 3d and (d) S 2p
of exf-MoS,, syn-MoS,, and vh-MoS,-2.

XRD patterns of exf-MoS,, syn-MoS,, and vh-MoS,,
respectively. A 2H-phase of MoS, is clearly indicated in the
exf-MoS, sample evidenced by diffraction peaks at 26 = 14.4,
32.7, 39.5, 49.8, 58.3, and 60.2°, which correspond to the
(002), (100), (103), (10S), (110), and (008) planes of 2H-
MoS, crystal phase (JCPDS Card No. 37-1492). The XRD
pattern of neat syn-MoS, displays weak diffraction peaks at 26
= 32.7 and 56.8° assigned to the (100) and (110) planes,
respectively, which reveal a hexagonal lattice structure with a
spacing of 0.27 nm and unvaried atomic arrangement along the
basal planes.’’ The (002) plane attributed to the interlayer
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spacing is almost negligible, suggesting a low crystallinity of
MoS,. In addition, a new peak at 20 = 9.3° with an interlayer
spacing of 0.95 nm is clearly observed, indicating the formation
of a new lamellar structure with an increased interplanar
spacing compared to that of hexagonal MoS, (0.62 nm).>*
Therefore, the crystalline phase of syn-MoS, could not be
determined here, and it has been reported that the significantly
enhanced interlayered spacing might be due to different
solvothermal synthesis conditions. For example, Xie’s group
points out that the reaction temperature below 220 °C could
result in an enlarged interlayer spacing.’” Moreover, the
expanded interlayer is likely attributed to the intercalation of
oxidized DMF species into two S—Mo—S layers.”” Therefore,
both the relatively low reaction temperature (200 °C) and the
intercalated DMF species in our work might lead to the
expansion of interlayer spacing of syn-MoS,. It is also worth
noticing that the vh-MoS, samples basically retain the
combination of the diffraction peaks of both exf-MoS, and
syn-MoS, phases, while the intensity of the (002) diffraction
peak ascribed to exf-MoS, decreases, indicating that the syn-
MoS, nanosheets considerably inhibit the restacking of exf-
MoS, within the MoS, homostructures. Figure 4b exhibits the
Raman curves taken from exf-MoS,, syn-MoS,, and vh-MoS,
samples. The characteristic peaks of exf-MoS, at 375 and 402
cm™' corresponding to in-plane Ezg1 and out-of-plane Ay,
respectively, are in agreement with those of 2H-phase MoS,.
The separation (ca. 27 cm™') between the E,,! and A, modes
reveals a few-layer feature of MoS, according to recent
studies.’*>> Moreover, the additional weak Raman shifts
emerging at 147 (J,), 236 (J,), 281 (E,,), and 336 (J5) cm™
indicate that there exists 1T-phase MoS, within neat syn-MoS,
and vh-MoS,.#?%3%°¢=5? The Raman results indicate that a
thermodynamic unstable 1T-phase MoS, might exist within the
vh-MoS, samples due to the presence of exf-MoS, templates.

X-ray photoelectron spectroscopy (XPS) measurements, an
efficient method to distinguish 2H and 1T polymorphs of
MoS,, were conducted to further investigate the crystalline
compositions and valence states of the resulting MoS, samples.
The typical XPS spectra of Mo 3d (Figure 4c) and S 2p (Figure
4d) prove the formation of MoS, by calculating the peak area of
Mo 3d and S 2p. From the XPS spectra of exf-MoS, and syn-
MoS,, it could be observed that the characteristic peaks at 232.1
and 228.9 eV correspond to the binding energies of Mo 3d;/,
and Mo 3d;, orbitals of 2H-MoS,, respectively, confirming the
formation of Mo*". The XPS peaks of vh-MoS,-2 manifest the
coexistence of 1T-phase and 2H-phase MoS, in the hybrid as
the binding energies of Mo 3d;/, and Mo 3d;, orbitals shift to
231.8 and 228.5 eV, which are slightly lower than those of 2H-
phase MoS,.”” The corresponding peaks for the S 2p, nand S
2p;, orbitals of vh-MoS,-2 also shift from 162.9 and 161.8 eV
to 162.6 and 161.6 eV, respectively, indicating the existence of
Mo—S$ bonding instead of elemental S.°° The vh-MoS,2
sample shows the characteristic peaks of Mo 3d and S 2p
combining 2H-phase and 1T-phase MoS,, indicating that the
existence of the exf-MoS, template promotes the formation and
stability of thermodynamic unstable 1T-phase MoS, within the
vh-MoS, samples.

