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Abstract

Uniform 3D flower-like MoS; nanostructures were successfully synthesized through
a facile two-step hydrothermal method and were applied as electrode material for
high-performance electrochemical capacitors. Galvanostatic charge—discharge
measurements showed that the MoS; electrode had a specific capacitance of 168 F g_1
at a current density of 1 A g'1 and still retaining 92.6% after the 3000 cycles.
Furthermore, the as-prepared MoS;, nanostructures were used as an adsorbent in
Rhodamine B aqueous solution, and the maximum adsorption capacity toward
Rhodamine B was about 49.2 mg g_l.
Keywords: Flower-like MoS,; Electrochemical capacitors; Adsorbent
1. Introduction

Transition metal sulfides have attracted great attention in a variety of fields, such as
lithium-ion batteries (LIBs),' Electrochemical capacitors (ECs),>? potential hydrogen
storage, catalyst and solid lubricant,* > owing to their unique crystal structure and
chemical properties. As one of the representative members, MoS; has received much
attention in many fields due to its unique atomic structure. MoS; is composed of three
atom layers (covalently bound S—-Mo-S trilayer), and the triple layers are stacked and
held together by weak van der Waals interactions.® ’ Because of the weak van der
Waals interactions, MoS, can be exfoliated to a single-layer or few-layers structure
easily, which is the analogue of graphene.®’

As is well known, graphene materials have been extensively applied in areas of
photoelectricity, electrics and supercapacitor, because of their high -electrical

conductivity and great chemical stability.lo’ " However, graphene is generally
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expensive. Unlike graphene, MoS, nanostructure can be easily synthesized at large
scale with low cost techniques such as hydrothermal, chemical vapor deposition and
sonochemical routes.'>!* Moreover, the two-dimensional (2D) electron correlations
among Mo atoms could improve the properties of complicated planar electric
transportation. It is expected that this material could be a substitute for graphene in

many fields such as ECs, adsorbents, and so on.

In recent years, ECs have become a new research hot spot in the field of energy
storage due to its high levels of electrical power, large specific energy density, fast
charging—discharging rates and environmental protection.” '® According to the
working mechanisms, supercapacitors can be divided into two types. One is
pseudocapacitors which is a Faradic process relying on redox reactions, usually
containing transition metal oxides or hydroxides and conducting polymers as electrode
materials.'” The other is electric double layer capacitors (EDLCs) due to charge
separation at the electrolyte interface, such as carbon nanospheres, carbon nanotubes
and graphene.' ' Nowadays, MoS, has attracted more attention in supercapacitors
because of its higher intrinsic ionic conductivity than oxides and higher theoretical

capacity than graphite.zo’ 2

Until now, to the best of our knowledge, reports on supercapacitors behavior of
pure MoS; are still limited.”* Soon et al. exhibited MoS, based micro-supercapacitor

=).2% Sun et al.

with a capacitance of 8 mF cm™ (volumetric capacitance of 178 F cm
reported porous tubular C/MoS, nanocomposites and the bulk MoS, with capacitance
of 210 and 40 F g'1 at 1 A g_l, respectively.23 Huang et al. demonstrated
polyaniline/2-dimensional graphene analog MoS, composites for high-performance
supercapacitor and the specific capacitances of the pure MoS; electrodes was only 98
Fg'atlA g Recently, Kim and co-workers synthesized MoS, nanostructures
through a hydrothermal method and used as the anode material in 1 M Na;SO4
aqueous electrolyte. However, the electrochemical tests showed that the maximum
specific capacity was just about 92.85 F g_1 at a constant discharge current density of
0.5 mA cm™.* Ma et al. reported the flower-like MoS, nanospheres synthesized by a

hydrothermal route and the specific capacitance of MoS, is 122 F g_1 atl A g_1.26
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With the development of industrialization, water pollution has attracted intensive
concern. Among the various pollutants, the pollution of water resources by dyes from
the textile has become a serious environmental problem. In order to remove the dyes
from the aqueous environment, numerous methods have been explored, such as
adsorption, photocatalysis, electrochemical degradation, acidification, etc.”” Among
the above-mentioned methods, adsorption technology has been applied extensively to
remove organic pollutants from aqueous solutions due to its simplicity, speed, low
cost, high removal capacity, low secondary pollution and environmentally friendly
nature.”® Recently, three-dimensional (3D) transition metal oxide materials have been

