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Abstract: Novel three-dimensional flower-like heterostructured SnS,/MoS, was produced via one-step
hydrothermal method. The full potential of the heterostructured SnS,/MoS, material could be realized
because of strong synergetic effect, which was not only able to effectively weaken the agglomerating
and restacking problems during the electrochemical reaction, but also able to ensure the high-rate and
long-life. We found that the SnS,/MoS, had better electrochemical performance compared to the MoS,,
due to the rapid electronic transport and volume change buffering of the formation of SnS,/MoS,
heterostructure. The electrochemical tests showed that the SnS,/MoS, electrode had a specific
capacitance of 105.7 F g ' at a current density of 2.35 A g ' and it displayed good cyclic stability of
90.4% retention even after 1000 cycles, which indicated that the SnS,/MoS, was an useful potential
electrode material for the application of energy storage and deserved to be further investigated.
Keywords: molybdenum disulfide, tin disulfide, heterostructured nanomaterial, energy storage,

supercapacitor
1. Introduction

To meet the urgent needs for renewable and sustainable power sources, great attention has been

focused on storage devices and energy conversion with ultra fast charge and discharge characteristics,
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[1-3

such as supercapacitors 1. Supercapacitors are a new energy storage with high power density, fast

charging/discharging rate, super-long cycle life, and excellent cycle stability™ .

Three-dimensional (3D) hierarchical structures, which are comprised of low dimensional nanosheets
building blocks nanostructures, are promising as electrodes ™'! Because 3D hierarchical structures
exhibit the advantages of the pristine building blocks and the improvement property of their secondary
architecture. With regard to Supercapacitor, the 3D hierarchical structures can facilitate the
transportation of electrons and ions and accommodate the volume change of materials in
electrochemical reaction process 24,

Molybdenum disulfide (MoS,), as an important member of two-dimensional(2D) nanomaterials, is
composed of three atom layers (S-Mo-S) stacking together via week van der Waals interaction. Up to
now, 3D hierarchical structures MoS,, such as flower-like nanostructures [, hierarchically porous

[16-18

hollow spheres 1 have been proved to be effective in improving their electrochemical properties. In

general, self-assembled style, which minimize the energy of the reactive system in a spontaneous
process, is the simplest synthetic route to obtain 3D hierarchical structures!”). However, the design and
electric reactivity of 3D nano-heterostructures have rarely been studied. Kim et al. reported the MoS,
nanostructures synthesized by a hydrothermal route and the specific capacitance of MoS, was 92.85
Fg ! at a constant discharge current density of 0.5 mA cm™ **°. Ma and co-workers synthesized

flower-like MoS, nanospheres through a hydrothermal method. However, the electrochemical tests

1 1[21]

showed that the maximum specific capacity was just about 122 F g " at 1 A g . Sun et al

demonstrated polyaniline/MoS, composites for high-performance supercapacitors and the specific

1 1122

capacitance of the pure MoS, electrodes was only 98 F g ' at 1 A g '™ However, the rate

performances and cycling stabilities of the electrode materials are still unsatisfactory. Ternary sulfides,
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such as nickel-cobalt sulfides, exhibit an electric conductivity that is much higher than those of single
component sulfides. For example, Chen et al reported that the hierarchical structured NixCol-xS; 97
electrodes exhibited a remarkable maximum specific capacitance of approximately five times higher
than that of the CoS; o7 precursors at a current density of 0.5 A g1, Chen and colleagues proved that
the specific capacitance of Ni@Ni;S, was improved from 89 F g’1 to 122 F g’1 for Ni@Ni, 4Co;6S; at a
current density of 1 A g' with a high loading level (20 mg cm?). The as-assembled
Ni@Ni; 4Co, ¢S,//AC showed better cycling stability and coulombic efficiency than Ni@Ni;S2/AC™*.
Guan and colleagues fabricated a 3D hierarchical nest-like Ni;S,@NiS with nanorods as building
blocks, which was then used as template to prepare NizS,@CoySg and NiS@NiSe, electrodes. The
specific capacities of Ni;S,;@NiS, Ni;S,@Co,Sg, and NiS@NiSe; electrodes were 2440, 6427,and 7717
F g, respectively, at a current density of 0.5 A g"'*°). The results indicated that the synergistic effect of
double metal ions could enhance the electrochemical performance .