In order to evaluate the electrochemical catalytic activities of
the vh-MoS, samples, the polarization curves of vh-MoS,, exf-
MoS,, syn-MoS,, and commercial Pt/C samples were measured
in a Ny-saturated 0.5 M H,SO, electrolyte. As shown in Figure
Sa, the Pt/C catalyst exhibits superior catalytic performance for
HER with a near zero onset potential and a small overpotential

(b) 06
@ o — vh-MoS,2
ﬁ"; 05 exf-MoS,
. 2
: o ext-MoS, > — syn-MoS, 103 mV/dec
E, —syn-MoS, Té 04
=
‘E —Vh-MoS 1 F 69 mV/dec
2 : S 03
5 20 — vh-Mo$,-2 £ /
- >
§ — vh-MoS -3 S 02 60 mV/dec
5 —PUC
© 3 01
03 020l 00 0.1 038 04 0.0 04 0.8
Potential (V vs. RHE) Log(j (mA cm™))
(c) 300 0
4 vh-MoS,-2 (,Lj)
exf-MoS, 'E
N © s
200k * syn-MoS, <
z £
S o % 2 50
~ o . ‘?
N 100 o [ °
. -
[ g7 — Initial
S - - After 5000 cycles
o -100
0 200 400 600 800 030 025 020 015 010  -0.05
Z (ohm) Potential (V vs. RHE)
(e) H,
-\~ e
» H*

. O\ 0 —_Exposed edges
Glassy carbon - e /

Few-layer 2H-MoS, Few-layer 1T-MoS,

Figure S. (a) Polarization curves of exf-MoS,, syn-MoS,, vh-MoS,, and
Pt/C electrode with a scan rate of 2 mV s™". (b) The corresponding
Tafel plots from the polarization curves with a scan rate of 0.5 mV s~
for exf-MoS,, syn-MoS,, and vh-MoS,-2. (c) Nyquist plots of exf-
MoS,, syn-MoS,, and vh-MoS,-2 electrodes for the HER carried out at
an overpotential of 0.25 V. (d) Polarization curves of vh-MoS,-2
electrode initially and after 5000 cycles between —0.0S and —0.30 V at
a scan rate of 50 mV s™.. (e) Schematic representation of the vh-MoS,
electrode with hierarchical nanostructures fastening fast electron and
mass transport between the vertically aligned nanodomains.

of 32 mV at 10 mA cm™% The bulk MoS, shows almost no
HER activity in the selected voltage range, while the exf-MoS,
shows a slightly enhanced catalytic activity compared to bulk
MoS,, which is attributed to increased exposed active sites
generated by the exfoliation.””*' The syn-MoS, electrode
exhibits an ordinary HER activity with an onset potential of 129
mV and an overpotential of 276 mV at 10 mA cm > The vh-
MoS, samples exhibit much better activity than bare ext-MoS,
and syn-MoS, samples, indicating a fantastic synergistic effect
of combining 1T- and 2H-phase MoS,. The influences of the
contents of exf-MoS, on the catalytic performances of the
resultant vh-MoS, are also investigated. As shown in Figure Sb,
the vh-MoS,-1, vh-MoS,-2, and vh-MoS,-3 electrodes exhibit
low onset overpotentials of 119, 116, and 122 mV, respectively
(determined from the Tafel plots, as shown in Figure S6).
Moreover, the vh-MoS,-2 electrode represents more efficient
catalytic performance with a low overpotential of 202 mV at 10
mA cm™* compared with those of vh-MoS,-1 (248 mV) and vh-
MoS,-3 (205 mV). Therefore, the weight contents of exf-MoS,
within vh-MoS, play important roles in determining the final
catalytic performances. The vh-MoS,-2 sample leads to a
relatively low overpotential because uniformly immobilized syn-
MoS, nanosheets on exf-MoS, might produce more exposed
active sites. The relatively large contents of exf-MoS, within vh-
MoS,-1 lead to a weaker performance since excessive exf-MoS,
templates inherently exhibit a poor HER activity. Likewise, the
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syn-MoS, within vh-MoS,-3 tending to stack together
inherently weakens the HER activity. Tafel slopes could give
more information to investigate the dramatic improvement of
the catalytic performances with the combination of 1T- and
2H-phase MoS,. There are three reaction mechanisms for the
generation of hydrogen by water splitting. The first step is a
discharge step (Volmer reaction) with a Tafel slope of ~120
mV per decade, H;O" + e~ —» H,4 + H,0O, where a proton is
absorbed on an active site of MoS, edges. The following step
involves an electrochemical desorption step (Heyrovsky
reaction) with a Tafel slope of ~40 mV per decade, Hq4, +
H;0" + e"> H, + H,0, or a Tafel recombination step (Tafel
reaction) with a Tafel slope of ~30 mV per decade, H, 4, + H,4;
— H,. As shown in Figure 4b, the Tafel slope obtained for vh-
MoS,-2 is ~60 mV dec™’, while exf-MoS, and syn-MoS,
catalysts possess a larger Tafel slope of 103 and 69 mV
dec™!, respectively. With a Tafel slope of ~60 mV dec™, the
HER process of the vh-MoS,-2 catalyst is ascribed to follow the
Volmer—Herovsky reaction mechanism with an electrochemical
desorption as the rate-determining step. The lower onset
overpotential and smaller Tafel slope of the vh-MoS, is
attributed to the synergistic effect of 2H- and 1T-phase MoS, in
vh-MoS, samples with more exposed active sites and improved
electron transport pathways. The improved electron transport
pathways of the vh-MoS, sample are confirmed using an AC
impedance measurement. The Nyquist plots in Figure Sc reveal
that vh-MoS,-2 exhibits a dramatically decreased charge transfer
resistance (R) of 222 Q in comparison with those of neat syn-
MoS, (557 Q) and exf-MoS, (816 Q), indicating faster
electrode kinetics due to the presence of metallic 1T-MoS, in
vh-Mo0S,-2.°> We also study the effects of introducing
conducting additives on the final performance of the
homostructured MoS,-based catalysts. It should be noted that
with the addition of conductive additives such as commercial
carbon black the HER electrocatalytic performance is distinctly
enhanced. As shown in Figure S7, the vh-MoS,-2 electrode with
carbon black exhibits better catalytic performance with a low
overpotential of 188 mV at 10 mA cm™> compared with that of
the neat vh-MoS,-2 electrode (202 mV at 10 mA cm™). We
also present the detailed comparison of the HER performance
of the present work with different catalysts and summarize the
data in Table SI1. Therefore, our homostructured MoS,
catalysts show outstanding catalytic performance among the
MoS,-based HER electrocatalysts.

