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\"II4 Generalized Synthesis of Hierarchical Transition Metal
Dichalcogenide Nanosheets from Polyoxometalates

D

S

Peilei He, Haoyi Li, Huiling Liu, and Xun Wang*®

Abstract: Transition metal dichalcogenides (TMDs, such as
MoS,, WS, and MoSe,) with lamellar structures have at-
tracted tremendous attention owing to their similar struc-
ture to graphite. However, two-dimensional (2D) TMD
nanomaterials display a strong tendency to restack and
condense, which leads to a marked decrease of per-
formance in their applications. In this study, we report the
synthesis of TMDs by using polyoxometalates (POMs) as
tungsten or molybdenum precursors. Hierarchical TMDs
with novel structures can be formed below 200 °C, includ-
ing WS, rods, MoS, rods and MoSe, hollow spheres. All of
these structures assembled from the corresponding nano-
sheets. Meanwhile the epitaxial growth of noble metal
nanoparticles (NPs) on TMDs could be achieved very
easily. The obtained Pt/WS, and Pt/MoS, hybrids were
highly active and durable HER catalysts. In addition, the Pt
NPs on the surface of TMDs could improve the HER activi-
ty sharply, which was likely due to the synergistic effect
between Pt NPs and MoS, rods. D

Graphene, a two-dimensional (2D) nanomaterial, has been
studied for several years because of its potential applications
in electronic devices,!"’ energy storage,”” and polymer compo-
sites.”! The rapid developments in graphene research and the
special characteristics of graphene, such as the absence of
a bandgap,” have led to a search for other 2D nanomaterials
of inorganic analogues.” In particular, transition metal dichal-
cogenides (TMDs, such as MoS,, WS,, and MoSe,) with lamellar
structures have attracted tremendous attention owing to the
similar structure to graphite and sizable bandgaps.*® Further-
more, TMDs have wide application in lubrication, catalysis,
energy storage, and photovoltaics.” In particular, a number of
recent research studies on TMDs put emphasis on their elec-
trocatalytic activity for the hydrogen evolution reaction
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(HER).® However, 2D nanomaterials display a strong tendency
to restack and condense, which leads to a decrease of per-
formance in their applications.”” A reported method to im-
prove the performance of 2D nanomaterials is making the 2D
nanomaterials assemble to three-dimensional (3D) structures,
which could combine the superiority of both nanostructures
and microstructures."”

A general method for synthesis of hierarchical TMD nano-
structures has rarely been reported." The most commonly
used method for preparation of TMDs is chemical vapor depo-
sition (CVD), which always needs high temperature, dangerous
gases (H, and H,S), and a complicated procedure." Moreover,
the low productivity of the CVD method makes them unsuita-
ble for large-scale applications. The most promising route for
the large-scale production of TMDs is a solution-phase
method,"? due to its simplicity for bulk production. However,
until now, most existing solution-phase methods also needed
high temperatures to obtain good crystallization structure.'3!
Controllable synthesis of TMDs hierarchical structures at low
temperature still remains as a great challenge. A strategy to
decrease the reaction temperature is the search for different
precursor. As we all know, polyoxometalates (POMs) are pre-
dominantly molybdates and tungstates with well-defined
structural frameworks."? In addition, the substitution of sulfur
for oxygen in the POMs has been achieved." Even more, the
direct exchange of sulfur for oxygen contributes to the break-
ing of the polynuclear structure and the formation of TMDs.''®
More importantly, most of the substitution can occur at
a lower temperature,’™ which can be in favor of the synthesis
of TMDs at low-temperature. Therefore, POMs might be
a good choice as the precursor.

Here we report the synthesis of TMDs by using POMs as
tungsten or molybdenum precursors. Hierarchical TMDs with
novel structures can be formed below 200°C, including WS,
rods, MoS, rods, and MoSe, hollow spheres. All of these hier-
archical structures assembled from the corresponding nano-
sheets. Meanwhile the epitaxial growth of noble metal nano-
particles (NPs) on TMDs could be achieved very easily. The ob-
tained Pt/WS, and Pt/MoS, hybrids were highly active and du-
rable HER catalysts. Furthermore, the Pt NPs on the surface of
TMDs could improve the HER activity sharply, which was likely
due to the synergistic effect between Pt NPs and MoS, rods.