widely used as adsorbents to deal with organic dyes from waste water.” *

Herein, 3D flower-like MoS, nanostructures were synthesized through a facile
two-step hydrothermal method by using MoOs nanorods as precursor. The as-prepared
MoS, possess of a typical electrical double-layer capacitance. The MoS; electrode
showed a high specific capacitance of 168 F g™ at 1 A g™' in 1 M KCI solution. In
addition, the MoS, materials show excellent long-term cyclic stability. The capacitance
still remains about 92.6% after 3000 cycles of charge—discharge at a current density of
1A g_l. Furthermore, the materials were used as adsorbent in Rhodamine B (RhB)

solution and exhibited a strong capability to remove organic pollutants.
2. Experimental
2.1 Reagents

Ammonium molybdate (NH4)¢M07074), thiourea (H,NCSNH>), nitric acid (HNOs3)
and absolute ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. All
these reagents were of analytical grade and used without further purification. Deionized

water was used throughout.
2.2 Synthesis of MoQO3 nanostructures

The MoO; nanorods were synthesized as follows: 0.524 g (NH4)sMo070,4 were
dissolved in 30 mL deionized water under violent stirring for about 10 min. Then 10

mL 2.2 M HNO; solutions were transferred into the above solution. Finally, the
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solution was transferred into a 50 mL Teflon-lined stainless steel autoclave and heated
at 180 °C for 21 h. The product was rinsed several times with deionized water and

absolute ethanol, and then was dried in vacuum at 60 °C for 24 h.
2.3 Synthesis of flower-like MoS; nanostructures

The MoS; nanostructures were synthesized by MoOs and H,NCSNH,. In short:
0.08 g H,NCSNH; was dissolved in 30 mL deionized water. After stirring for 10 min,
0.08 g MoOs were added into the above solution with ultrasonic treatment for 10 min,
and then the solution was violently stirred for about 20 min. Finally, the mixed
solution was transferred into a 50 mL Teflon-lined stainless steel autoclave and heated
at 180 °C for 40 h. The autoclave was allowed to cool naturally to room temperature.
The product was collected by centrifugation, washed with distilled water and ethanol

for several times and finally dried at 60 °C for 8 h.
2.4 Material characterization

The scanning electron microscopy (SEM) images have been taken with a Hitachi
S-4800 field-emission scanning electron microscope. X-ray powder diffraction (XRD)
patterns have been obtained on a Rigaku Max-2200 with Cu Ka radiation. The
transmitting electron microscopy (TEM) images were recorded on a FEI Tecnai G* 20
high-resolution transmission electron microscope performed at an acceleration voltage
of 200 kV. The surface area of the as-obtained sample was computed from the results
of N, physisorption at 77 K (model: BECKMANSA3100 COULTER) using the BET
(Brunauer—Emmett-Teller) formalism. UV-vis absorption spectra were recorded on a

Hitachi U-3010 spectrophotometer
2.5 Electrochemical measurements

The capacitive performances of the as-prepared MoS; sample were measured on a
CHI 660D electrochemical working station (Chenhua Corp., Shanghai, China) with a
three electrode experimental setup. The working electrode was made of as-prepared
MoS, (80 wt %), acetylene black (15 wt %) and polytetrafluoroethylene (PTFE)

binder (5 wt %). After grinding, the mixed materials were pasted onto a piece of nickel
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foam and dried under vacuum at 60 °C for 3 h. Platinum wire and standard calomel

electrode (SCE) were used as the counter and reference electrodes, respectively.

