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a b s t r a c t

In this study, a yolk-shell structured SnS2@C composite is rationally synthesized through a sulfuration
treatment of hollow SnO2@C composite. The unique structure with SnS2 nanosheets (a thickness of
15 nm) encapsulated within hollow carbon spheres (~400 nm) is confirmed through SEM, TEM, XRD and
XPS characterizations. As an anode material for sodium-ion batteries, as-synthesized SnS2@C composite
shows superior sodium storage performance. It delivers good cycling stability with a capacity of
690mA h g�1 sustained after 100 cycles at 0.1 A g�1. Even at a high rate of 10 A g�1, an impressive rate
capability of 310mA h g�1 is still obtained. The excellent performance of this SnS2@C composite could be
attributed to its unique architecture to provide good electrical conductivity, shorten the diffusion path,
tolerate the volume fluctuation, prevent the aggregation, and enhance the structure stability during
cycles.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

As electric vehicles and hybrid electrical vehicle develop at top
speed, there are continuous growing demands for lithium-ion
batteries (LIBs). However, the scarce lithium resources limited the
large-scale applications of LIBs [1,2]. Due to the natural abundance
and low cost of sodium resources, sodium-ion batteries (SIBs), have
emerged the potential to replace LIB in grid-scale energy storage
[3e6]. While, the larger size of Na-ion (1.02Å) relative to the Li-ion
(0.59Å), results in the slow sodium ion diffusion kinetic with poor
rate capability [7e9]. What is worse, the huge volume expansion
during the sodium/desordiation processes would lead to the ag-
gregation and pulverization of active materials with poor cycling
stability [10]. Therefore, searching for materials in possession of
high capacities, good cyclability, and excellent rate performance is
being paid more attention [11].

SnS2 is a layered CdI2 crystalline-like structure, from which tin
atoms are sandwiched within two layers of hexagonal sulfur atoms
[12]. As an anode materials for SIBs, it exhibits a high theoretical
capacity of 1136mAh g�1 by forming Na15Sn4. However, the

inherent limitations of low intrinsic conductivity and huge volume
changes (324%) would result in poor sodium storage properties
[13]. The combination of nanostructured SnS2 and highly conduc-
tive carbonaceous materials (carbon nanotube, graphene and hard
carbon) is an effectively approach to solving the above problems
[14e18]. The nanostructure design can offer large specific surface
and expose more active sites, which shorten the sodium ion
diffusion pathway and enhance the sodium storage capacity. The
carbonaceous materials as supporting matrix can realize high
electrical conductivity, and alleviate the aggregation of active ma-
terial during cycles. For example, few-layered SnS2 anchored on
reduced graphene oxide was prepared by Zhang et al. through a
facile solvothermal route. It presented good cycling stability and
remained a high capacity of 509mA h g�1 at 300th cycle at
200mA g�1 [19]. In another example, two-dimensional SnS2 sheets
cross-linked by one-dimensional carbon nanotube delivered good
capacity retention of 87% over 300 cycles at 1 A g�1 [20]. Moreover,
SnS2/C nanospheres as a SIB anode exhibited a good cycling sta-
bility with a capacity of 570mAh g�1 maintained after 100 cycles at
50mA g�1 [21]. Although lots of great efforts have been made in
SnS2-based carbonaceous materials, the large volume fluctuation of
SnS2 during cycles would eventually cause the pulverization of
active materials with limited cycling life [22e25]. Thus, the rational
creation of interior void space in SnS2-carbon composite is essential

* Corresponding author.
** Corresponding author.

E-mail addresses: zhaoyi@fjirsm.ac.cn (Y. Zhao), guanlh@fjirsm.ac.cn (L. Guan).

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier .com/locate/electacta

https://doi.org/10.1016/j.electacta.2018.03.080
0013-4686/© 2018 Elsevier Ltd. All rights reserved.

Electrochimica Acta 270 (2018) 1e8

mailto:zhaoyi@fjirsm.ac.cn
mailto:guanlh@fjirsm.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2018.03.080&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2018.03.080
https://doi.org/10.1016/j.electacta.2018.03.080
https://doi.org/10.1016/j.electacta.2018.03.080


for volume accommodation and prolonged cycling stability.
Herein, we rationally encapsulated SnS2 nanosheets into hollow

carbon spheres to construct a yolk-shell SnS2@C structure. In this
architecture, the interior void space can tolerate the volume
expansion/extraction of SnS2, and the carbon shell can effectively
hamper the aggregation and pulverization of SnS2, thus leading to
excellent sodium storage performance. The as-prepared SnS2@C
anode showed a high capacity of 690mA h g�1 after 100 cycles at
0.1 A g�1, good rate capacities (310mA h g�1 at 10 A g�1), and long
cycle life (87% retention after 150 cycles at 1 A g�1).

2. Experimental section

2.1. Materials synthesis

2.1.1. Synthesis of uniform hollow SnO2 spheres
Silica spheres prepared through modified st€ober method were

used as hard template [26]. Typically, silica spheres (360mg) were
dispersed into the mixture of de-ionized water (37.5ml) and
ethanol (12.5ml) by ultrasonication. Then, urea (1.8 g) and
K2SnO3$3H2O (0.24 g) were added to the above solution and soni-
cated for 0.5 h. After that, the colloidal solution was poured into a
100ml Teflon-lined stainless-steel autoclave and kept at 170 �C in
an air-flow electric oven for 2 h. This process was repeated once
more to increase the SnO2 coating. Finally, by etching the silica
spheres with 1M NaOH solution at 50 �C for 24 h, the uniform
hollow SnO2 spheres were obtained.

2.1.2. Synthesis of SnO2@C composite
The synthetic SnO2 spheres (120mg) was mixed with 3-

Hydroxytyramine hydrochloride (240mg) in Tris-buffer solution
(75ml, 10mM; pH¼ 8.5) for 24 h at room temperature. The ob-
tained polymer/SnO2 nanocomposite was filtrated and washed
with de-ionized water, followed with a carbonization process at
500 �C for 3 h under Ar atmosphere to fabricate SnO2@C composite.

2.1.3Synthesis of SnS2@C composite
80mg SnO2@C composite and 150mg thiourea were sealed

within a vacuum quartz tube, and calcinated at 350 �C for 6 h. Then,
the product waswashedwith de-ionizedwater five times and dried
at 80 �C for 12 h. The pure SnS2 nanosheets were synthesized
through the same process with hollow SnO2 sphere as the
precursor.

2.2. Materials characterization

The crystal structures of the as-obtained samples were investi-
gated on a powder X-ray diffractometer (XRD, Miniflex 600) using
Cu Ka radiation at a scan rate of 2� min�1. The morphology char-
acterizations were carried out through scanning electron micro-
scopy (SEM, Hitachi SU-8020) and transmission electron
microscopy (TEM, TECNAI F20). An automated gas sorption
analyzer (Hiden IGA100B) was used to test nitrogen
adsorptionedesorption isotherms. The SnS2 contents were deter-
mined by thermogravimetric analysis (TGA, NETZSCH STA449F3) in

Fig. 1. Schematic of the formation process of SnS2@C.

Fig. 2. (a, d) SEM and (b-c, e-f) TEM images of (aec) hollow SnO2 and (def) SnO2@C composites, illustrating the hollow structure of SnO2 with uniform carbon coating.
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