The hierarchical TMDs were synthesized by a solution-phase
reaction. By using POMs and thioacetamide or selenium diox-
ide as precursors and n-octylamine and ethanol as solvents,
crystalline TMDs were facilely obtained at 180-190°C. First,
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Figure 1. The characterization of the hierarchical WS, rods. a) TEM image,
and b) STEM image (Inset: corresponding EDX mapping images) of the hier-
archical WS, rods. ¢) SEM image of the WS, rods (Inset: the corresponding
XRD pattern). d) HRTEM image of part of a WS, rod. XPS spectra of e) W 4f
and 5p peaks, and f) S 2p peaks.

WS, rods were obtained when the precursors were phospho-
tungstic acid and thioacetamide. The morphology of the prod-
uct was determined by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) (Figure 1a and
1¢, low-magnification SEM image is shown in Figure S1 in the
Supporting Information). The low-magnification TEM image
shows the platelike structure of the WS, rod. From the dark-
field scanning transmission electron microscopy (STEM),
a more dimensional layered structure can be observed (Fig-
ure 1b). At the same time, high-resolution TEM (HRTEM) imag-
ing (Figure 1d) indicated that every layer in the SEM image
(Figure 1¢) consisted of numerous WS, nanosheets. Therefore,
we think a new kind of WS, rod with a hierarchical structure
has been obtained. An energy-dispersive X-ray (EDX) spectrum
(Figure S2) and EDX mapping images (the inset in Figure 1b)
confirmed the existence of tungsten and sulfur. The X-ray pho-
toelectron spectra (XPS) of tungsten display peaks at 32 eV (W
4f,,,) and 34 eV (W 4f,,,) which are characteristic of the W** of
2H-WS,, and the binding energies at 162 and 163 eV are fea-
tures of the S~ of WS,. Furthermore, the X-ray powder diffrac-
tion (XRD) pattern (the inset in Figure 1c¢) of the WS, rods cor-
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responds to the reference.®” So, we confirmed the WS, rods
were hexagonal 2H-WS, phase without impurity. The apparent
asymmetry of the (100) peak demonstrated we obtained a tur-
bostratically disordered layered WS, rod.®? This result was in
accord with the appearance of WS, rod, which was observed
by HRTEM (Figure 1d).

According to the literature, when  WCIS®>"74 or
(NH,);oW,,0,," was used as the tungsten precursor, a higher
temperature above 220°C was necessary for the formation of
WS, nanostructures. Therefore, the POMs appear to be prereg-
uisite for the growth of WS, rods at a lower temperature. We
have used Nas;PW,,0,, as precursor to replace the H;PW,,0,,.
Some white precipitates occurred after the solvothermal
method. Through the TEM characterization, we found the pre-
cipitates were composed of irregular structures (Figure S3a).
As Figure S3b shows, the XRD pattern showed the precipitates
were not WS,. When H,WO, was used instead of H;PW,,0,,
only some irregular structures were obtained (Figure S4a), and
the XRD pattern (Figure S4b) indicated these nanostructures
were not WS,. On the basis of the control experiments, we de-
duced that the POMs affect the formation of WS, rods through
the following aspects: (1) The strong acidic environment of
POM:s is indispensable for the formation of WS, rods at a lower
temperature, because the hydrogen ion could react with thioa-
cetamide to produce H,S gas in the autoclave™ and H,S is
more reactive than the thioacetamide. Finally, the H.,S reacted
with the tungsten precursor to form the WS, at a lower tem-
perature. When the H* in the H;PW,,0,, was replaced by Na*,
WS, phase could not form under the same conditions. This
result further proves our reasoning that hydrogen ion has
a great impact on the formation of WS,. (2) The [PO,]*~ also
plays an important role in the formation of WS,. In the auto-
clave, the consumption of hydrogen ions, the existence of n-
octylamine and the higher temperature (190 °C) are conducive
to the departure of the [PO,I*~ group. Once the [PO,*~ group
left from the center of POMs, the polynuclear structure of
Keggin-type POM was destroyed and the connectivity between
the octahedron structure of [WO4] could be decreased. As
Figure 2 shows, the octahedron structure of [WOq] in the POMs

[8a,17]

Figure 2. Scheme of the transformation from POMs to WS,.
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could allow for the formation of [WS,] structure through slight
adjustment of their crystal structure. The control experiment
that used H,WOQ, instead of POMs could prove the importance
of [PO,I*" group in the formation of WS, at a lower tempera-
ture.

