ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Rosette-like MoS, nanoflowers as highly active and
stable electrodes for hydrogen evolution reactions
and supercapacitorsy
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MoS; is regarded as one of the cost-effective materials for many important applications. In this work, we
report a simple one-step hydrothermal method for the directed synthesis of a rosette-like MoS,
nanoflower modified electrode without using adhesion agents. Interestingly, owing to the hierarchical
structures, the as-prepared MoS,-based electrode exhibits significantly enhanced performance for both
the hydrogen evolution reaction in acidic environments and supercapacitors. When used in the
hydrogen evolution reaction, the electrode shows a low overpotential of ~0.25 V at 10 mA cm™2, a Tafel
slope of ~71.2 mV per decade, and long-term durability over 20 h of hydrogen evolution reaction
operation at 10 mV cm™2. In addition, as a supercapacitor electrode, it exhibits a good capacity of 137

2019 mF cm™2 at a current density of 10 mA cm™2 and excellent stability in 1 M H,SO,4 at a scan rate of 50 mV
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Accepted 28th April 2019 s *. The outstanding performances of the as-prepared materials may be ascribed to the unique 3D

architectures of the rosette-like MoS, nanoflowers. This work could provide a strategy to explore low-
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1. Introduction

Nowadays, owing to concerns regarding the environment and
the gradual depletion of nonrenewable resources, for example
coal, oil and natural gas, developing sustainable and clean
energy sources has become an effective way for human beings to
deal with the energy crisis.'® Hydrogen, as a clean and
sustainable energy carrier,*® is an economic fuel in electric
devices.® The low cost, high efficiency and renewable electric
devices, such as supercapacitors,” lithium ion batteries (LIBs)*®
and fuel cells, have become important alternative electro-
chemical devices to fossil fuels. The hydrogen evolution reac-
tion (HER) is an effective and convenient process to produce
molecular hydrogen from water. To our knowledge, noble Pt
and Pt-based materials are regarded as the most effective and
catalytically stable electrocatalysts for HER,' particularly in
acid solution.""* However, global-scale application is chal-
lenged by their high cost and limited supply."*** Recently,
tremendous effort has focused on investigating the possibility
of earth abundant elements catalytic performances HER
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electrocatalysts for large-scale hydrogen production,'® such as
sulfide,"”*® nitride," boride,* and phosphide.*® Among them,
molybdenum disulfide (MoS,) based on molybdenum element
possesses attracting electrochemical properties, for instance,
defective nanosheets,” porous films,”® double-gyroid struc-
tures,> nanowires and amorphous films.”® Especially, the
MosS, of single-layer, few-layer or re-stacked layer forms held
together by van der Waals forces has been widely used as elec-
trocatalyst for HER.>"** 1t is well known that two-dimensional
(2D) layered MoS, possesses unique electrical and chemical
properties due to their large exposure of active sites®* caused by
the coordinatively unsaturated sulfur atoms at the edge sites.*?
Meanwhile, MoS, has also been considered as an ideal material
for supercapacitors, which is due to that the ultrathin layer
forms structure has large surface area for double-layer charge
storage and the central Mo atoms has great potential for pseu-
docapacitance from the H' intercalation into the stacked
layers.®® And the interlayer spacing (002) is crucial for the
insertion of foreign atoms® and electrolyte diffusion. Never-
theless, the synthesis of large layer forms MoS, nanostructure is
still a challenge because of the difficulty of preparation of these
species.

Also, the utilization of 2D nanomaterials suffers from inad-
equate contact with electrolyte and low surface-area-utilization
efficiency. In order to resolve this problem, extensive efforts
have been devoted to assembling 2D materials into 3D archi-
tecture.***® The construction of 3D framework is a best strategy
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to increase the diffusion of the ions and electrolyte into mate-
rials, which is favorable for promoting the electrochemical
performance of the materials.

