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Abstract

Monolayer MoS, quantum dots (QDs) with lateral size around 3 nm were prepared through an
effective multi-exfoliation based on lithium (Li) intercalation. The effects of the number of
exfoliation on the microstructures and electrocatalytic activities of hydrogen evolution reaction
(HER) for MoS; nanosheets were examined. The lateral size of the nanosheets decreases
rapidly with incerasing the number of exfoliation. The obtained monolayer MoS, QDs exhibit
improved HER catalytic activities with a low overpotential of approximately 120 mV and a
relatively small Tafel slope of 69 mV dec™. Both the ultrathin structure and the abundance of
exposed active edge sites make monolayer MoS, QDs a promising HER electrocatalyst for

practical application.
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Introduction

Hydrogen is a cleanest energy and serves as one of the most promising candidates for replacing

(1

fossil fuels in the future."’ Efficient hydrogen production based on electrocatalytic

water-splitting has attracted growing attention.'* Although Pt-group metals are the most

4,5]

efficient electrocatalysts for hydrogen evolution reaction (HER), ™ ! the high cost and global

6,7, 8

low availability prevent their widespread application.! " *! Therefore, the development of an

economic and earth-abundant HER catalyst remains a major challenge.”'* '
Over the past few years, nano-scaled molybdenum disulfide (MoS;) has been shown a
promising electrocatalysts for the HER owing to its high activity and chemical stability, as well

(12201 Considerable efforts have been made to investigating and optimizing the

as low price.
catalytic activities of MoS,. Both theoretical *' and experimental ** studies have shown that
the HER activity of MoS; is highly dependent on the sites located along the exposed edges of
MoS, plates, while the basal planes are catalytically inert. Thus, increasing the number of edge
sites is an effective strategy to enhance the catalytic activity.”>** Furthermore, MoS, possesses
a layered structure composed of S-Mo-S triple layers which are weakly bonded by van der

[

Waals forces.”” This two-dimensional (2D) structure offers 2D permeable channels for

rt B%31 while the interlayer potential barrier in the vertical direction of MoS,

electrons transpo
layers hinders the jumping of electrons.”” Thus, the conductivity parallel to the plane is two
orders of magnitude higher than that between the adjacent layers.[M’ 3] Considering about these,
decreasing the number of layers to a few, even to only one (i.e. monolayer) would improve the
conductivity and thus enable a fast electron transport during the catalytic process.

Compared with other MoS, nanostructures, zero-dimensional monolayer MoS, QDs satisfy
both the large edge-to-volume ratio and high in-plane electron transport together, which are

beneficial to the improved HER activity. Up to now, the chemical exfoliation **>* based on Li

intercalation is the most suitable route for the large scale production of monolayer MoS,
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nanosheets. In our previous work,”" we noticed that the lateral size of the MoS, nanosheets
decreased remarkably after the chemical exfoliation of the MoS; bulk material with Li
intercalation. If the samples were repeatedly exfoliated with Li intercalation, a plenty of
monolayer MoS, nanosheets with small lateral size could be produced. Therefore, the multiply
exfoliation based on Li intercalation would be an efficient route to synthesis monolayer MoS,
QDs in large scale.

In this paper, a multi-exfoliation route was used to prepare monolayer MoS; quantum dots with
the lateral size around 3 nm. The lateral size of MoS, nanosheets decreases obviously from
hundreds nanometers to several nanometers with the increasing exfoliation numbers, and a
large number of MoS; QDs are obtained after the third exfoliation. The MoS, QDs exhibit
improved electrocatalytic activity for HER with low overpotential and small Tafel slope, which

mainly resulted from the enhancement of exposed active edges of monolayer MoS, QDs.
Experimental section