Herein, we report the preparation of MoS, 3D hierarchical structures with grown SnS, by a
simple one-pot approach without using any toxic chemicals. In this nanostructure, Sn ions can be
readily embedded onto the flowerlike MoS, nanosheets through one-top hydrothermal technique.
And three-dimensional flowerlike heterostructured SnS,/MoS, nanosheets act as framework-like
substrate to provide a path for ions diffusion. In the nanostructure, SnS, nanoplates reside in the
flowerlike MoS, nanosheets to prevent the collapse of the MoS, nanosheets. Thereby, the
synergistic effect of MoS, nanosheets and SnS, nanoplates is not only able to effectively weaken
the agglomerating and restacking problems during the electrochemical reaction, but also able to
ensure the high-rate and long-life. The structure, morphology and electrochemical performance of

the electrode material were investigated. The as-prepared SnS,/MoS, electrode exhibits a high
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capacitance of 105.4F g at 2.35A g, and also shows excellent cycle stability. The results
confirme that the as-prepared heterostructured SnS,/MoS, nanostructured electrode exhibites an

enhanced electrochemical behavior.
2. Experimental section

2.1 Materials

Sodium molybdate, thiourea, and tin tetrachloride were of analytical grade and used without
further purification. In a typical procedure, 2.4mm Na,MoO4*2H,0, 0.8mm SnCl,; and 9mm
(NH,),CS were dissolved in 15 ml of deionized water and 5ml of absolute ethanol. After stiring
for 30 min, the solution was transferred into a 50 ml Teflon-lined stainless steel autoclave and
sealed tightly and then heated at 210 ‘C for 22 h. After cooling naturally, the black precipitates
were collected, washed by deionized water several times, and dried at 80 ‘Cfor 5 h in a vacuum
oven. Finally, the hierarchical heterostructured SnS,/MoS, were obtained. As a comparison, 3D
flower-like MoS, was obtained, when 2.4mm Na,MoO,*2H,0 and 4.8mm(NH,),CS were dissolved in
15 ml of deionized water and Sml of absolute ethanol with the other reaction conditions left unchanged.
2.2 Characterization

The crystal structure of the obtained SnS,/MoS, was characterized by X-ray diffraction (XRD) on a
PANalytical X’ pert PRO instrument using Cu Ko radiation. The morphology of the sample was
studied by transmission electron microscope (TEM) on a JEOLJEM-2100 instrument at an accelerating
voltage of 80 kV and field-emission scanning electron microscope (FESEM) using a JEOL-JSM6701F
instrument at an accelerating voltage of 5 kV. The qualitative information was obtained by X-ray
Photoelectron Spectrometer (XPS, VG ESCALAB 210)
2.3 Electrochemical Measurements

A typical three electrode test cell was used for capacitive performances of the as-prepared sample
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on a CHI660D (Chenhua, Shanghai, China) electrochemical working station. All of the measurements
were carried out in a 1 M KCI aqueous electrolyte solution at room temperature. The working electrode
was fabricated by mixing the as-prepared electroactive material, carbon black and poly(tetra
fluoroethylene) at a weight ratio of 85:10:5 to form a homogeneous slurry (the total mass of the
electrode material was 10 mg), which was pasted onto a piece of nickel foam current collector using a
blade. Afterwards, the electrode was dried at 80°C for 12h. A saturated calomel electrode (SCE) and
platinum sheet were used as the reference and counter electrodes, respectively. Cyclic voltammetry
(CV) measurements were carried out in the potential range from -0.9 V to-0.3 V using different scan
rates, which was varied from 2 to 20 mV s”. Galvanostatic charge-discharge (GCD) curves were
recorded at different current densities within the potential range from -0.9 V to -0.3 V. Electrochemical

impedance spectroscopy (EIS) measurements were performed in the frequency range of 10° to 107 Hz.
3. Results and Discussion

The XRD pattern of the SnS,/ MoS, displays two kinds of diffraction peaks in firgure 1, Besides the
diffraction peaks at 13.9° (002), 33.3° (100) and 57.5° (006) reflections assigned to the MoS,
(JCPDS card no.37-1492)1 all additional ones are well-matched to the SnS, (JCPDS #23-0677)>"!
indicating the presence of SnS, grown with MoS, .