Herein, we report a simple strategy to synthesize an inter-
layer spacing-enlarged rosette-like MoS, nanoflowers for both
hydrogen evolution reaction and supercapacitive energy
storage. In the synthesis, (NH;)sMo0,0,,-4H,0 was used as a Mo
resource and thiourea was used as a S resource, and the rosette-
like MoS, nanoflowers modified electrode was prepared by
a one-step hydrothermal method. The synthesized novel MoS,
structure has the advantages as following: (i) simple and envi-
ronmental friendly preparation route; (ii) 3D interconnected
frameworks to facilitate the electrolyte diffusion; (iii) much
more electrochemically active sites to deliver excellent catalytic
properties in HER; (iv) the active materials grown on Ti foil
directly used as electrode for electrochemical performance
testing; (v) larger interlayer spacing which is beneficial for ion
intercalation into S-Mo-S stacked layer; (vi) more importantly,
the as-prepared MoS, composites are suitable for both HER and
supercapacitors.

2. Experimental
2.1 Chemicals

(NH4)6M0,0,4-4H,0 (Aladdin, 99%) and thiourea (Aladdin,
=99%) were of analytical grade and used without further
purification.

2.2 Synthesis of MoS,

Typically, 0.57 mmol (NH,4)sMo0,0,,-4H,0 and 6 mmol thiourea
were dissolved into 36 mL of deionized (DI) water in 40 mL
Teflon-lined stainless-steel autoclave. After sonicating 20 min,
a titanium sheet (0.2 mm, 1 x 5 cm) which was sonicated in 2 M
HCI, ethanol and DI water respectively was immersed into the
solution. Then, the autoclave was kept at 180 °C for 12 h. After
naturally cooling down, the titanium sheet was washed with
a large amount of ethanol and DI water, and dried in a vacuum
oven at 70 °C for several hours. For comparison, the MoS, was
also synthesized at the same conditions with synthesis time of 6
and 20 h.

2.3 Characterizations

The crystalline structure of the as-prepared MoS, nanoflowers
was characterized by power X-ray diffraction (XRD) on a D/
max2550VB3+/PC X-ray diffractometer with a Cu Ka radiation
source (A = 0.15418 nm). The general morphologies of samples
were analyzed by scanning electron microscopy (SEM, Hitachi S-
4800) with an X-ray energy dispersive spectroscopy (EDS) anal-
ysis system. Transmission electron microscopy (TEM, FEI TF30)
and selected area electron diffraction (SAED) were used to
observe the morphological properties of the samples. X-ray
photoelectron spectroscopy spectra (XPS, EP13-002) were used
to investigate the chemical composition.
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2.4 Electrochemical measurements

All the electrochemical experiments were conducted using
a CHI660C electrochemical workstation (Shanghai Chenhua
Instruments Co.) with a standard three-electrode cell. And the
rosette-like MoS, nanoflowers grown on titanium sheet were
directly used as working electrodes and graphite rod was used
as counter electrode for both HER performance and super-
capacitor testing.

2.4.1 HER measurements. The saturated calomel electrode
was used as reference electrode and all the tests were performed
in a N, saturated 0.5 M H,SO, electrolyte. Linear sweep vol-
tammetry (LSV) was performed at scan rates of 2 mV s~ with
the potential range of -0.6 V to 0 V. The electrochemical
impedance spectroscopy (EIS) were performed at open circuit
potentials by using the frequency range of 0.1 to 100 kHz with
an AC voltage of 5 mV. The stability of the HER was evaluated by
amperometric I-t measurement at the current density of 10 mA
em™? for 20 h. All the potentials were converted to the RHE
based on the equation E(RHE) = E(SCE) + (0.242 + 0.059pH) V.

