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ABSTRACT We report the synthesis of heterodimensional nanostructures of MoS,
quantum dots interspersed in few-layered sheets of MoS,, using a liquid exfoliation
technique in organic solvents. This unique hybrid morphology results from the optimized
experimental conditions involving bath sonication followed by ultrasound probe sonication.
We show that such heterodimensional hybrid materials could easily be extracted from the
solvent as precipitates when post-treated with less polar volatile solvents such as
chloroform. Such tailored MoS, nanostructures, when directly used as electrodes for
hydrogen evolution reaction, showed excellent electrocatalytic activity with low over-
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potential. Hence, we believe this could lead to large-scale synthesis of liquid-exfoliated

layered nanostructures for their potential applications.
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ecent developments in two-dimen-

sional layered inorganic materials

such as monolayer and few-layer
sheets of molybdenum disulfide (MoS,),
hexagonal boron nitride (hBN), and other
dichalcogenides have shown great promise
and are being investigated with great
attention.'? Wide interest in such exfoliated
materials including graphene, one of the
intensely researched 2D crystals recently,
results from their unique properties upon
exfoliation.>~> While graphene, with its zero
band-gap energy, seems to be unsuitable
for many electronics and optics applica-
tions, its recently explored inorganic ana-
logues such as MoS,, with its large intrinsic
band gap and high carrier mobility, show
great promise for such applications and
have opened up new prospects for techno-
logical breakthroughs.® Several recent stud-
ies have shown band-gap tuning of MoS,
with layer thickness, from 1.2 eV indirect
band gap for bulk material to a direct gap
semiconductor with a 1.9 eV band gap for a
single-layer MoS,.” The emerging strong
photoluminescence in ultrathin MoS, layers
while comparing with the absence of lumi-
nescence in the bulk is an indication of the
transition from indirect band gap to direct
band gap.® This unique property results
from the modified electronic properties,
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and these materials have thus been explored
for different applications in electronics,
thermoelectrics, energy storage, gas sen-
sing, catalysis, etc. Recently, several studies
have sought to explore the high catalytic
behavior of nanostructured MoS, for hydro-
gen evolution reaction (HER).>~'® However,
the limited surface area, electrical conduc-
tivity, and, more importantly, the exposure
of active edges of MoS, nanostructures still
remain a challenge in using MoS,-based
catalysts for efficient evolution of hydrogen.
Several approaches, for example, utilization
of a graphene support' and making porous
MoS, thin films," have been demonstrated
to achieve enhanced HER kinetics for MoS,-
based catalysts.

Different methods to obtain few-layered
MoS, have been reported, which include me-
chanical exfoliation,'” liquid exfoliation,''8"°
chemical route,?® and chemical vapor de-
position (CVD).2"*? A liquid exfoliation tech-
nigue reported by Coleman et al. through
ultrasound sonication'®?® using organic sol-
vents yielded few-layered sheets of MoS,,
while a bath sonication method has been
shown to produce MoS; quantum dots from
bulk MoS,. A mixed solvent method has
been demonstrated for the exfoliation of
layered materials using volatile solvents.
However, materials extraction from such
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Figure 1. Schematic representation of the synthesis procedure to obtain MoS, quantum dots interspersed in MoS,
nanosheets using a liquid exfoliation approach in 1-methyl-2-pyrrolidone solution. TEM images of (a) MoS, quantum dots
of size ~2 nm formed through the bath sonication process and (b) MoS, quantum dots interspersed in the exfoliated MoS,

nanosheets.

liquid dispersions without layer aggregation for further
applications still remains a challenge. Hence it is
important to modify the liquid exfoliation techniques
to obtain a large concentration of few-layered MoS,
nanosheets dispersed in appropriate solvents that
allow easy extraction as precipitates. Here we report
the synthesis of MoS, quantum dots interspersed
within few-layered sheets of MoS, using a liquid
exfoliation technique in organic solvents, through
optimized experimental conditions involving bath so-
nication followed by ultrasound probe sonication. We
show that such heterodimensional hybrid materials
could easily be extracted from the solvent as precipi-
tates when post-treated with less polar volatile solvents
such as chloroform. We studied the HER performance
of these hybrid nanostructures and found that they
exhibit excellent electrocatalytic activity with low over-
potential, mainly attributed to the large number of
exposed active edges of MoS,.

