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ABSTRACT: Self-assembled highly hierarchical novel SnS2 microflowers having acute edge nanopetals have
been fabricated using a facile template-free hydrothermal growth technique utilizing Tin (II) chloride dihydrate
(SnClz2:2H20) and Sodium sulfide nonahydrate (NazS-9H20) as reaction reagents. Morphological analysis exhib-
its the flower-type SnSz microarchitectures ranging from 4 to 7 um. The vibrational mode measured at Aig =
314 cm-! confirms the existence of hexagonal phase SnSz using Raman spectroscopy. The electrochemical re-
sults suggest the promise of as-synthesized SnSz structures as a cathodic material in lithium-sulfur batteries.
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1 Introduction

Recently, the nanoscale semiconductors have stimulated considerable attention [1,2]. The metal
chalcogenide semiconductor nanomaterials have attracted extensive scientific and technological at-
tention due to their unique optoelectronic properties [3,4], potential applications in solar cells [5],
light-emitting diodes [6], photoconductors and semiconductors [7] and lithium-ion batteries [8]. The
crystal structure of Tin (IV) disulfide consists of two-layered hexagonally closed packed anions of
sulfur sandwiched with tin cations that are coordinated octahedrally by six nearest-neighbors of sul-
fur. An n-type semiconductor having a 2.44 eV band gap [9]. Various physio-chemical techniques
have been utilized for synthesis of SnS; nanoparticles include solvothermal [10], chemical bath dep-
osition [11], the hydrothermal process [12], thermo-decomposition [13], etc. Recently, metal sulfides
have been also introduced into the cathode to enhance the electrochemical response of sulfur-based
electrodes. SnS; is a highly conductive material among the transition metal sulfides and due to their
capability as acting hosts. These guest species occupy the empty sites which are bounded by van der
Waals forces between the adjacent closely packed layers of chalcogen [14]. Thus, lithium can be im-
planted into SnS; ascribing to the property and consequently, a cathode material, i.e., SnS; can be
utilized for applications in lithium batteries [15]. Among alternative battery chemistries, rechargea-
ble Li-S batteries using sulfur as cathode and Li as the anode gained attention due to their higher
specific capacity, i.e., 1675 mAh/g and energy density (2600 Wh/kg) values. Their operating voltage
is 2.1 V exhibits suitability for low-voltage electronic devices. Moreover, sulfur is low-cost, nontoxic
and naturally abundant, making sulfur a potential candidate for Li-S batteries. Lithium ions are
formed during discharge at the lithium-metal anode which transfer to the sulfur cathode through the
electrolyte, similarly, the electrons move through an external circuit leading to the Li-S formation as
the final cathodic discharge product [16]. SnS; is a highly conductive material produced at optimum
temperatures where polysulfide clusters are created in sulfur-rich environment through sulfuriza-
tion of Sn. A series of structural and compositional deviations occurs in Sulfur during cycling where
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the insoluble sulfides and soluble polysulfides usually leading to losing active materials at the cath-
ode, inferior coulombic efficiency and cycling stability in Li-S batteries. As a result, researchers are
struggling to develop a stable electrode structure and adequate cycle life with improved efficiency.
Despite of the significant progress, the efficiency and cycle-life still remain a challenge and limit their
commercial use [17]. A stable reversible capacity higher than 600 mAh/g was obtained for tin sulfide
electrodes [18]. Li et al. obtained SnS; stabilized sulfur in porous carbon composites and ensure a
required cyclic stability of cathodes. A composite cathode of SnS; comprising sulfur (64.2%) can re-
tain 924 mAh/g capacity in 200 cycles of charge/discharge at 0.2 C. Li et al. provided a design strategy
of sulfur-hollow carbon nanosphere nanocomposite immobilized by tin sulfide which demonstrated
excellent cyclic life and stability [19].

Here, a facile synthetic strategy and structural characterizations of SnS; microflowers using hy-
drothermal process is reported. This approach is easily scaled up and has great synthetic reproduci-
ble property. Moreover, the influence of reaction temperature on growth mechanism, rotational and
vibrational modes using Raman spectroscopic technique and their lithium-sulfur battery features
have been discussed.

2 Experimental Details

In this work, SnClz-2H0, Na;S-9H;0 along with thioglycolic acid (TGA) of analytical grade were
used and these precursors. Typically, SnCl;-2H;0 (0.0016 M) and Na;S solution (160 mL) with a 0.08
M concentration were dissolved in ethylene glycol (20 mL) ultrasonically to form a homogeneous
solution followed by addition of 80 pL of TGA to the solution under vigorous stirring for 20 min. The
final mixture was shifted into 40 mL Teflon-lined autoclave and kept in the furnace for 24 h at 250°C.
The final product was washed with distilled water and ethanol several times to remove the impurities
before drying overnight at 80°C.

The phase identification and structural features were performed by X-ray diffractometer
(Rigaku D/MAX-RB using Cu-Ka rad and A = 1.54056 A). Elemental analysis, structural and morpho-
logical characterizations were investigated using Energy-dispersive spectroscopy (INCA X-MAX 50,
Abingdon, UK), Field-emission scanning electron microscopy FE-SEM (Zeiss Ultra 55, Jena, Germany)
while the structural and vibrational features were examined using (Horiba Jobin Yvon HR 800, 532
nm) Raman spectroscopy. LAND electrochemical workstation was used for lithium-sulfur battery
characteristics.