The low-magnification SEM image (Fig. 2a) demonstrates that the MoS, consists of a large quantity
of uniform 3D flower-like nanostructures. The flower-like MoS, has diameters of about 600-800 nm.
The high-magnification SEM image (Fig. 2b) reveals that the flower-like nanostructures are composed
of intercrossed curved nanoflakes with a thickness of several nanometers. The morphology of the
as-synthesized flowerlike MoS, was further characterized by TEM. As shown in Fig. 2c, TEM image
confirmes the existence of flowerlike MoS, structures, which closely correlates with the results of the

SEM measurement. Figure 3(a,b) shows the SEM image of the as prepared flower-like SnS, /MoS,
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heterostructure. The 3D architecture is helpful to increase the specfic area. 3D flower-like
heterostructured MoS,/SnS, facilitates rapid electronic transport in electrode reactions. Furthermore,
this structure also enhances the stability of electrochemical performance. Figure 3¢ shows the TEM
image of SnS,/MoS, heterostructure. The image reveals a general trend with the sheets of SnS,
homogeneously embedded in MoS,, showing the layered platelets. The Mapping analyses on the
SnS,/MoS, (Figure 3d) reveal the presence of not only Mo and S but also Sn, which confirm the
assumption that some SnS, may be formed in the interior of MoS,. Inductively coupled plasma mass
spectroscopy analysis reveals that the ratio of Mo:Sn was 3.4:1.

The obtained SnS,/MoS, were further characterized by XPS. The high-resolution XPS of Mo 3d
exhibits three peaks in Fig. 4a. The peaks at 233.1and 229.9 eV are Mo 3d;, and Mo3ds,, binding
energies, respectively. These peaks can be attributed to the Mo ion in the +4 oxidation state. The peak
227.1 eV can be ascribed to the 2s binding energy of S in MoS,. The high-resolution of S 2p spectrum
showed main doublet located at binding energies of 162.1 and 163.2¢V in Fig. 4b, which can be
assigned to the spin-orbit couple S 2p;, and S 2pyp, respectively. These binding energies agrees
well with the reported values for the MoS, (25291 The two strong peaks at around 486.5 and 495
eV are displayed in Fig. 3c. These peaks can be attributed to Sn 3ds, and 3ds,, respectively, which
are consistent with the reference data of Sn*" in SnSZBO].

The electrochemical measurement results of the MoS, and SnS,/MoS, electrodes were evaluated by
cyclic voltammetry (CV). Fig. 5a shows the cyclic voltammograms curves of the SnS,/MoS, electrode
at various scan rates ranging from 2 to 20 mV s~ ' in a potential range of -0.9 V to -0.3 V. It can be
observed that all the curves exhibit an approximately rectangular shape without any redox peaks which

indicates a typical electrical double-layer capacitance feature with fast charging-discharging processes.
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In addition, the shapes of these CV curves do not significantly change with increasing scan rate from 2
to 20 mV s™', which reveals the ideal capacitive behavior and good charge collection as well as the
facilitated diffusion of K* in the SnS,/MoS, electrode®®). Furthermore, the CV curve area increases
with the scan rate, indicating that the rates of electric and proton transportation are rapid with respect to
the scan rates. The normalized CV of MoS, nanoflowers at the scan rate of 10 mV S™ ! have also been
measured and shown for comparison with SnS,/MoS; in Figure 5b. Obviously, the SnS,/MoS, owns
larger enclosed area than pure MoS,, suggesting that the former has a larger areal capacitance. This is
mainly due to the great contribution of the SnS,/MoS, which prevents the collapse of the MoS,
nanosheets. Thereby, the synergistic effect of MoS, nanosheets and SnS, nanoplates is not only
able to effectively weaken the agglomerating and restacking problems, but also able to facilitate
rapid electronic transport in electrode reactions.

To further calculate the specific capacitance of the 3D flower-like heterostructured SnS,/MoS,
electrode, the charge/discharge measurements were performed between -0.9 V to -0.3 V at different
current densities in 1 M KCI solutions as shown in Fig. 3c. The specific capacitance was calculated by

the following equation:

It
mAV

Cm
where Cm (F g) is the specific capacitance, I (A) is the discharge current, t (s) is the discharge time,
AV (V) is the potential window, and m (g) is the mass of the active material.
According to the equation, the specific capacitances of the SnS,/MoS, are 151.9, 127.4, 111.3, and
105.7 F g™ at 0.24, 0.59, 1.18, and 2.35 A g, respectively (Figure 5c). At low current densities, the

inner active sites or the pores of the electrode can be fully accessed and diffused with cations; hence,

high specific capacitance values are achieved. The charge/discharge behavior of MoS, had also been
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measured and showed in Figure 5d. The capacitance of the electrode is calculated to be about 145.8,
125.1, 100.3 and 67.3 F g’1 at 0.24, 0.59, 1.18, and 2.35 A g'l, respectively. They own low capacitance
(673F g 'at2.35Ag ') compared to SnS,/MoS, electrode, which deliver an improved capacitance.
The enlarged specific capacitance can be attributed to the synergistic effect of two-component
heterostructured metal sulfides.