Multiple Li intercalation was used to prepare monolayer MoS; quantum dots (QDs) from the
bulk 2H-MoS, (M-bulk) powder. The first exfoliation was achieved by immersing 1 g of
pristine MoS, powder in 10 mL of 2.2M n-butyl lithium solution in hexane for 2 days in a flask
filled with argon gas. The LixMoS, was retrieved by filtration and washed repeatedly with
hexane to remove excess lithium and organic residues. Exfoliation was achieved immediately
afterward by ultrasonicating LixMoS; in water for 1h at the power of 180 W. Flocculation
occurred rapidly when the pH value was reduced to 2 with the addition of hydrochloric acid.
The mixture was washed with water and centrifuged several times to obtain neutral flocculation

with a pH of 7. The flocculation was dried at 100 ‘C in a vacuum drying oven and then the

dried re-stacked MoS, nanosheets for the first exfoliation (M-1) were obtained. The re-stacked
MoS, nanosheets were undergone continually the second (M-2) and third (M-3) exfoliation

with Li-intercalation by repeating the above experimental procedures. After the third
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exfoliation, the resulting mixture was centrifuged several times at 2000 rpm to remove
un-exfoliated material. Purification for eliminating lithium hydroxide (LiOH) was carried out
with a dialysis bag (Molecular weight cut-off: 1 kDa) for 3 h. The as-prepared MoS, QDs were
collected by further centrifugation at 12000 rpm for 20 min and then dried in vacuum oven at

40 C prior the further use.

The morphology of each exfoliated samples and MoS, QDs was examined by transmission
electron microscopy (TEM) (Model JEOL-2010, Japan) operated at an accelerating voltage of
120 kV. Scanning electron microscopy (SEM) images were obtained by a field-emission
instrument (FEI Sirion200). Atomic force microscope (AFM) images were taken using
Scanning Probe Microscopy (Veeco Dimension V, USA). The crystal structure was
characterized by X-ray diffraction (XRD) using a Philips X’pert diffractometer with Cu Ka
radiation. UV-vis absorbance spectra were recorded using a spectrophotometric system of
Double beam UV visible spectrophotometer (TU-1901). Raman spectroscopic investigations
were performed on a J.Y. HR-800 confocal spectrograph (Horiba, Japan) with an excitation
wavelength of 532 nm. X-ray photoelectron spectrum (XPS) was measured on a PHIS000
VersaProbe (ULVAC-PHI, Japan) using Al Ko radiation.

Electrochemical measurements were carried out with a computer-controlled potentiostat
(CHI660D) in a standard three-electrode system with 0.5 M H,SOy as electrolyte. A Pt wire and
an Ag/AgCl (in 3.5 M KCI solution) electrode were used as counter and reference electrode
respectively. A glassy carbon (GC) electrode modified by MoS, as the working electrode. The
working electrodes were prepared as follows: (1) all materials (M-bulk, M-1, M-2, M-3 and
M-QDs powder) were dispersed in N, N-dimethylformamide (DMF) at concentration of 5
mg/mL. (2) 3 pL portion of the MoS; suspension was deposited on a previously polished glassy
carbon electrode and 3 pL of Nafion solution (0.5 wt%) was coated after the suspension was

dried at room temperature. Linear sweep voltamperometry was performed in 0.5 M H,SO4
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solution with a scan rate of 5 mV s'. AC impedance spectra were performed in the same

configuration from 10°-0.01 Hz with an AC voltage of 5 mV.
Results and Discussion