The cyclic stability is another important factor to evaluate the
overall performance of an electrocatalyst, and therefore we
investigate the cycling stability of vh-MoS,-2 electrode by
conducting the LSV scanning before and after repeated cyclic
voltammetry testing in the working voltage range. As exhibited
in Figure 5d, the vh-MoS,-2 electrode exhibits an outstanding
durability in a long-term process with negligible loss of current
density even after 5000 cycles. The slight decay might be
ascribed to the consumption of H* in the solution or the
remaining large hydrogen bubbles on the electrode surface that
hinder the reaction. The durability of vh-MoS,-2 is also
conducted using a typical I—t curve at an overpotential of ~200
mV. The I—t curve in Figure S8 indicates that even after a long
period of 50000 s the current density of the vh-MoS,-2
electrode displays only a slight degradation. Moreover, the
inserted figure exhibits the serrate shape of time dependence
curve, which can be ascribed to the alternate bubble
accumulation and bubble release process.’>**

Therefore, the significantly enhanced electrochemical HER
activity can be ascribed to the following reasons, as
demonstrated in Figure Se. (1) The vh-MoS,-2 with an edge-
to-edge configuration of MoS, nanosheets shows more exposed
edge sites (demonstrated as red arrays in Figure Se). (2) The
hierarchical vh-MoS,-2 with well-defined interior voids leads to
larger surface area, which shortens the ion diffusion distance
(demonstrated as golden arrays in Figure Se). (3) The
coexistence of 2H- and 1T-phases within vh-MoS,-2 greatly
facilitates a fast electron transfer between electrode and
electrolyte (demonstrated as blue arrays in Figure Se). (4)
Additional exposed active sites are successfully introduced on
the basal plane of 1T-phase MoS, sheets (demonstrated as
black spots in Figure Se).”’

4. CONCLUSIONS

In summary, we present a solution-processed method to
prepare all-MoS, homostructures with vertically aligned 1T-
phase syn-MoS, grown on the 2H-phase exf-MoS,. The exf-
MoS, template with a large aspect ratio contributes an ideal
growing surface for the 1T-phase syn-MoS,. Likewise, due to
the presence of syn-MoS,, the tendency of agglomeration and
restacking of exf-MoS, nanosheets is effectively avoided. The
resultant all-MoS, homostructures exhibit a superior HER
catalytic activity with a low overpotential of 116 mV at 10 mA
cm™?, small Tafel slope of 60 mV dec™, and remarkable cyclic
stability, due to the synergistic effect with improved exposed
active sites as well as enhanced metallic conductivity in the
hierarchical polymorphous MoS, homostructures. This simple
and efficient approach might be extended to design and
synthesize TMD-based homostructured materials for high-
performance HER catalysis and other energy-based applica-
tions.
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