2.4.2 Supercapacitor measurements. The reference elec-
trode was Ag/AgCl electrode, and a 1 M H,SO, was employed as
the electrolyte. Cyclic voltammetry (CV) measurements was
performed from 10 to 800 mV s ' within a potential range
between —0.2 and 0.4 V. EIS tests were carried out with
frequency ranging from 0.01 Hz to 100 kHz with an ac signal
amplitude being set as 5 mV. Galvanostatic discharge/charge
(GCD) curves were collected at current densities ranging from
1 to 25 mA cm™ 2. The stability of the supercapacitor was eval-
uated by repeating the CV measurement at a scan rate of 50 mV
s~ ' for 10 000 cycles. In a three-electrode system, the specific
capacitance was calculated based on CV and GCD curves by eqn
(1) and (2), respectively:

Cr= ﬁ | 1rav W
where S is the geometrical area of each film, v is the scan rate,
AV is the working potential window, I(V) is the response current.

IAt )

Ch= =
AT SAV

where [ is the discharge current, At is the discharge duration, S
is geometrical area of each film and AV is the discharge
potential window with deduction of IR drop.

3. Results and discussion
3.1 Synthesis of rosette-like MoS, nanoflowers on Ti foil

Scheme 1 describes the entire fabrication process of rosette-like
MoS, nanoflowers architectures. Briefly, ammonium molybdate
and thiourea were used as Mo and S resources, respectively.
With temperature increasing, H,S was generated through the
reaction of thiourea and water (reaction (3)). Due to the strong
reducibility of the H,S, the Mo(vi) atom in M0,0,,° ion could
be reduced to Mo(wv) atom, and the Mo(iv) atom reacted with
H,S to produce MoS, according to the reaction (4).*” As a result,
the interlayer S-Mo-S atoms is strongly covalently linked by
weak van der Waals forces, and the 3D hierarchical of the

RSC Adv., 2019, 9, 13820-13828 | 13821
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Scheme 1 Scheme description of the synthetic route of the spacing-enlarged rosette-like MoS, nanoflowers that exhibit a remarkable elec-

trochemical performance in both HER and supercapacitors.

rosette-like MoS, nanoflowers directly grown on the bottom of
the titanium sheet (Fig. S1, ESIf) by the bridge bonds.*® The
whole process was simple, and the hydrothermal reaction is
excellent environment-friendly and low-cost.

C2H5NS + H20 - CH3CONH2 + HzS (3)

Mo,0,,%~ + H,S — MoS; + 3H, + SO~ (4)

The morphology and structure of the as-prepared samples is
displayed in Fig. 1a, indicating the successful synthesis of
rosette-like MoS, nanoflowers. In addition, the image (Fig. 1a)
clearly reviews that the diameter of the nanoflowers is about
images

300 nm. The high-magnification SEM of the

nanoflowers in Fig. 1b and ¢ show that the nanoflowers consists
of ultrathin nanosheets with the thickness less than 15 nm. The
novel architecture of the MoS, is in favor of rapid electron
transfer during charge/discharge processes.*” In addition, the
MoS, nanomaterials did not exhibit the rosette-like morphology
(Fig. S2, ESIt) when the reaction time was 6 h and 20 h. It is
speculated that the rosette-like MoS, nanoflowers morphology
cannot be formed with a relatively shorter reaction time.
However, the surface of the nanosheets became disordered with
a longer reaction time of 20 h. The uniform distribution of
elements Mo and S throughout the whole rosette-like MoS,
nanoflowers can also be evidenced by elemental mapping
images (Fig. S3, ESIT). Additionally, the crystalline structure of
rosette-like MoS, nanoflowers is confirmed by the X-ray
diffraction (XRD) pattern. As shown in Fig. S4,T the diffraction

Fig. 1
insets in (d) is the SAED pattern of the as-prepared samples.