RESULTS AND DISCUSSION

A highly dispersed suspension of MoS, quantum
dots interspersed in few-layered MoS, nanosheets was
prepared using a simple liquid exfoliation technique
involving a combination of bath sonication followed
by ultrasound probe sonication of MoS, flakes in
1-methyl-2- pyrrolidone (NMP), as schematically de-
picted in Figure 1. More details on the synthesis
procedure is given in the Methods section. Bath soni-
cation of MoS, flakes in NMP for 3.5 h results in the
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formation of MoS, quantum dots (Figure 1A). The
hydrodynamic forces resulting from the increased
pressure and temperature during the bath sonication
process lead to the breakdown of bulk MoS, into
smaller particles in the solution. Formation of such
nanoclusters is well understood.?* Exfoliation of MoS,
flakes into few-layered nanosheets using a probe
sonication method has been reported by several re-
search groups.'® Use of an ultrasonic horn results in the
cleavage of bulk layers into ultrathin sheets (Figure ST,
Supporting Information). Here, a combination of the
two methods has been followed to obtain a disperse
solution of heterodimensional nanostructures of MoS,
quantum dots interspersed in few-layered MoS, nano-
sheets (Figure 1B). The high-resolution TEM (HRTEM)
image clearly shows MoS, quantum dots of ~2 nm
uniformly spread on the exfoliated sheets of MoS,
(Figure 2A). The nanosheets are of larger lateral size
(1 um). The particle size distribution given in Figure 2B
shows that particles with varying size from ~0.5 to
4.5 nm with a maximum around 2.5 nm were obtained
through this technique. It is also found that particles
tend to slightly agglomerate with time; the size of
particle reaches ~10 nm after 7 days, if the sample is
kept undisturbed (Figure S2-A, Supporting Information).
To further confirm the morphology and thickness of
the as-formed MoS, quantum dots and the underlying
nanosheets, atomic force microscopy (AFM) topogra-
phy images of these nanostructures were analyzed
(Figure 2C). As shown in the height profile of AFM
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Figure 2. (A) TEM image of MoS; quantum dots interspersed in MoS, nanosheets. MoS, quantum dots of size ~2 nm are
clearly seen. Inset shows the HRTEM image of MoS, quantum dots, showing the respective lattice spacing. In (B), the particle
size distributions of MoS, quantum dots are shown. (C and D) AFM image and height profile of the MoS, quantum dots

confirming a thickness of ~1 nm.

(Figure 2D), particles of uniform thickness of ~1 nm are
observed, indicating monolayer structure of MoS,
quantum dots, which are interspersed in few layer
thick MoS, nanosheets. Energy-dispersive X-ray spec-
troscopy (EDX) measurements further confirmed the
presence of Mo and S (Figure S3, Supporting Information).
In order to further understand the phase composition,
X-ray photoelectron spectroscopy (XPS) measurements
were carried outand Mo 3d, S 2s,and S 2p regions were
analyzed (Figure S4, Supporting Information). Peaks
around 229.8 and 232.8 eV respectively correspond to
the Mo*" 3ds,, and Mo*" 3d;/,, while the peaks at
163.8 and 162.6 eV correspond to S 2p,,, and S 2ps,;
orbitals of divalent sulfide ions, which is in good
agreement with the binding energies of Mo*" and
52~ jons in 2H phase of MoS,.2> A small peak appearing
at 236 eVis an indication of slight oxidation of Mo from
the 4+ state in MoS, to 6+.

