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ABSTRACT: Well-defined ultrathin MoS, nanoplates are developed by a
facile solvent-dependent control route from single-source precursor for the
first time. The obtained ultrathin nanoplate with a thickness of ~5 nm
features high density of basal edges and abundant unsaturated active S atoms.
The multistage growth process is investigated and the formation mechanism
is proposed. Ultrathin MoS, nanoplates exhibit an excellent activity for
hydrogen evolution reaction (HER) with a small onset potential of 0.09 V, a

low Tafel slope of 53 mV dec™!, and remarkable stability. This work
successfully demonstrates that the introduction of unsaturated active S atoms into ultrathin MoS, nanoplates for enhanced
electrocatalytic properties is feasible through a facial one-step solvent control method, and that this may open up a potential way

for designing more efficient MoS,-based catalysts for HER.
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ydrogen has been vigorously pursued as a promising

alternative fuel for traditional fossil fuels,' and electro-
catalytic hydrogen evolution reaction (HER) is considered to
be one of the most important pathways for hydrogen
production.” Up to now, Pt-group metals have been the most
effective electrocatalysts for HER, but the high cost largely
prevents their practical application.>* It is therefore important
to explore efficient alternatives to the Pt-group metals for
hydrogen evolution, preferably based on materials that are
cheap and abundant.’~”

Over the past few years, molybdenum disulfide (MoS,) has
been extensively studied as the catalysts for HER because of its
special structures and electronic properties.* "> Recent studies
have shown that the HER activity of MoS, is highly dependent
on the exposed edges.lé_19 Thus, designing MoS, nanosheets
with more edge sites is one effective strategy to enhance
activity, and a lot of effort has been focused on achieving
this.”*™>* Furthermore, the S content in MoS, also plays an
important role in HER process, as indicated by the traditional
hydrodesulphurization (HDS) process.”*”” The unsaturated
sulfur atoms on the surface of MoS, materials can engage the
discharge reaction and easily form S—H bonds, thus leading to
hydrogen formation eventually. For example, Hu’s group
reported that amorphous MoS; particles, which contain
catalytically active S, ligands, show superior catalytic activity
towards HER."” This result was further validated by Li’s group
recently,”® where the higher HER efficiency of the MoSx
materials is related to the presence of bridging S,*~ or apical $*~

-4 ACS Publications  © 2013 American Chemical Society

in amorphous states. However, the amorphous MoS, structure
may lead to relatively poor electrochemical stability in the acid
electrolyte and most of the reported methods involve
complicated manipulation. Therefore, it is still a big challenge
to prepare MoS, nanocatalysts with high HER activity and
good stability by a facile method.

Herein, a well-defined MoS, nanocatalysts with abundant
active unsaturated S atoms is developed by a novel and facile
solvent-dependent method. This highly tunable synthesis offers
three advantages: (i) the ultrathin MoS, nanoplates are rich
with basal edges, thus increasing the density of active sites; (ii)
the active S ligands can be introduced into the ultrathin
platelike MoS, structure, leading to a more efficient MoS,
catalyst for HER than simple MoS,; and (iii) the direct growth
of the ultrathin MoS, nanoplates by a solvent dependent
method with single source precursor is very facile and
controllable. The obtained MoS, nanoplates have been
characterized by various techniques. As expected, the ultrathin
MoS, nanoplates show outstanding catalytic performance for
HER. Moreover, the growth mechanism of ultrathin MoS,
nanoplates is also first explained.

The ultrathin MoS, nanoplates are obtained by solvothermal
treating (NH,),MoS, in the mixture of N, N-Dimethylforma-
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mide (DMF) and H,O (Vpyp:Vippo = 2:1) at 210 °C for 18 h.
The field-emission scanning electron microscopy (FESEM)
image (Figure la) clearly shows the well-defined platelike
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Figure 1. (a) FESEM, (b) TEM, (c) high-resolution (HR) TEM
images, and (d) XRD pattern of ultrathin MoS, nanoplates.