13822 | RSC Adv., 2019, 9, 1382013828

(a—c) SEM images of the rosette-like MoS, nanoflowers; (d) TEM and (e and f) HRTEM images of a rosette-like MoS, nanoflowers. The

This journal is © The Royal Society of Chemistry 2019
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peaks at 20 = 10.7° is indexed to the (002) peak of the MoS,,
which appears a large shift to the left compared with the
hexagonal-phase MoS, (JCPDS card no. 37-1492), confirming
that the interlayer spacing between the (002) planes are suffi-
ciently expanded. Fig. 1d-f show the TEM and high resolution
TEM (HRTEM) of the rosette-like MoS, nanoflowers. The regular
lattices in the SAED ring patterns (the inset of Fig. 1d) verify that
the hexagonal-structured MoS, is generated.*>** Fig. 1e clearly
reveals that typical stripe-like nanocrystals of layered MoS, are
formed. In addition, the interlayer spacing of the MoS, nano-
flowers is sufficiently increasing to 0.66 nm (Fig. 1f) which is
larger than the spacing 0.61 nm of bulk MoS,, indicating the
low ion diffusion resistance.”” Therefore, the aforementioned
analysis confirms the formation of rosette-like MoS, nano-
flowers with interlayer distance can be easily fabricated by the
one-step hydrothermal method.

To confirm the chemical composition of the as-prepared
rosette-like MoS, nanoflowers, X-ray photoelectron spectros-
copy (XPS) was conducted (Fig. 2). The wide scan XPS spectrum
(Fig. 2a) revealed five typical peaks corresponding to the
binding energies of Mo 3d, Mo 3p, S 2p, C 1s and O 1s orbitals.
The signals of the C and O originated from the CO, and H,0
impurities caused by surface adsorption and contamination.*®
High-resolution Mo 3d XPS spectrum in Fig. 2b, the peaks at
around 228.6 and 232 eV are corresponding to the 3ds,, and 3d3,
» states, respectively. Besides these two peaks, the small peak
located at 225.9 eV is indexed as S 2s. Similarly, in Fig. 2c, the
peaks at 161.5 and 162.6 eV are assigned to the S 2ps,, and S 2p,
, states, respectively. The binding energies are in excellent
agreement with the values for MoS,, confirm the formation of
MOSZ.“AS

3.2 Electrochemical characterizations of rosette-like MoS,
nanoflowers

The electrocatalytic HER activities of the as-prepared rosette-
like MoS, nanoflowers catalysts were evaluated in acidic
(0.5 M H,S0,) condition with a typical three-electrode configu-
ration. The linear sweep voltammetry (LSV) curves of as-
prepared catalysts and bare Ti foil are displayed in Fig. 3a. As
expected, the rosette-like MoS, nanoflowers catalyst with
a growing time of 12 h exhibits excellent catalytic activity with

View Article Online
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a low overpotential of 0.25 V vs. RHE to drive a current density of
10 mA cm . For comparison, similar measurements on nano-
materials for 6 h and 20 h were also performed. The nano-
flowers for 12 h exhibit much larger current density at the same
potential than those of nanomaterials for 6 h and 20 h, sug-
gesting that the exceptional HER electrocatalytic activity of the
nanoflowers for 12 h. When compare with previous notable
works of the MoS, catalyst, the performance of the nanoflowers
for 12 h is comparable (Table S1t). The excellent catalytic
activity is attributed to the ‘petal effect’ of the rosette-like
nanoflowers of the sample for 12 h, which can raise the adhe-
sion of the sample to water.***” Also, the enlarged interlayer
spacing of the rosette-like MoS2 nanoflowers could accelerate
the transmission of the materials in the materials, which is
profitable to enhance the HER activity of the sample for 12 h. In
order to estimate the reaction kinetics and the rate-determining
step for the HER process, the Tafel slope of the samples is
plotted using the equation n = a + blog(j), where a is the
intercept, b is the Tafel slope and j is the current density.*®
Based on the equation, the linear parts of the Tafel plots are
shown in Fig. 3b, revealing that the Tafel slopes are about
~67.5, 71.4 and 71.2 mV per decade for the three as-prepared
nanomaterials with synthesis time of 6 h, 12 h and 20 h,
respectively. The results indicate that the Volmer reaction is
taking place and the hydrogen generation reaction follows a fast
Volmer-Heyrovsky mechanism.*>** Importantly, the low Tafel
slope confirms the favorable HER kinetics,*® which is ascribed
to the unique 3D hierarchical architectures that provide more
pathways for ion transport.