Further structural characterization was studied by
measuring the absorption spectra of the heterodimen-
sional nanostructured MoS, sample (Figure 3A). The
peaks at 395, 450, 610, and 660 nm are the character-
istic absorption bands of exfoliated MoS, in the
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solution.'®?%2?” The excitonic peaks at 610 nm (A) and
660 nm (B), arising from the K point of the Brillouin zone
are also clearly observed. The threshold at ~395 nm (C)
and ~450 nm (D) could be assigned to the direct
transition from the deep valence band to the conduc-
tion band.”®%° The absorption peaks in the near-UV
region (4 < 300 nm) can be attributed to the excitonic
features of MoS, quantum dots in the sample.® The
direct excitonic transitions at the K point of the Brillouin
zone are also reflected in photoluminescence spectra
of exfoliated MoS, nanosheets, which exhibit the
characteristic emission peaks at ~627 and ~670 nm
(Figure 3B). For excitation at A = 500 nm, which is
approximately near the absorption threshold at ~450 nm,
a single broad PL peak at ~570 nm is observed. This PL
peak can be associated with the surface recombination
that is seen in quantum-confined MoS, quantum dots.3°
The inset of Figure 3B shows the excitation-dependent
luminescence spectra that confirm the presence of
polydisperse MoS, quantum dots. The presence of
many trap states may also contribute toward the
excitation-dependent emission of the fluorescent
MoS, quantum dots as observed in graphene quantum
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dots.3"3? The lifetime measurement of the exfoliated
MoS, hybrid nanomaterial confirms the existence of
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Figure 3. (A) UV—vis absorption spectrum of MoS, hybrid
nanostructures in NMP. A photograph under visible and UV
irradiation is shown in the inset. (B) Photoluminescence
spectra of MoS, quantum dot-interspersed MoS, nano-
sheets recorded at an excitation wavelength of 400 nm.
The characteristic peaks of MoS, nanosheets at ~627 and
~680 nm are clearly seen. The inset shows the excitation-
dependent luminescence indicating the polydisperse nature
of MoS; quantum dots.

different species (Figure S5, Supporting Information).
Powder X-ray diffraction (XRD) and Raman spectroscopy
measurements were carried out for further phase
confirmation (Figure 4). The appearance of a strong
(002) reflection®® in the XRD pattern confirms the
presence of exfoliated MoS, nanosheets with good
crystallinity (Figure 4A). The XRD pattern of bulk MoS,
was also compared, and all the reflections have been
indexed (ICDD ref no. 04-003-3374). Figure 4B shows
the characteristic Raman shifts near 382 and 407 cm™’,
corresponding to the E'y and A4 active modes,
respectively, indicating the presence of exfoliated
MoS, nanostructures.33=3°

Formation of these heterodimensional MoS, nano-
structures can be understood from the sonication-
induced scission of the bulk MoS, flakes. Here, the
sonication conditions have been controlled to obtain
MoS, quantum dot-interspersed MoS, nanosheets.
The standing waves produced during ultrasonic
treatment are believed to vibrate the lamellar parti-
cles, and, prolonged vibration results in the forma-
tion of quantum dots along with MoS, nanosheets, as
observed in the TEM images (Figure 2A). Hence a
simple combination of bath sonication followed by
probe sonication of bulk MoS, flakes in NMP gives
relatively large exfoliated sheets, with high concen-
tration. A control experiment carried out by sonicat-
ing bulk MoS; in NMP using a probe sonicator alone
for 7 h resulted in the formation of ultrathin MoS,
sheets of varying sizes (Figure S2B, Supporting
Information). However, there was no formation of
MoS, quantum dots. Thus, the incorporation of bath
sonication preceding the probe sonication leads to
the formation of quantum dots along with ultrathin
sheets of MoS,. The initial bath sonication leads to
the breakdown of bulk MoS, into smaller particles,
which along with the bulk flakes get exfoliated
on further sonication using an ultrasound horn
(probe sonication), thus obtaining highly dispersed
quantum dot-interspersed MoS, ultrathin sheets
in NMP.
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Figure 4. (A) XRD patterns of bulk MoS, (a) and MoS, quantum dot-interspersed MoS, nanosheets, exhibiting only the
(002) plane (b). (B) Raman spectra recorded using a 536 nm laser for (a) bulk MoS, and (b) MoS, quantum dot-interspersed
MoS, nanosheets, where the broadening of the peaks (E12g and A,4) and peak shift indicate the decrease in the number of
layers.
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Figure 5. HER studies. (A) Polarization curves of the bare Au electrode, bare Pt, and MoS, hybrid nanostructures loaded on the
Au electrode obtained in 0.5 M H,SO, at a scan rate of 2 mV/s. (B) Tafel plot of the MoS; hybrid nanostructure loaded on the Au