The specific capacitance (C) of the electrode can be evaluated according to the

following equation (Eq.):
I xAt

- mxAV (M)

Where C (F g™') is the specific capacitance of the electrode based on the mass of
active materials, / (A) is the current during discharge process, At (s) is the discharge

time, AV (V) is the potential window, m (g) is the mass of active materials.
2.6 Adsorption behavior measurements of RhB

The Adsorption behavior of RhB was conducted according to the following
procedure: 0.02 g of the as-prepared MoS, was respectively dispersed into 50 mL RhB
solution of different concentrations (10, 15, 20, 25, 30 mg L_l). Then the solution was
placed in the dark and stirred vigorously with a magnetic stirrer. 4 mL of the suspension
was taken out at every 5 mins. Finally the suspension was centrifuged and collected.
The concentrations of RhB were analyzed at 553 nm with a UV-vis spectrometer. The

adsorption capacity of the outcomes was calculated by the following Eq.:
O = (G- QYVIW 2)

where O (mg g'l) is the adsorption capacity at different time, Cy (mg L") is the initial
concentration of the RhB solution, C; (mg L_l) is the concentration of the RhB solution
at time t of adsorption, V (L) is the volume of the RhB solution and W (g) is the weight

of the adsorbent.
3. Results and discussion
3.1. Material characterization

The morphology of the as-prepared samples was studied by SEM. Figure 1(a)
shows a SEM image of the precursor MoOj3 in which many nanorods with the average
diameter of 400 nm and lengths up to 15 pm were seen. Figure 1(b) displays an X-ray

powder diffraction (XRD) pattern of the MoOs; nanorods. It can be seen that all of the
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diffraction peaks can be perfectly indexed to pure MoOs (JCPDS card No. 47-1320)

and no excrescent peaks are detectable.

The low-magnification SEM image (Fig. 2a) demonstrates that the typical product
consists of a large quantity of uniform 3D flower-like nanostructures. The flower-like
nanostructures have diameters of about 300-500 nm. The high-magnification SEM
image (Fig. 2b) reveals that the flower-like nanostructures were composed of
intercrossed curved nanoflakes with thickness of several nanometers. Transmission
electron microscopic (TEM) observation further confirms the result of SEM. Figure
2(c) depicts a TEM image of an individual nanoflower, from which the intercrossed
nanosheets with dense and smooth surfaces can be clearly seen. Figure 2(d) displays an
XRD patterns of the final product, in which the diffraction peaks can be assigned to the
002),(100),(102),(006) and (1 1 0) planes of hexagonal MoS, (JCPDS No.
37-1492), respectively. And the crystallization of flower-like MoS; is similar to the

. 23-26
previous reports.

3.2. Growth mechanism

On the basis of the above experimental results and analysis, we propose a possible
mechanism to explain the formation of the flower-like MoS, nanostructures. The

following reactions may occur during the hydrothermal process:

6HNO3 + (NH4)6M07024 = 7MOO3+NH4NO3 + 3H20 (3)
NH2CSNH2 + 2H20 = 2NH3 + st + C02 (4)
3MoO; + H,S = 3MoS; + SO, + 7TH,O &)

At the initial stage, HNOj3 react with (NH4)sMo07074 under hydrothermal condition
and white color MoOs is produced according to Eq. (3). At the second stage,
NH,CSNH; decomposed into H,S gas at high temperature [Eq. (4)]. The produced H,S
react with MoOs and black color MoS; is produced [Eq. (5)]. According to the above
reactions, the morphological evolution process of the MoS; nanostructures was

presumed and illustrated in Scheme 1. Of course, it still needs more detailed and
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systematic work to provide evidence to make clear the precise growth mechanism of

the flower-like MoS, nanostructures.
3.3. Electrochemical properties

Cyclic voltammetry (CV) curves were measured at various scan rates ranging from
10 to 100 mV s"in 1 M KClI solution to reflect the electrochemical properties of MoS,,
as shown in Fig. 3a. It is obvious that there is no redox peaks in all CV curves,
indicating that MoS, nanoflowers possess a typical electrical double-layer capacitance,

. . .. . 24.25
which is similar to the previous reports. =~

Galvanostatic charge—discharge curves of the MoS, nanoflowers are investigated at
various current densities (0.5, 1,2 and 4 A g'l) with voltage between —0.9 V and —0.2
V, as shown in Fig. 3b. During the charge—discharge process, all the curves are
symmetric and present good supercapacitive behaviors. The specific capacitances are
obtained from Eq. (1). According the results, the specific capacitances of the MoS,
nanoflowers are 178, 168, 159 and 148 F g_1 at 0.5, 1,2and 4 A g_l, respectively. In
the previous research, the specific capacitances of the pure MoS, electrodes were only
40, 98, 122 F g'1 at 1l A g_l, respectively.23’ 2426 The observed specific capacitance is
high compared to the previous research, which is attributed to the uniform nanoflowers

morphology.