The Nyquist plots can demonstrate the rate of the ion
diffusion during HER, and the shorter the length of the
Warburg-type line, the faster of the ion diffusion process from
the outside electrolyte into the inner of the catalyst. To gain
more insights into the roles of rosette-like structure in
promoting the HER activity, the electrochemical impedance
spectroscopy was explored. The charge transfer resistance (R.)
from the Fig. 3c coupled the contact resistance (Rg) from the
inset in Fig. 3c demonstrate that rosette-like MoS, nanoflowers
exhibits superior HER kinetics due to the enhanced ion trans-
port in the materials. Very importantly, the long-term electro-
chemical durability is another important criterion to evaluate
the catalytic performance of the HER catalyst, and the stability
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Fig. 2 Structure characterization of the MoS, for 12 h. (a) XPS survey spectrum of the rosette-like MoS, nanoflower; (b) Mo 3d and (c) S 2p.
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Fig. 3 Electrochemical performance of catalysts for HER in 0.5 M H,SO,. (a) Linear sweep voltammetry (LSV) curves of bare Ti foil and the
rosette-like MoS, nanoflowers with different synthesis time; (b) the relevant Tafel curves derived from the polarization curves; (c) Nyquist plots of
the catalyst for 12 h at open circuit potentials; (d) amperometric /-t curves of the catalyst for 12 h over 20 h.

of rosette-like MoS, nanoflowers was examined at the current
density of 10 mV cm™? in acid condition (Movie 1, ESI{). As
shown in Fig. 3d, the current density is stabilized after 20 h and
only a very slight negative shift is observed in the polarization
curve of the sample comparing with the initial polarization
curve (Fig. S5, ESIt), indicating its superior durability for HER
in acid condition. With regard to both activity and stability, the
rosette-like MoS, nanoflowers for 12 h represent as an
outstanding HER electrocatalyst.

Besides utilization in HER, the as-prepared rosette-like MoS,
nanoflowers also plays an important role in energy storage.
When used as an electrode material in supercapacitors, the
electrochemical behavior of the rosette-like MoS, nanoflowers
is studied in 1.0 M aqueous H,SO, with a potential interval from
—0.2 to 0.4 V in a three-electrode system. Fig. 4a shows the CV
curves at different scan rates, ranging from 10 to 800 mV s~ .
Obviously, all the CV curves display an irregular rectangular
shape with a little reduction peak, proving the presence of
a double-layer capacitor (EDLC)** along with a pseudocapacitive
and irreversible faradaic reactions. In addition, the area under
the CV curves increases with the increasing of scan rate,* and

13824 | RSC Adv., 2019, 9, 13820-13828

the estimated area specific capacitance (C,) values in Fig. 4b
based on the CV curves decrease steadily with the increased
scan rate, which can be ascribed to the difficulty in ion transport
at high scan rates.®® The C, value can achieve 71 mF cm > at the
scan rate of 50 mV s, which is larger than the values of the
samples for 6 and 20 h based on Fig. S6a.t This indicated that
the as-prepared sample for 12 h has superior performance when
compared with the samples for other hydrothermal time. Also,
the shape of CV curves retains a good rectangular CV shape even
at a higher scan rate of 800 mV s ', which indicates a good
electrochemical stability and rate performance of the sample.
Furthermore, the typical capacitance enhancement at negative
potentials indicates the easy charge/discharge of positively
charges ions.>* Also, the galvanostatic charging-discharging
(GCD) curves of the rosette-like MoS, nanoflowers in Fig. 4c are
performed in the potential window from —0.2 to 0.4 V to
determine the capacitance dependence on different current
density, ranging from 1 to 25 mA cm ™. And the quasi-triangular
shapes can also indicate the mechanism for the EDLC-
pseudocapacitance combined behavior of the supercapacitors.
Based on eqn (2), the specific capacitances (C,) at the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Electrochemical energy storage performance of the rosette-like MoS, nanoflowers. (a) CV curves at different scan rates from 10 to
800 mV s~ % (b) corresponding specific capacitances at different scan rates; (c) galvanostatic charging—discharging (GCD) curves at current
densities of 1, 2, 5, 10, and 25 mA cm™2; (d) the variation of capacitance at different current densities; (e) cycle stability analysis at a scan rate of
50 mV s~% (f) Nyquist plots in the frequency range from 0.01 Hz to 100 kHz.