electrode.

The quantity of exfoliated material obtained in
several of the liquid-based exfoliation routes is very
low, which remains a big challenge for a range of
practical applications that require large quantities of
material, for example, energy applications.*® Efforts
have been undertaken to improve the dispersion con-
centration and flake size of exfoliated MoS, material by
appropriate selection of the solvent. N-Methylpyrrolidone,
with a surface energy of ~70 mJ m™2, has been
reported to give the maximum dispersion of exfoliated
MoS,."8 It is found that the stability of the dispersion
containing exfoliated MoS, is maximum when the
surface energy of the solvent matches that of nano-
sheets. However, the extraction of exfoliated MoS,
from NMP through slow evaporation and heating leads
to its aggregation and restacking. Here, through a
novel and simple approach, the exfoliated material
containing MoS, quantum dots interspersed in MoS,
nanosheets was extracted in powder form (Figure S6,
Supporting Information). With an excess of the less
polar solvent, for instance, chloroform, when added to
the NMP solvent containing our nanostructured MoS,,
it is found that the exfoliated material starts to pre-
cipitate and forms a layer at the top. This could be
separated, washed with ethanol, and finally centri-
fuged to obtain the material in powder form, in
relatively large quantities. The obtained powder is well
characterized, and the exfoliated MoS, retains its
morphology without any aggregation or restacking
(Figure S6, Supporting Information).

The presence of active edge surfaces in MoS, nano-
structures makes it an efficient and viable catalyst for
hydrogen evolution reaction. Here we show the en-
hancement in the hydrogen evolution due to active
participation of both MoS, quantum dots and nano-
sheets as electrocatalysts. HER measurements with
these heterodimensional nanostructured MoS, were
carried out using a three-electrode cell with 0.5 M
sulfuric acid as electrolyte. Exfoliated MoS, material
loaded on a Au electrode exhibited good electrocata-
lytic activity with a low onset potential of ~190 mV,
where the hydrogen evolution was significantly ob-
served (Figure 5A). The current density steadily
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improved and reached a value of 120 mA/cm? at
—0.4 V vs SHE, which is high compared to the bare
Au electrode. The enhanced electrocatalytic activity
was further supported from the calculated slope of the
Tafel plots. A low Tafel slope of ~74 mV per decade
with an exchange current density of 3.2 x 107> Acm 2
indicates enhanced reaction kinetics (Figure 5B). To
further investigate the catalytic activity, turnover fre-
quency (TOF) has been estimated by calculating the
number of active sites from the cyclic voltammogram'**’
(Figure S7, Supporting Information). A TOF of 0.013 s
at # = 0 mV vs SHE has been observed (Figure S8,
Supporting Information), which is very close to
the reported value for MoS, nanoparticle based
electrodes.®® The large exchange current density could
be attributed to the improved electron transfer rate,
resulting from the large surface area of both MoS,
quantum dots and nanosheets. Enhanced HER catalytic
activity results from the enhanced edge to plane ratio.
The heterodimensional hybrid material has two ad-
vantageous peculiarities, both resulting in an en-
hanced edge to basal plane ratio. First, slight
oxidation as indicated in the XPS data can improve
the density of the active sites, which helps to enhance
the catalytic activity of MoS,. Second, a relatively high
order of stacking in the heterodimensional morphol-
ogy when compared to the MoS, nanosheet also con-
tributes toward the improved HER activity.'*