For supercapacitors, cycling stability is also a very important parameter. Therefore,
galvanostatic charge—discharge measurements of the MoS, nanoflowers for 3000
cycles are further conducted at a current density of 1 A g_1 with a potential window of
—0.7 V, as shown in Figure 3c. The result shows that there is only a slight decrease and
the capacitance still remains about 92.6% after 3000 cycles, demonstrating that MoS,

nanoflowers have good cycling stability.

Electrochemical impedance measurements were also applied for the MoS,
nanoflowers, as shown in Fig. 3d. Clearly, the Nyquist plots before and after 100 cycles
are composed of a semicircle at the high frequency region and a straight line at the low
frequency region. The semicircle in the high frequency range is attributed to the three

sections: electrolyte, electroactive material and the contact resistance between the
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electroactive material and the current collector, and the straight line is related to the
diffusive resistance. There is no obvious difference between the 1st and 100 st cycles,

indicating that MoS, nanoflowers are suitable for supercapacitors.
3.4 Application in waste water treatment

Figure 4a shows the absorption spectra of 20 mg L™' RhB solution with 0.02 g
as-prepared MoS; at different times in the adsorption process. The characteristic
absorption peaks of RhB at 553 nm were used to monitor the adsorption process. After
5 mins of adsorption, the original concentration has been decreased for 78%, and RhB
can be completely removed within 35 mins. Fig. 4b displays the variations of RhB
concentration (C/Cp) over the whole adsorption process. It is obvious that the
adsorption reached equilibrium after 35 min, and more than 91% RhB molecules were

adsorbed.

Figure 4c¢ shows the adsorption isotherms of RhB solution, indicating that the values
of Qe increase with the increase of the RhB concentration, and reaches a maximum
value when the RhB concentration is too high. The experimental data consistent with
the Langmuir adsorption model isotherms. According to this isotherm, the maximum
adsorption capacity of the MoS; nanoflowers is about 49.2 mg g'l. These data indicate

that the MoS; nanoflowers possess good adsorption capacities on RhB solution.

As we know, the surface structure of the adsorbent and the intermolecular force
between the material surface and the dye species are responsible for the dye removal.
RhB adsorption typically takes place because of the electrostatic attraction between its
cationic groups and the charges on the surface or the sorbent as well as the surface area
and pore size of the material. BET surface area of the flower-like MoS; is 18.68 m’ g_l,
as shown in Fig. 4d, and the size of the average pore width is about 16.8 nm (inset of
Fig. 4d). The BET surface area of flower-like MoS; is not very large, so the adsorption
capacity may not be concerned with the surface area. And the high adsorption ability
maybe ascribed to intermolecular force such as electrostatic attraction, Van der Waals

attraction and so on.
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FTIR spectroscopic analysis is performed to gain insight into RhB adsorption
mechanisms on the surface of MoS,. The FTIR spectra of MoS, before and after
adsorption of RhB, with and without desorption, and crystalline RhB are shown in Fig.
5. The weak peaks at about 470 cm™! at MoS; and MoS, after adsorption RhB FTIR
spectra are assigned to Mo—S vibration.”® While new peaks at about 1587 and 1340

cm™!

can be observed at the MoS, after adsorption RhB spectra, which are the
characteristic of in-ring C—C and C-H stretching vibration in aromatic ring of pure
RhB, 1respectively.3 ? There is no obvious change in the intensity of RhB vibrations as
compared to the FTIR spectra of MoS, after adsorption RhB with and without
desorption, which indicates that the RhB has been tightly incorporated in MoS;

backbone. Therefore, we believe that the electrostatic attraction could be responsible

for RhB adsorption of MoS,.