corresponding current densities are calculated and plotted in
Fig. 4d. The C, of the sample is 290, 204, 163, 137 and 117 mF
cm™? at current densities of 1, 2, 5, 10 and 25 mA cm?,
respectively. The C, decreases with increasing the current
density, which is due to that the ion transport is difficulty in

nanostructured materials with large surface area at high current

This journal is © The Royal Society of Chemistry 2019

density. The C, of the samples for 6 and 20 h are only 120 and
174 mF cm ™2 at current densities of 1 mA cm ™2 calculated from
the curves in Fig. S6b,t respectively, which can also demon-
strate the superiority of the as-prepared samples for 12 h. In
addition, the specific capacitance achieves a maximum value of
137 mF cm ™2 at a low current density of 10 mA cm 2. This value

RSC Adv., 2019, 9, 13820-13828 | 13825
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is appreciable when compared with previously reported super-
capacitors based on MoS, materials (Table S2, ESIt). The high
capacitance is attributed to the large surface area and the
hierarchically layer structure of the sample, which provide
shorter pathways for fast and efficient ion transport. Moreover,
the specific capacitance kept on decreasing with the increase of
current density, which is owning to the fact that almost all the
available pores of the electrode are occupied by electrolyte ions
at lower current densities.* To validate its practical application,
the cyclic stability of samples is examined by CV measurement
at 50 mV s~ ' in a potential window between —0.4 and 0.2 V. As
shown in Fig. 4e, the specific capacitance of the sample
continues to decrease between 3000 and 4000 cycles, and then
stabilize constant. After 10 000 cycles, the specific capacitance
remains a high capacitance retention of 81.6% after 10 000
cycles. The morphological properties of the samples after 3000
and 4000 cyclability are analyzed by SEM, and the images of the
samples are displayed in Fig. S7.1 From Fig. S7a,t the samples
are still maintaining the original morphology of rosette-like
nanoflowers after 3000 cycles, but the nanoflowers are covered
by the substances after 4000 cycles (Fig. S7bt). So, the active site
of the samples reduces after 3000 cycles, which results that the
capacity continue to decrease between 3000 and 4000 cycles.
After 3000 cycles, the pores are generated on the samples
(Fig. S87), which is beneficial to the transport of the electrons®
and enhance the performance of the electrode material.
Therefore, the capacity stabilizes after 4000 cycles. Fig. 4f shows
the electrochemical impedance spectroscopy (EIS) curve of the
MoS, nanoflowers from 0.01 Hz to 10 kHz (inset shows the
equivalent circuit and the fitted equivalent circuit), which
indicates an excellent EDLC behavior of the device and a small
equivalent series resistance facilitating electrostatic adsorption
of ions.*® Obviously, such MoS, nanomaterial presents great
potential in energy storage applications.

4. Conclusions

In summary, the rosette-like MoS, nanoflowers on Ti foil have
been directly synthesized for the first time via a simple hydro-
thermal reaction. The as-prepared materials obtained by opti-
mizing the synthesis time delivered excellent electrochemical
performance towards the HER and supercapacitor. This is
attributed to the unique 3D architectures and the enlarged
interlayer spacing of the rosette-like MoS, nanoflowers, which is
beneficial to the transport of ions and electrolyte. This work
provided a new way to develop well-designed nanostructured
materials for both efficient energy production and storage.
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