morphology of the MoS,, where the lateral size of the plates is
in the range of 200—300 nm. Figurelb is a representative
transmission electron microscopy (TEM) image, showing good
agreement with SEM observation (Figure la). The light
contrast in various areas of the TEM image indicates the thin
two-dimensional (2D) nature of the platelike nanostructures.
Besides, dense interconnected ripples and corrugations can also
be observed, suggesting the basal-edge-rich feature of the
ultrathin MoS, nanoplates. The high-resolution (HR)TEM
image (Figurelc) of the curled edge shows the MoS, plates are
composed of 7—10 layers (4—6 nm) with an interlayer spacing
of 0.65 nm, further verifying the ultrathin nature of the MoS,
plates. Importantly, the absence of the interplanar lattice (001)
observed from the HRTEM image as indicated by the white
circle, suggests that the nanoplate material is low crystallinity.
This is further confirmed by the X-ray diffraction (XRD)
pattern (Figureld), where all the diffraction peaks match the
hexagonal phase of MoS, (2H-MoS,), but the weak (00l)
diffraction illustrates the low crystallinity. Especially, the low
intensity of the (002) diffraction of the c axis suggests the MoS,
plates consist of a few layers of nanosheets, whereas the slight
(002) peak shift could be attributed to the distortion of lattice
in the as-prepared MoS, nanoplates. Finally, the energy-
dispersive X-ray (EDX) mapping images (Figure S1, see the
Supporting Information) confirm the homogeneous distribu-
tion of Mo and S elements across the whole nanoplates.

The chemical states of Mo and S in the ultrathin nanoplates
are analyzed by X-ray photoelectron spectroscopy (XPS)
technique. It can be observed that two characteristic peaks
arising from 229.0 and 232.2 eV are attributed to the Mo 3ds,,
and 3d;,, binding energies for a Mo (IV) oxidation state
(Figure 2a), while the corresponding peaks for the S 2p;/, and
2p,), orbitals of divalent sulfide ions (S*7) are observed at
161.8 and 163.1 eV (Figure 2b).*” In addition to the XPS peaks
for the pure MoS, structure, another set of small peaks for S
and Mo are also presented (Figure 2a, b). The observation of
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Figure 2. XPS spectra of (a) Mo 3d and (b) S 2p, (c) Raman
spectrum for ultrathin MoS, nanoplates. Inset of ¢ shows the atomic
displacement of the Eig and A, vibrational modes in bulk MoS,. (d)
illustration for the ultrathin MoS, nanoplates with unsaturated S
atoms.

Mo 3d;,, and 3d;,, peaks at lower binding energies suggests the
presence of Mo (V),*® whereas the peaks for S 2p; 1, and 2p; s,
at 162.6 and 163.9 €V indicate the presence of bridging S, or
apical S*7, which result from the unsaturated S atoms, as
indicated in panels a and b in Figure 2.>° To further verify the
XPS results, we performed Raman spectra to have further
detailed insight on the structure of the nanoplates. As shown in
Figure 2c, the characteristic Raman shifts at 377 and 404 cm™
expected for the E%g and A, vibrational modes of hexagonal
MoS, are clearly observed énset of Figure 2c), respectively.
Moreover, compared with the Raman spectrum of calcined
MoS, nanoplates (see Figure S2 in the Supporting
Information), the relatively larger peak width and weaker
intensity of Eig peak of the ultrathin MoS, nanoplates indicate
that the crystal structure of MoS, is not perfect and in-layer
disorder or defects exist between the Mo and S atoms.
Meanwhile, the lower intensity of Eig peak compared with A,
peak further reveals the basal-edge-rich feature of the ultrathin
MoS, nanoplates,> in good agreement with TEM observation
(Figure 1b). On the basis of the above analysis, we accordingly
suspect that certain amount of “defect sites” may exist on the
surface of the nanoplates, which in turn provide sites for the
formation of unsaturated S atoms. Thus, a model of MoS,
nanoplate with unsaturated S atoms on the surface is proposed
and schemed in Figure 2d, where those unsaturated S atoms
exist either on the basal edges or the defect sites of the basal
planes. As suggested by the atomic composition and binding
energies measured from XPS and the low crystalline structure
observed from TEM and XRD, the as-prepared nanoplate
material is predominately composed of low-crystalline MoS,
with unsaturated sulfur atoms.

It has been discovered that the ratio of DMF and H,O plays
an essential role in determining the final morphology of the
ultrathin MoS, nanoplates. When only DMF is used, the as-
formed thick nanoplates aggregate and assemble into large
particles, which is denoted as thick MoS, nanoplate assemblies
(Figure S3a, see the Supporting Information). With the
addition of H,O into the reaction solution, the aggregation
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phenomenon becomes less severe and the samples exhibit plate
morphologies (Figure S3b, see the Supporting Information).
With the further increase in the volume ratio of H,O to DMF,
the as-formed plates become thinner such that eventually the
plates curled up and shielded its basal edges, as shown in Figure
S3c—e (see the Supporting Information). Thin conglutinated
nanosheets are formed with the presence of H,O only (Figure
S3f, see the Supporting Information). These results obtained in
our work might illustrate that DMF plays a role for the
formation of the platelike shape, whereas the amount of H,O in
the mixture could adjust and control the thickness of the
nanoplates. More importantly, H,O would also take part in the
dispersion and crystallinity for the final MoS, nanostructures
(Figure 1 and Figure S3, see the Supporting Information). A
suitable concentration of (NH,),MoS, in the starting solvent
(Vosme:Vino = 2:1) would result in MoS, nanoplate with
uniform dispersion (Figure S4, see the Supporting Informa-
tion). With the further increase of (NH,),MoS, amount
gradually from 20 to 40 mg, the morphology of the products
evolves from well-defined nanoplates to nanoplate assemblies
followed by flowerlike nanostructure, and eventually to large
nanoflowers. The formation of the nanoflower morphology at
high (NH,),MoS, concentration might be due to the self-
assembly of the nanoplate building blocks to minimize the total
surface energy.