To further verify our theory, phosphomolybdic acid was used
as precursor. Then MoS, rods were obtained by the same
method except phosphotungstic acid was replaced by phos-
phomolybdic acid. A detailed explanation is given in the Exper-
imental Section. The crystalline MoS, rods were formed at
180°C in 2 hrs. The morphology of products was characterized
by TEM, which revealed that the obtained samples had a rod
morphology with diameters of about 150-300 nm and
a length of several micrometers (Figure 3a). We also observed
the layered structure of this rod. The structure of these rods
was further characterized by SEM (Figure 3b). The SEM result
confirmed the rods were solid construction and formed by
self-assembly of MoS, nanosheets, and the MoS, layers were
clearly visible in the dark-field STEM image (Figure 3c). EDX
mapping analysis (the inset in Figure 3¢) confirmed the even
distribution of molybdenum and sulfur along the rods, and the
EDX spectrum is shown in Figure S5. The HRTEM images (Fig-
ure S6) of the rim of a rod suggested some layered structure
and lattice fringe. The layer spacing below 0.7 nm confirmed
the single-layer character. In addition, there was no (002) dif-
fraction in the XRD pattern (Figure S7), which further indicated
the MoS, rod was formed by self-assembly of MoS, nano-
sheets.”™ The XPS was used to study the chemical state of Mo
and S in the rod structure (Figure S8). The XPS spectra of mo-
lybdenum displays peaks at 229 eV (Mo 3d;,,) and 232 eV (Mo

-
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3d,,,) which are characteristic of the Mo*" of MoS,, and the
binding energies at 162 and 163 eV are features of the S~ of
Mos,.[1%!

By using phosphotungstic acid and selenium dioxide as pre-
cursors, MoSe, hollow spheres were obtained at 180°C. The
detailed description is also given in the Experimental Section.
The morphology of the sample has been studied by SEM (Fig-
ure S9) which shows the products have elliptical sphere struc-
tures with a size of 150-200 nm. From the low-magnification
TEM image (Figure 3d), we could observe the inner hollow
sphere structure. The hollow structure was also more visible in
the dark-field STEM image (Figure 3e). The EDX mapping (the
insets in Figure 3e) confirmed the even distribution of molyb-
denum and selenium, and the EDX line-scan (Figure 3 f) analy-
sis confirmed the products are elliptical hollow spheres. The
MoSe, hollow spheres also have been characterized by HRTEM.
The HRTEM image (Figure S10a) of the rim of a sphere showed
some layered structure, and the lattice fringe could be ob-
served in Figure S10b at the rim. Therefore, we can conclude
the hierarchical MoSe, hollow spheres was formed by the self-
assembly of MoSe, nanosheets. The XRD pattern of this prod-
uct is shown in Figure S11. We think the difference of chalco-
genide precursors (sulfur source: CH,CSNH, and selenium
source: Se0,) led to the difference in structures of MoSe, and
MoS,.

Both the successful synthesis of MoS, rods and MoSe,
hollow spheres proves the POMs are a new kind of precursors
for the formation of TMDs. Meanwhile, these results gave
a basis for our reasoning that the hydrogen ion and [PO,]*~
played important roles in the formation of the hierarchical

50 100 150 200 2
Position (nm)

Figure 3. Characterization data of hierarchical MoS, rods and MoSe, hollow spheres. a) TEM image, b) SEM image, and c) STEM image (Inset: corresponding
EDX mapping images) of the MoS, rods. d) TEM image, e) STEM image (Inset: corresponding EDX mapping images), f) EDX profile scanning result of the

MoSe, hollow spheres.
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TMDs. Therefore, we think it is possible to expand our current
strategy to other POMs with phosphate group and hydrogen
ion as cation.

In order to extend the application of these TMDs, epitaxial
growth of noble metal (palladium or platinum) on WS, rods
and MoS, rods has been achieved. The NPs were synthesized
in situ on the surface of WS, rods or MoS, rods. PdCl, or
H,PtCl, were used as metal precursors and different reductants
were used (see the detailed method in the Experimental Sec-
tion). For example, Pd NPs were synthesized on WS, rods by
reduction of PdCl, with polyvinylpyrrolidone (PVP). As shown
in the TEM image in Figure S12, Pd NPs with diameter of
about 5 nm were on WS, rods or MoS, rods, which indicated
the epitaxial growth of Pd NPs on TMDs surface. When the
H,PtCl, was reduced by HCHO, Pt NPs on the surface of WS,
rods or MoS, rods could be obtained. Pt NPs with size of
about 5 nm epitaxially grew on the surface of WS, rods (Fig-
ure 4a). As shown in the SEM image in Figure S13a, the Pt NPs

Figure 4. a) TEM image, and b) HRTEM image of the Pt/WS, hybrid. c) TEM
image, and d) HRTEM image of the Pt/MoS, hybrid.

on the surface of WS, rods were also visible. HRTEM analysis
was carried out on the Pt/WS, hybrid structures (Figure 4b).
Similar with the Pt/WS,, most of the 5 nm Pt NPs also grew on
the MoS, surface (Figure 4c). The Pt/MoS, hybrid structures
also have been characterized by HRTEM (Figure 4d). EDX map-
ping of Pt/WS, (Figure S14a) and Pt/MoS, (Figure S14b) hybrid
structures confirmed the even distribution of platinum, sulfur,
tungsten, or molybdenum. The STEM images of Pt/WS, and Pt/
MoS, are shown in Figure S14.