The multi-exfoliation through Li intercalation of bulk MoS; (about 10 um in lateral size as
shown in Figure S1) was employed to prepare monolayer MoS; QDs. To clearly characterize
the variety of morphology, transmission electron microscopy (TEM) and atomic force
microscope (AFM) were performed on the MoS, nanosheets after each exfoliation. As we can
see from Figure la, the lateral sizes of the exfoliated MoS, sheets after the first chemical
exfoliation distribute in the range of 100-800 nm with an average size about 250 nm,
significantly smaller than that of the bulk MoS, (about 10 pm, shown in Figure S1). The firstly
exfoliated MoS, suspension was dried in vacuum drying oven to form the re-stacked MoS,
nanosheets, which are used for the second Li-intercalated exfoliation. After the second
exfoliation, the lateral sizes of the MoS, nanosheets are between 10-100 nm with an average
size about 30 nm, as shown in Figure 1b. The third Li-intercalation of the dried MoS,
nanosheets and the following exfoliation result in a further decrease in the size of MoS,
nanosheets reaching to 2-10 nm, as shown in Figure lc. The lateral size of MoS, nanosheets
decreased approximately by 10 times after each exfoliation. The obvious lateral size variation is
further confirmed by the AFM images (see Figure 1d-f). As we can see from Figure S2, after
the third exfoliation, the number of MoS, nanosheets less than 10 nm in lateral size reaches 94%
which is much greater than that of the second exfoliation (~4%), meaning that the third time
exfoliation can effective preparation small MoS,; QDs in large scale. The height profiles
overlaid on the AFM images show that the thickness of most of the MoS; nanosheets after each
time exfoliation is ~1 nm, indicating that the MoS, nanosheets are monolayer.

The crystal structures of the bulk MoS, (M-bulk), re-stacked MoS, nanosheets for each

exfoliation and the as-prepared MoS, QDs (M-QDs) were systematically investigated by X-ray
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diffraction (XRD) measurements, as shown in Figure 2. The XRD spectrum of pristine
2H-MoS, shows a very strong diffraction peak at 20 = 14.4° and two weak peaks at 20 = 39.6°
and 49.8°, which are assigned to (002), (103) and (105) faces, respectively (JCPDF 65-0160). It
is noteworthy that the peaks of the (002) reflection of dried MoS; nanosheets are significantly
broadened and weakened with increasing exfoliated number, indicating the decrease of the
lateral size and the highly exfoliated nature.'”’ The dried M-QDs powder was also
characterized by means of XRD, showing very weak XRD signals. This could be due to the
ultrafine size of monolayer MoS,; QDs, which re-stack disorderly during the process of drying,
and almost no order crystal face is formed.

To confirm the structure and thickness of the MoS, QDs, TEM and AFM analysis were also
analyzed. Figure 3a shows a TEM image of the uniform MoS; QDs. The lateral size of MoS;
QDs ranges from 1.5 to 4.5 nm, with an average value of approximately 2.9 nm (inset in Figure
3a). The ordered lattice fringes in high-resolution TEM (HRTEM) images suggest the QDs are
well-crystallized (Figure 3b). The d-spacing of MoS, QDs is about 2.7 A, which corresponds to
the (100) faces of MoS; crystals. From AFM images (Figure 3¢ and 3d), it can be seen that
similar to the as-exfoliated samples most of the MoS; QDs are monolayer.

The chemical states of Mo and S in the MoS, QDs were analyzed by X-ray photoelectron
spectroscopy (XPS) measurement. The high-resolution XPS of the MoS, QDs in the Mo 3d
region is shown in Figure S3a. Two characteristic peaks arising from 229.4 and 232.5 eV can
be attributed to the Mo 3ds;, and 3ds,, binding energies for a Mo (IV) oxidation state.””! The
high binding energy peak (235.8 eV) is attributed to Mo (VI) oxidation state, (4] ag commonly
observed when the MoS, sample is exposed to air for a long time. In the S 2p spectrum (Figure
S3b), two peaks are observed at 162.1 and 163.3 eV corresponding to S 2p;, and S 2py; of
MoS,, respectively.” These data indicate that the sample is mainly composed of MoS, QDs.

Raman spectroscopy further confirmed the structure of MoS, QDs (Figure S4) with the
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appearance of two distinguished peaks near 382 and 405 cm™ for the in-plane (Elzg) and
vertical plane (Ajg) vibrations modes, respectively. B8] The peak for the A, ¢ mode of MoS; QDs
is blue shift by 3.2 cm™ compared to that of bulk MoS,. As a result, the peak spacing between
Elzg and A, of the MoS, QDs (22.5 cm'l) is much less than that in bulk MoS; (25.7 cm'l),
indicating the monolayer structure.!™*!