Fig. 6a shows Nyquist plots of the EIS data obtained for the SnS,/MoS, and MoS, electrodes at open
circuit potential over the frequency range 0.01-100,000 Hz in 1M KCI electrolyte solutions. In low
frequency area, the Warburg impedance (W), which results from the diffusive resistance of the
electrolyte into the interior of the electrode and the ion diffusion into the electrode, is shown by the
slope of the curve. The more vertical the curve is, the smaller Warburg impedance is. The slopes of the
curve at low frequency area of SnS,/MoS, electrode is more vertical compared to MoS,, which
demonstrates the decreasing of diffusive resistance between the electrode and the electrolyte. In the
high frequency area, the semicircle corresponds to the charge-transfer resistance of the electrode and
electrolyte interface®®* . Different from pure MoS,, the semicircle is smaller in SnS,/MoS, electrode,
indicating that the resistance is significant lower. The bulk resistance of the electrochemical system can
also be realized from the intersection of the curve at real part Z. From the plots, we can see SnS,/MoS,
electrode shows lower bulk resistance.

The cycling stability of the SnS,/MoS, electrode was investigated by repeating the galvanostatic
charge-discharge measurements ranging from -0.9V to -0.3 V over 1000 cycles at the current density of
2.35A g'1 , as shown in Figure 6b. The specific capacitance gradually decreases with the cycle number,
and the specific capacitance of this electrode still remains at 90.4% after 1000 cycles. Figure 4b also

shows the cycle characteristic of pure MoS, at a current density of 2.35 A g™ for up to 500 cycles. After
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that, it only retains 79% of the initial capacitance with a quite quick decrease. It is clear that the cycle
stability of SnS,/MoS, are greatly improved. The excellent electrochemical performance can be
attributed to SnS,/MoS, heterostructure, which forms an interconnected conducting network, and

facilitates rapid electronic transport in electrode reactions.
4. Conclusions

In summary, we have demonstrated a one-step hydrothermal way to fabricate 3D flower-like
heterostructured SnS,/MoS,, which had better electrochemical performance compared to the MoS,.
The as-prepared SnS,/MoS, electrode exhibited a high capacitance of 105.4F g at 2.35A g, and also
showed excellent cycle stability. This capacitive behavior mainly resulted from the the rapid electronic
transport and volume change buffering of SnS,/MoS, heterostructure during electrochemical
measurement. Due to the excellent performance, we believe that the SnS,/MoS, is a potential
promising electrode material for the application of energy storage or conversion with fine

electrochemical performance and deserved to be further investigated.
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Figure 1. XRD patterns of the flower-like MoS, and heterostructured SnS,/MoS,

Figure 3. (a,b) SEM(c) TEM images of flower-like heterostructured SnS,/MoS,(d)Corresponding
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Fig. 4. XPS spectra of the flower-like heterostructured SnS,/MoS,. (a) high-resolution spectra for Mo

3d (b) high-resolution spectra for S 2p (c)high-resolution spectra for Sn3d.
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Figure 5. (a) CV curves of the SnS,/MoS, electrodes at different scan rates (b) Normalized CV
curves of the MoS, and SnS,/MoS, electrodes at 10mv s (c)Galvanostatic charge-discharge curves of
SnS,/MoS, electrodes at different current density. (d)Specific capacitances of MoS, and SnS,/MoS,

electrodes a at different current density.
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Figure 6.(a) Nyquist plots of MoS, and SnS,/MoS, electrodes in 1 M KC1 (b) Cycling stability of the

MoS; and SnS,/Mo$; at a current density of 2.35A g™
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3D heterostructured SnS,/MoS, for enhanced Supercapacitor Behaviors was produced via One-Pot

hydrothermal Synthesis