3 Results and Discussion

Fig. 1a shows the XRD spectra of SnS; architectures. Each diffraction peak observed in the spec-
tra is well indexed to hexagonal SnS; berndtite with lattice parameters a = 0.3649 nm, c = 0.5899 nm
and a = 3 =90° and y = 120° (JCPDF Card No. 23-0677). No other impurity peaks of SnS, Sn,S; and
Sn3S4 are observed. The presence of sharp and intense planes suggest that the prepared product is
well crystallized. Furthermore, the calculated lattice parameters (a = 3.647 A and ¢ = 5.890 A) of as-
prepared SnS; are found in consistence with the standard values. The elemental composition of a
single nanosheet measured through EDS analysis can be seen in the inset of Fig. 1b which confirms
the XRD result and configuration of the pure SnS; structure.
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Figure 1: (a) X-ray diffraction spectra and (b) EDX of as-synthesized SnSz microstructure.

The morphology of tin disulfide was initially examined with the FESEM. The low magnification
FESEM images as shown in Fig. 2a,b exhibits flower-like structure of the SnS; material and distributed
over a carbon tape in the form of flower bouquets. Fig. 2c,d manifests high magnification image of
single SnS; microflower and petals-like architectures, which reveals that the length of this flower is
about 3-4 um and sheet-like petals are 200-300 nm wide and several micrometers in length. A series
of experiments were carried out at varying temperature to investigate the influence on growth of
microflowers. The growth mechanism of SnS; flowers-like architectures in the range of 150-250°C is
depicted in Fig. 3.

Figure 2: FESEM images (a,b) low magnification and (c,d) high magnification of SnS2 microflowers.
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These agglomerated nanoparticles (Fig. 3a) transform into flowers-like architecture after the
addition of TGA. A hydrothermal route has been employed by Zhang et al. to fabricate metal sulfides
using a template of thioglycolic acids (TGAs), revealing the role of TGA as aligned growth-reactant
during the reaction [20]. The hydrothermal synthesis of flower-like nano/micro-crystal uses thiogly-
colic acid (TGA) as a stability agent to avoid agglomeration in chalcogenide nanocrystals.

The initial structure at low temperature (150°C) is displayed in Fig. 3a. The noticeable structural
change as splitting view of microflowers can be seen by increasing the temperature to 200°C as
shown in Fig. 3b. Finally, the structural disintegration becomes higher as to the complete arrange-
ment of SnS; in to microflowers and by further increasing the temperature to 250°C, the surface of
flowers gradually becomes smooth as shown in Fig. 3c.

Moreover, the structural and vibrational features of as-synthesized SnS; nanostructures were
studied using Raman spectroscopy, which is a highly-advanced technique to study the chemical states
and compositions. Fig. 4a shows the Raman spectra of SnS; flowers-like micro-architectures with a
central peak observed at 314 cm-! ascribing to Alg vibrations in SnS; and in good agreement with
the reported literature [21,22].

Typical discharge-charge profiles of SnS, microflowers as cathodes are shown in Fig. 4b. For
charge-discharge curves and cyclic performance, the current density of 0.5 C and potential window
in the range 1.5-3 V were used. The first charge capacity is about 910 mAh/g and it can be seen that
the microflowers exhibit an enhanced initial discharge capacity 900 mAh/g which is almost similar
to the charge. Same phenomena of charge and discharge are observed for the charge-discharge pro-
file which indicates the good and long-term stability of SnS, microflowers. The battery cyclic perfor-
mance is shown in Fig. 4c. It is clear that after 150 cycles, discharge capacity still remains 590 mAh/g
with 60% coulombic efficiency, which is higher than many reported values [23]. Zhou et al. reported
that sulfur cathodes comprising SnS, with 191 mAhg-! and retention capacity of 31.3% demonstrate
poor cycling stability at 0.5 C, with unstable coulombic efficiency and quick capacity degradation [24].
The improved cyclic performance and high coulombic efficiency can be attributed to the effective
interaction between positively polarized Sn and negatively charged Polysulfides [15]. The better cy-
clic performance, the charge-discharge plateaus, and enhancement in the efficiency make SnS; mi-
crostructure a capable cathode material for Li-S batteries.
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Figure 3: (a-c) growth mechanism of SnS: flowers-like microstructure at temperatures of 150°C, 200°C, and
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Figure 4: (a) Raman spectrum measured at 373 K (b) charge-discharge profile and (c) cyclic performance.

4 Conclusion

In conclusion, SnS; microflowers have been successfully fabricated using a hydrothermal growth
template-free method. FESEM analysis reveal the flower-type architectures ranging from 4 pm to 7
um, with an average nanopetal size in several hundred nanometer range. The evolution of flower-like
morphologies reveals the formation of nanopetal arrangements with acute edges growing from the
center towards the edges. Raman mode corresponding to Alg observed at 314 cm-! confirms the
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existence of hexagonal phase of SnS,. The discharge-specific capacity was calculated to be about 900
mAh/g; during the first delithiation process was found to be 910 mAh/g, which is in accordance with
the theoretical estimated values reported. The results suggest that our prepared material is poten-
tially suitable for rechargeable Li-S batteries, the most capable high-energy density batteries (>600
Whkg-1) and holds a great promise for large-scale grid energy storage applications and transporta-
tion.
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