The optical properties of all samples were characterized by absorption spectra. Figure S5 shows
the UV-vis spectra of MoS, nanosheets and QDs. For the large MoS; nanosheets, there are four
clear peaks at 679, 625, 448, and 402 nm, assigned to A, B, C, and D excitonic features.[!7>3% 3
These four peaks become blue shift with increasing the exfoliated number, indicating that the
lateral size of MoS, nanosheets decreases with the exfoliated number. While on the spectra of
monolayer MoS; QDs, these four characteristic peaks disappear; and instead, two absorption
bands edges peaked at ~290 and ~230 nm are observed. It is thus suggested that the option
absorption of monolayer MoS; QDs exhibits a strong blue shift when the lateral dimensions of
the MoS; nanostructures reduce to several nanometers, due to the quantum confinement
effect.[!”3% 40

To investigate the electrocatalytic HER activity of monolayer MoS; QDs, the glassy carbon
(GC) electrode was modified using MoS, QDs for linear sweep voltammetry (LSV)
measurements in 0.5 M H,SOy, solution using a typical three-electrode system. As a comparison,
similar measurements were also performed on GC electrode modified by bulk MoS, and each
exfoliation MoS, materials. The results are also compared with bare GC and a commercial Pt
wire electrode. As shown in Figure 4a, the Pt catalyst exhibits extremely high HER catalytic
activity with a near zero onset overpotential (). Bulk MoS; displays extremely weak HER
performance with a high onset overpotential ~390 mV and a weak cathodic current density.

After the multiply exfoliation, the MoS, materials show an enhanced performance in HER

activity. The onset overpotential decreases, while the current density increases gradually at a
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given potential with increasing the exfoliation times, as shown in Table 1 and Figure 4a. In
contrast, the MoS, QDs possess much higher HER activity with a small onset overpotential
~120 mV, suggesting the superior HER activity. Furthermore, the MoS, QDs exhibit an
extremely high cathodic current density of 35 mA/cm? at n = -300 mV, which is much larger
than that of bulk MoS, and other three MoS, materials. It shows that the cathodic current
density obtained here is about two times larger than the results of MoS; QDs synthesized by
hydrothermal method '*! and electrochemical methods !'*! reported recently.

The Tafel slope, determined by Tafel plots where their linear portions are fit to the Tafel
equation (n = blogj + a, where j is the current density and b is the Tafel slope), reflects the

14, 17

intrinsic properties of the electrocatalyst materials.!'* " The Tafel slope of the Pt catalyst is
~30 mV per decade (Figure 4b), very similar to that reported in the previous work.!'>*! For
monolayer MoS, QDs, the Tafel slope is 69 mV dec'l, much smaller than that of bulk MoS,
(190 mV dec™) and each exfoliation MoS, nanosheets (101-181 mV dec™). A smaller Tafel
slope means a faster increase of HER rate with the increasing potential.*?! Therefore, the
smallest slope of MoS, QDs suggests the presence of a large number of active catalytic sites
resulting in improved reaction kinetics. Another important HER rate parameter, namely the
exchange current density, jy, can be estimated by extrapolating the Tafel plot and was found to

be 1.79 X 10° Acm™ for the MoS, QDs, as shown in table 1. The high exchange current

density obtained also reflects the abundance in the number of active sites.
To directly investigate the effect of active sites brought in by the ultrafine MoS, QDs, the