—1

CONCLUSION

In conclusion, we have demonstrated a simple
technique to fabricate heterodimensional hybrid
nanostructures of MoS, quantum dots interspersed
in few-layer MoS, nanosheets, using a liquid phase
exfoliation method. The larger concentration of active
edges resulting from this unique morphology of MoS,
nanostructures resulted in enhanced HER activity,
showing low onset potential, along with large ex-
change current density. Moreover, we also showed
novel approaches to extract these materials in pow-
der form to realize its practical applications. The
method can easily be scaled up to give a larger yield
of high concentration dispersion of MoS, quantum
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dots interspersed in thin MoS, nanosheets. We believe
the same technique can be adapted to other layered
materials, which opens up the route for large-scale

METHODS

Liquid Exfoliation of MoS,. A highly disperse suspension of
MoS, quantum dot interspersed in few-layered MoS, nano-
sheets was prepared using a simple liquid exfoliation technique
involving bath sonication followed by ultrasound probe sonica-
tion of MoS; flakes (Sigma-Aldrich) in 1 methyl-2-pyrrolidone. In
short, 100 mg of MoS, powder (Sigma-Aldrich) was added to
10 mL of 1-methyl-2-pyrrolidone in a 20 mL beaker and son-
icated in an ultrasonic bath continuously for 3.5 h. Then, the
dispersion was sonicated with a sonic tip for another 3.5 h. The
dispersion was kept undisturbed overnight, and the top two-
thirds was centrifuged at 5500 rpm for 90 min. The bath
temperature was kept below 277 K by keeping the sample in
an ice bath.

Physical Characterizations. The highly stable dispersion was
decanted and characterized using various experimental tools.
Scanning electron microscope (SEM) imaging was performed
using a Nova NanoSEM 450, an FEI coupled with an Apollo
X EDAX, and a field emission transmission electron microscope
(FEI Technic 300). X-ray photoelectron spectroscopy measure-
ments were carried out using an Omicron ESCA probe spectro-
meter with polychromatic Mg Ko X-rays (hv = 1253.6 eV). The
diffraction patterns were collected using an Emperean PANaly-
tical XRD system with reference X-ray illumination as Cu Kot
radiation at 0.154 nm. Raman measurements with the excitation
laser line of 632.8 nm were performed using a LabRAM HR
Raman spectrometer (Horiba Jobin Yvon). Absorption spectra
were collected using a Shimadzu UV-3600 UV—vis—NIR spectro-
photometer. High-resolution transmission electron microscopy
images were taken in a JEOL JEM 2100 (200 kV) with a LaBg
electron gun, and AFM data were obtained in a Veeco Multimode
8 with a Nanoscope Vin contact mode to observe heterodimen-
sional nanostructures of MoS, quantum dot-interspersed few-
layered MoS; nanosheets.

Electrochemical Measurements. A bare Au electrode with a
diameter of 0.49 mm was polished using Al,O3 and cleaned
with distilled water through sonication for 5 min. Then the
surface of the electrode was cleaned by applying a potential of
0.2 to 1.5 V (vs SHE) at a scan rate of 300 mV/s continuously for
300 cycles. Later the Au electrode was washed with distilled
water and dried under vacuum at 85 °C. The electrode was then
dipped into fresh MoS, solution and kept undisturbed for 24 h
at room temperature. The catalytic activity of the MoS,-loaded
and bare Au electrode was tested in 0.5 M H,SO, with a three-
electrode system. Pt and Ag/AgCl were taken as the counter and
reference electrode, respectively. The potential applied was
about OCP to —0.8.
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synthesis of tailored heterodimensional nanostruc-
tures that can find use as high-performance electrodes
for energy applications.
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