The Pt/WS, and Pt/MoS, hybrid structures should be high-ef-
ficiency catalysts for the HER. This kind of hybrid structures can
be produced in large amounts, which is favorable for their ap-
plications. In order to compare the electrocatalytic activity be-
tween WS, rods, MoS, rods, Pt/WS, hybrids (9.4 wt% Pt in Pt/

ChemNanoMat 2015, 00, 0-0 www.chemnanomat.org
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Figure 5. HER performance of the samples. a) Polarization curves of WS,,
MoS,, Pt/WS,, Pt/MoS,, and Pt/C. b) Tafel plots of the corresponding samples.
LSV curves for c) Pt/WS, hybrid and Pt/MoS, hybrid samples in 0.5m H,SO,
initially and after 1000 CV sweeps between +0.2 V and —0.3 V versus RHE.

WS, hybrid), Pt/MoS, hybrids (8.6 wt% Pt in Pt/MoS, hybrid),
and the commercial Pt/C catalyst (20% Pt in Pt/C), the HER ac-
tivity of these five catalysts have been tested. As shown in Fig-
ure 5a and 5b, both the synthesized WS, rods and MoS, rods
exhibit undistinguished HER catalytic activities, and the Pt/C
shows the best HER activity with negligible overpotential.'”
The Pt/WS, and Pt/MoS, hybrids exhibited excellent electroca-
talytic activities towards HER with overpotentials less than
100 mV. The Pt/MoS, hybrids showed the superior HER activity
with a much smaller onset potential of ~35 mV and higher
catalytic current, while pure MoS, rods exhibited inferior HER
activity with a larger onset potential of ~230 mV. Therefore,
the epitaxial growth of Pt NPs on TMDs could remarkably in-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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crease the HER activity. The HER kinetics of the WS,, MoS,, Pt/
WS, Pt/MoS,, and Pt/C were probed by the Tafel plots (log j-1)
(Figure 5b). Tafel slope of =45 mV per decade was measured
for Pt/MoS, hybrids, which was lower than that of ~60 mV per
decade for MoS, rods and close to the value of ~34 mV per
decade for Pt/C catalyst. Similarly, Tafel slope of ~64 mV per
decade for Pt/WS, was lower than that of =120 mV per
decade for WS, rods. According to the reference,®“?” these
Tafel slopes suggest a Volmer-Heyrovsky mechanism works in
the catalyst of WS, rods, MoS, rods, Pt/WS, and Pt/MoS, hy-
brids. To study the durability of the Pt/WS, and Pt/MoS,
hybrid, the LSV curves of Pt/WS, and Pt/MoS, hybrid catalyst
before and after 1000 potential cycles are shown in Figure 5c.
For the Pt/WS, and Pt/MoS, hybrids, there was no obvious
shift in the polarization curves. We have also examined the
morphology of Pt/WS, and Pt/MoS, hybrids under TEM obser-
vation after continuous linear potential sweeps in 0.5m H,SO,
(Figure S15). The nanostructures were well-retained during the
electrocatalytic reaction. These results indicated the catalytic
stability of Pt/WS, and Pt/MoS, hybrids could be kept after
long-term use. In addition, XPS was used to study the valence
state of Pt in the hybrid nanomaterials (Figure S16). The bind-
ing energies at 71.9 eV (4f,,) and 75 eV (4fs,) indicated the
electron transferred from the Pt NPs to the TMDs.?"

In summary, we have developed a low-temperature, solu-
tion-phase method for the synthesis of 3D hierarchical TMDs.
Hierarchical WS, rods, MoS, rods, and MoSe, hollow spheres
based on self-assembly of the corresponding single-layer nano-
sheets were obtained by using POMs as tungsten or molybde-
num precursors below 200 °C. The POMs appear to be prereg-
uisite for the formation of hierarchical TMDs at a lower temper-
ature. Therefore, the hydrogen ion and [PO,]*~ group played
important roles in the formation of the hierarchical TMDs. At
the same time, the epitaxial growth of noble metal (palladium
or platinum) NPs on WS, and MoS, rods has been achieved.
The Pt/MoS, hybrids in all the samples we tested (WS, rods,
MoS, rod, Pt/WS,, and Pt/MoS,) shows the best HER activity
with onset potential of =35 mV, which approaches the per-
formance of Pt/C catalyst. We believe that our study will facili-
tate the synthesis of hierarchical TMDs at low temperature.