The morphology evolution of MoS, nanoplates during the
solvothermal process is further examined by FESEM
techniques. In the first stage for 40 min, large amounts of
Mo$, nanoparticles are formed with a size ~10 nm (Figure 3a).

[010]j
2H [100]

Figure 3. FESEM images of the products obtained at different growth
stages: (a) 40 min, (b) 60 min, (c) 1.5 h, and (d) 2 h. (e) Schematic
illustration of the 2H-type structure of MoS,.

Subsequently, these nanoparticles spontaneously aggregate into
spherical cores of size ~200 nm with sawtooth-structured
protuberances growing from the core (Figure 3b). After
reaction for 1.5 h, the randomly aligned nanopetals originating
from the sawtooth-structured protuberances are observed
(Figure 3c), which are so large that the originally spherical
core is no longer evident. As the reaction continues (Figure
3d), the inner amorphous spherical core diminishes gradually
and the growth occurs on randomly aligned nanopetals as those
petals grow into well-defined interconnected nanoplates with
smooth basal plan and edges. Reactions for longer time are also
found to form similar plate-like nanostructures, suggesting they
are the final thermodynamically stable products. These
observations agree with previous reports of the frowth
mechanism involving a multistage growth process.>>">* Thus,
the growth and morphology of the platelike MoS, nanostruc-

tures may be understood as follows. The particles initially
formed are amorphous and thus adopt a spherical shape. The
surface of the spheres acts as nucleation sites for the formation
of sawtooth-structured protuberances consisting of small
crystalline particles of MoS,. As the reaction proceeds, it is
energetically more favorable for the crystalline MoS,
protuberances to grow, where they evolve from small
nanopetals to well-defined interconnected MoS, plates with
the protuberances on the surface of these spheres providing
high-energy sites for crystal growth. The platelike 2D shape of
the protuberances and interconnected lamellars originate from
the layered structure of MoS,, which grows preferentially along
the [100] and [010] directions compared to the longer [001]
direction as shown in Figure 3e.

Featured by rich basal edges and active unsaturated sulfur
atoms, the ultrathin MoS, nanoplates are expected to show
better HER performance than conventional MoS, nanoplates.
Figure 4a shows the polarization curves for the various catalysts

a =
b= b 01
E u;.? 53 mV/dec
< 10 4
£ ¢
z‘ >
3 20 >.0.2
H r 68 mV/dec™y.
> —=—MoS, ultrathin nanoplates 3
g -30 e = o —=-MoSultrathin nanoplates
£ e aied Ul e ottty X —e—MoS, nanoplate assemblies
5 40 ——Calcined MoS, nanoplates = o ——Calcined MoS, nanoplates
020 015 -010 -0.05 000 05 00 05 . 10 15
c Potential (V vs. RHE) d Log (|ll/mA/cm*)
<« 0
< 10
— :
@ -20
w
e 3
€ -30 2
~=—MoS ultrathin nanoplates 2 ~=Initial
124 / —~MoS3 nanoplate assemblies 3 -40 == After 2000 cycles
020 015 010 -0.05  0.00 020 015 -010 -0.05  0.00

Potential (V vs. RHE) Potential (V vs. RHE)

Figure 4. (a) Polarization curves, (b) corresponding Tafel plots and
(c) calculated turnover frequencies of various samples. (d) Stability
test for the ultrathin MoS, nanoplates.