2281 a5 shown in Figure 4c

turnover frequency (TOF) was then calculated from current density,’
and Supporting Information. The calculated TOF based on j, (Table 1) for the MoS, QDs
reaches 4.81 x 10 ™, which is much higher than the value 0.64 x 107 s for the bulk MoS,,

suggesting the improved intrinsic activity of the active sites. Electrochemical impedance

spectra (EIS) were performed to confirm the conductivity of MoS; catalysts. The Nyquist plots
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of the samples are given in Figure S6. As we can see from Nyquist plots, the charge-transfer
resistance (R.,) of the samples first decreases and then increases with increasing the number of
exfoliation. The charge-transfer resistance of bulk MoS, is about 4.3 kQ, while for the sample
of M-1, the charge transfer resistance is obviously reduced to 1.6 kQ. After the second
exfoliation, the charge-transfer resistance gradually increases, reaching to 4.1 kQ for MoS,
QDs. It can be seen that the reduction of the number of layers could decrease the
charge-transfer resistance.?”! Nevertheless, with the decrease of the size of the nanosheets, the
amount of the interface between the nanosheets is increased, which hinders the transmission of
electrons. Therefore, the charge-transfer resistance of MoS; QDs is larger than that of the large
MoS, nanosheets. Thus, the enhanced catalytic activity of MoS, QDs may be correlated mainly
with the abundant edge sites of MoS; QDs. The increased perimeter/basal ratio shown in Figure
4d indicates that the multiply exfoliation route can efficiently cut the large MoS; nanosheets
into small nanosheet, resulting in a great deal of exposed edge sites of the materials.

Apart from the HER activity, long-term stability of the catalyst is also a key criterion to
evaluate the performance of the material. Figure 5 displays the polarization curves of
monolayer MoS; QDs before and after 2000 cycles. The negligible loss of the cathodic current

indicates the favorable stability of the monolayer MoS, QDs in electrochemical process.
Conclusions

In conclusion, an effective method is testified for preparation of monolayer MoS, QDs with a
lateral size around 3 nm, from their bulk MoS; material, using a multi-exfoliation via lithium
intercalation process. The lateral size of the nanosheets decreases rapidly with increasing the
number of exfoliation. After the third exfoliation, a large number of monolayer MoS; QDs is
formed. Compared with MoS, nanosheets, monolayer MoS, QDs exhibit improved HER
activity with a low overpotential ~ 120 mV, large cathodic current, and a small Tafel slope ~ 69

mV/ decade. The abundant active edge sites of monolayer MoS, QDs lead to the excellent
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catalytic performance toward the HER. This multiply exfoliation method present a facile
pathway for large-scale synthesis of transition metal dichalcogenides QDs for their emerging

application in energy conversion technologies and other technological applications.
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Figure 1. a-c) TEM images and d-f) AFM images of the MoS, nanosheets after the first exfoliation (M-1),
second exfoliation (M-2) and third exfoliation (M-3), respectively. Insets in a-c) show the lateral size
distribution of M-1, 2, 3; Height profiles along the white dashed line are overlaid on the AFM images.
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Figure 2. XRD patterns of bulk MoS,, various MoS; nanosheets after each exfoliation and MoS, QDs.
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Figure 3. a) TEM image, b) HRTEM image, c) AFM image of the monolayer MoS, QDs. Inset in a) shows
the lateral size distribution of the MoS, QDs. d) Height profile of the MoS, QDs along the dashed line
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Figure 4. (a) Polarization curves obtained in 0.5 M H,SO, and (b) corresponding Tafel plots of various
electrocatalysts. (c) Calculated turnover frequencies (TOF) of various electrocatalysts. (d) The variation of
the onset overpotential and the ratio of perimeter to basal area of various samples.
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Figure 5. Stability test for the monolayer MoS, QDs

Table 1. Electrochemical analysis of various MoS, catalysts.

Sample Perimeter/basal  Onset potential Tafel slope Jo (x10°  TOF (x107s™)

area (nm’) n (mV) (mV/dec) Alem®) based on jj
M-bulk - 390 190 0.24 0.64
M-1 ~2/125 371 181 0.39 1.05
M-2 ~2/15 189 110 1.34 3.60
M-3 ~2/5 150 101 1.63 438

M-QDs ~2/1.5 120 69 1.79 4.81
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A multi-exfoliation route was used to prepare monolayer MoS2 quantum dots with improved electrocatalytic
activity for hydrogen evolution.
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