Experimental Section
Synthesis of WS, rods

120 mg phosphotungstic acid [H;PW,,0,,:xH,0] and 91 mg thioa-
cetamide were added into 4 mL n-octylamine and 1 mL ethanol.
Then this solution was transferred to a 10 mL autoclave and
heated at 190°C for 12 hrs. After the reaction, the product was
washed with cyclohexane and ethanol through centrifugation for
three times.

Control experiments

123 mg Na;PW,,0,, (or 125 mg H,WO,) and 91 mg thioacetamide
were added into 4 mL n-octylamine and 1 mL ethanol. Then this
solution was transferred to a 10 mL autoclave and heated at 190°C
for 12 hrs. After the reaction, the product was washed with cyclo-
hexane and ethanol through centrifugation for three times.

ChemNanoMat 2015, 00, 0-0
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Synthesis of MoS, rods

0.5 mL of phosphomolybdic acid (ethanol, 0.042m) and 0.5 mL of
thioacetamide (ethanol, 1.19 M) were added to 2 mL n-octylamine
and 2 mL ethanol. Then this solution was transferred to a 10 mL
autoclave and heated at 180°C for 2 hrs. After the reaction, the
product was washed with cyclohexane and ethanol through centri-
fugation for three times.

Synthesis of MoSe, hollow spheres

38 mg phosphomolybdic acid [H;PMo;,0,,-xH,0] and 56 mg SeO,
were added into 3 mL n-octylamine and 2 mL ethanol. Then this
solution was transferred to a 10 mL autoclave and heated at 180°C
for 12 hrs. After the reaction, the product was washed with cyclo-
hexane and ethanol through centrifugation for three times.

Synthesis of Pd/WS, and Pd/MoS, hybrids

1 mL of the WS, dispersion (0.05 mmol W in 1 mL formamide) and
4 mL formamide was mixed. Then, 0.2 g PVP (MW 8000) and 10 mg
PdCl, were added sequentially. Then the autoclave was sealed and
heated at 130°C for 4 hrs. After the reaction, the product (Pt/WS,
hybrid) was washed with ethanol through centrifugation for three
times. The Pd/MoS, hybrids were obtained by the same method.

Synthesis of Pt/WS, and Pt/MoS, hybrids

1 mL of the WS, dispersion (0.05 mmol W in 1 mL formamide) and
4 mL formamide was mixed. Then, 1 mL formaldehyde solution
and 60 pL H,PtCl; solution (aqueous, 0.029 M) were added sequen-
tially. Then the autoclave was sealed and heated at 130°C for 4 hrs.
After the reaction, the product (Pt/WS, hybrid) was washed with
ethanol through centrifugation for three times. The Pt/MoS, hy-
brids were obtained by the same method.

Sample preparation and electrochemical characterization

5 mg of the catalyst was dispersed in 950 uL of ethanol, and 50 L
of 5wt% Nafion solution. And the mixed solution was sonicated
for 30 min to form a homogeneous ink. Then 6 L of the ink (load-
ing about 30 pg of the catalyst) was loaded on a glassy carbon
electrode as working electrode with a rotating speed of 1600 rpm.
The measurements were performed in 0.5m H,SO, solution using
a standard three-electrode system, with a graphite rod counter
electrode and a Hg/HgO reference electrode. The reference elec-
trode was calibrated and converted to reversible hydrogen elec-
trode (RHE). Linear sweep voltammetry (LSV) was carried out at
5mVs ' after the catalyst was cycled more than 50 times by cyclic
voltammetry (CV).
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COMMUNICATION

method

Hierarchical transition metal dichalco-
genides (TMDs) with novel structures
can be formed below 200 °C, including
WS, rods, MoS, rods, and MoSe, hollow
spheres, by using polyoxometalates
(POMs) as tungsten or molybdenum

solvothermal

{XXMMWXXXXX

precursors. The epitaxial growth of
noble metal nanoparticles on TMDs
could be achieved, and the obtained Pt/
WS, and Pt/MoS, hybrids were highly
active and durable hydrogen evolution
reaction (HER) catalysts.
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