(with correction for ohmic potential drop (iR) losses, see
Figures SS and S6 in the Supporting Information). For
comparison purpose, electrochemical measurements are also
conducted on thick MoS, nanoplate assembly with less edge
sites and calcined ultrathin MoS, nanoplates with high
crystallinity (Figure S7, see the Supporting Information). The
ultrathin MoS, nanoplates exhibits excellent activity for the
HER with a low onset potential of approximately —0.09 V
(determined from the semi-log plot as shown in Figure S10, see
the Supporting Information), which surpasses the activities for
the rest both MoS, samples. To obtain further insight into the
HER on ultrathin MoS, nanoplates, Tafel plots of various
catalysts are investigated (Figure 4b). The resulting Tafel slope
of the ultrathin MoS, nanoplates is 53 mV dec™, which
matches with several earlier reports for the MoS, catalysts.*>>
By contrast, this value is significantly lower than that of the
calcined MoS, nanoplates. Maintaining similar morphology
(Figure S7a, see the Supporting Information), the calcined
sample shows much higher crystallinity as confirmed by XRD
results (Figure S7b, see the Supporting Information). XPS
spectra exhibits only a single doublet for Mo 3d and S 2p
(Figure S7c, d, see the Supporting Information), suggesting the
lack of bridging S,>~ or apical S*>. These observations indicate
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that the ultrathin MoS, nanoplates prepared are featured with
more active sites steming from the coordinately unsatureated
sites and surfur atoms, which are suspected to be the reasons
why the ulttathin MoS, nanoplates are more active than MoS,
with higher crystallinity. Moreover, compared to the thick
MoS, nanoplate assemblies in terms of Tafel slope, the
comparatively smaller value for MoS, ultrathin nanoplates may
be explained by the fact that more accessible catalytically active
edges are created because of the unique ultrathin morphology,
as described below.

To directly investigate the effect of the additional active
edges brought in by the ultrathin shape, the turnover frequency
(TOF) is then calculated over the ultrathin MoS, nanoplates
and the thick MoS, nanoplate assemblies by quantifying the
active sites through electrochemical approach (Figure S8, see
the Supporting Information).>® The calculated active edge sites
of ultrathin MoS, nanoplates is larger than that of thick MoS,
nanoplate assemblies, giving the direct evidence of the
enhanced active edge sites brought in by the ultrathin nature
of the nanoplates and the abundant exposed S active atoms.
This view could further be supported by the larger Brunauer-
Emmett-Teller (BET) surface area of the ultrathin MoS,
nanoplates (56 cm® g') in comparison to the thick MoS,
nanoplate assembly (28 cm® g™') (Figure S9, see the
Supporting Information), since higher surface area of the
ultrathin nanoplate morphology can result in a higher density of
accessible reactive sites. Figure 4c shows the polarization curves
normallized by the active sites, which are expressed in term of
TOF. The calculated TOF number per active site for the MoS,
ultrathin nanoplates reaches 0.15 s™' at 7 = 0 mV, which is
higher than the value (0.10 s™') for thick MoS, nanoplate
assemblies, suggesting the improved intrinsic activity of the
active sites due to the unsaturated active S atoms existed on the
surface of ultrathin nanoplates. Hence, the high hydrogen-
evolving activity of MoS, ultrathin nanoplates can be attributed
to the combined presence of active unsaturated S ligands and
additional edge sites generated in this ultrathin nanoplate
morphology.

Finally, the catalytic stability of the ultrathin MoS,
nanoplates catalyst towards the HER is assessed. Figure 4d
displays the polarization curves of ultrathin MoS, nanoplate
before and after 2000 cycles. The negligible decay of the
cathodic currents indicates the good stability of the ultrathin
MoS, nanoplates in a long-term electrochemical process.
Previous reports for active MoS, nanoparticls demonstrated a
high S/Mo atomic ratio in the range of 2.5-3.0 and were
basically amorphous.”®*° Therefore, poor stability of these
MoS, materials is expected during the HER under acidic
condition. In contrast, the analysis of the Mo (3d) and S (2p)
peak intensities for our material yields an S/Mo ratio of ~2.10,
suggesting that the structure is not pure MoS, but close to
MoS, while retaining abundant active S atom. It is worth noting
that the stability performance obtained in our work is better
than that of the amorphous MoS, reported previously, which
may suggest that the crystalline MoS, in the structure could
stabilize the catalytically active S—S bonds, thus leading to a low
solubility of MoS, nanoplates in the acidic solution.'***

In conclusion, we report a facile solvent-dependent control
route for the synthesis of ultrathin MoS, nanoplates with
unsaturated active S atoms from single source precursor. The
growth mechanism of ultrathin MoS, nanoplates is proposed.
The existence of unsaturated active sulfur ligands and edge-rich
ultrathin layers results in the exposure of additional catalyti-

cally-active sites, leading to outstanding catalytic performance
for the HER. This study successfully demonstrates that
introducing unsaturated sulfur ligands to ultrathin MoS,
nanoplates is feasible by a facile solvent-dependent control
route and this may open up a potential pathway for designing
more efficient MoS,-related catalyst for HER.
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