In order to confirm this conjecture, Methyl orange (MO), an anionic dye was used
for comparative experiment. However, MO can not be removed from water by the
flower-like MoS, (Fig. S1), which preferentially adsorb the cationic dye (RhB). The
result indicated that the material could be potentially used for the separation and

recycling of cationic and anionic dyes in the future.
4. Conclusions

In summary, flower-like MoS; nanostructures were successfully synthesized
through a hydrothermal route by MoO3 nanorods. The CV curves of the as-prepared
MoS; nanoflowers possessed of a typical electrical double-layer capacitance with a
high specific capacitance of 168 F g'1 at a current density of 1 A g_1 and after 3000
cycles still remain 92.6%. Beside the excellent electrochemical properties, the
as-prepared MoS, nanoflowers also show good adsorption capacities on RhB solution
and the maximum adsorption capacities of the flower-like MoS, is about 49.2 mg g™
Electrostatic attraction is responsible for RhB adsorption. All the data show that the
flower-like MoS; can be suitable for electrochemical supercapacitor devices and also

can be ideal adsorbent in water treatment.
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Graphical Abstract

Uniform 3D flower-like MoS; nanostructures were successfully synthesized through
a facile two-step hydrothermal method and had a high supercapacitor and adsorption

behaviors toward Rhodamine B.
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Figures Caption

Fig. 1 (a) SEM image of the precursor MoOj; nanorods; (b) XRD pattern of the MoO;

nanorods.

Fig. 2 (a, b) FESEM images of the flower-like MoS;; (c) TEM of the flower-like MoS,
and (d) XRD pattern of the MoS, sample.

Fig.3 (a) CV curves of MoS, electrode at various scan rates in 1M KCI; (b)
Charge—discharge curves at a series of current densities for as-obtained MoS, electrode
in 1M KCI; (¢) Long-term stability curves of MoS, electrodes at a current density of 1
A g'; (d) The electrochemical impedance spectra of the electrodes at first and 100

cycles.

Fig.4 (a) UV-visible absorption spectra of 20 mg L™' RhB solution at different
absorption times with 0.02 g as-prepared MoS;; (b) Adsorption rate curves of 0.02 g
as-prepared MoS, in 20 mg L' RhB solution; (¢) Adsorption isotherms of RhB
solution using the as-prepared MoS; (C. is the concentration of RhB, 0, is the amount
of RhB adsorbed per unit mass of adsorbent at equilibrium; (d) BET spectra of the

as-obtained MoS;; the inset shows the pore size distribution.

Scheme 1. Schematic illustration of the morphological evolution process of the MoS,

nanostructures.

Fig.5 (a) FTIR spectra of MoS; before and after adsorption of RhB, with and without
desorption, and crystalline RhB; (b) Enlarged image of the zone marked in (a).
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Fig. 1 (a) SEM image of the precursor MoQOj3 nanorods; (b) XRD pattern of the MoOs
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Scheme 1. Schematic illustration of the morphological evolution process of the MoS,
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Charge—discharge curves at a series of current densities for as-obtained MoS; electrode

in 1M KCI; (¢) Long-term stability curves of MoS, electrodes at a current density of 1

A g '; (d) The electrochemical impedance spectra of the electrodes at first and 100

cycles.
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Fig.4 (a) UV-visible absorption spectra of 20 mg L™' RhB solution at different
absorption times with 0.02 g as-prepared MoS;; (b) Adsorption rate curves of 0.02 g
as-prepared MoS, in 20 mg L' RhB solution; (¢) Adsorption isotherms of RhB
solution using the as-prepared MoS; (C. is the concentration of RhB, 0, is the amount
of RhB adsorbed per unit mass of adsorbent at equilibrium; (d) BET spectra of the

as-obtained MoS;; the inset shows the pore size distribution.
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Fig.5 (a) FTIR spectra of MoS; before and after adsorption of RhB, with and without
desorption, and crystalline RhB; (b) Enlarged image of the zone marked in (a).



