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ABSTRACT Tin-based nanomaterials have been extensively
explored as high-capacity anode materials for lithium ion
batteries (LIBs). However, the large volume changes upon
repeated cycling always cause the pulverization of the elec-
trode materials. Herein, we report the fabrication of uniform
SnS2@C hollow microspheres from hydrothermally prepared
SnO2@C hollow microspheres by a solid-state sulfurization
process. The as-prepared hollow SnS2@C microspheres with
unique carbon shell, as electrodes in LIBs, exhibit high re-
versible capacity of 814 mA h g−1 at a current density of
100 mA g−1, good cycling performance (783 mA h g−1 for 200
cycles maintained with an average degradation rate of 0.02%
per cycle) and remarkable rate capability (reversible cap-
abilities of 433 mA h g−1 at 2 C). The hollow space could serve
as extra space for volume expansion during the charge-dis-
charge cycling, while the carbon shell can ensure the structural
integrity of the microspheres. The preeminent electrochemical
performances of the SnS2@C electrodes demonstrate their
promising application as anode materials in the next-genera-
tion LIBs.

Keywords: tin disulfide, hollow microspheres, lithium-ion bat-
tery, anode material, carbon coating

INTRODUCTION
As one of the most successful power sources, lithium ion
batteries (LIBs) have dominated the power market of
high-tech electronic devices and electrical vehicles due to
their high energy density [1–3]. However, the ever-in-
creasing requirements from the customers stimulate the
continuous efforts to develop advanced electrode mate-
rials with high energy density, good stability, low-cost and
good safety [4]. The relatively low storage capacity of
commercial graphite anode (372 mA h g−1) cannot meet

the high energy density requirement for the next-gen-
eration LIBs [5]. To address this issue, tin and tin-based
materials (such as SnO, SnO2, and SnS2) have been ex-
tensively studied as the alternative anodes owing to their
low operating voltage, high theoretical capacities and low
cost [6–9]. Among them, SnS2 has been suggested as a
promising candidate for LIBs anodes because of its CdI2-
type layered structure, in which the tin atoms are sand-
wiched between two layers of hexagonally close-packed
sulfur atoms. The neighboring sulfur layers bonded by the
weak Van der Waals interactions facilitate kinetically for
Li+ insertion and extraction [10,11]. This space among the
layers, as a host for insertion and extraction of Li+ [12,13],
contributes to a high theoretical capacity. Compared with
the tetragonal rutile SnO2, the CdI2-type layered structure
of SnS2 is more favorable for the cycle performance of
electrode, because the layers with weak interaction are
more flexible for repeated insertion and extraction of
ions. Moreover, the Li2S, produced by the irreversible
reaction of SnS2 and Li+, can serve as a buffer in Li-Sn
alloying-dealloying process. Unfortunately, the in-
trinsically low electrical conductivity and extremely large
volume change (approximate 300% during lithiation and
delithiation) lead to capacity decay, commonly reported
for tin-based anode materials [14], and poison the elec-
trochemical performance of SnS2 electrode materials [15].
Many efforts have been endeavored to make nanos-

tructured SnS2 or their composites. Because rational
morphological design of active materials can relieve in-
ternal stress caused by volumetric expansion and thus
protect the microstructure from collapse during the dif-
fusion of ions. Moreover, minimizing particle sizes can
shorten the diffusion distance of lithium ions and the
electronic transportation distance [16,17]. To date, var-
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ious SnS2 hierarchical microstructures with different
morphologies, such as microflowers [18], microspheres
[19], microplates [10] and microbelts [20], were synthe-
sized to improve the electrochemical properties. Fur-
thermore, carbon materials are introduced into SnS2
microstructures as the conductive agent to increase the
electrical conductivity of the electrode materials [21,22].
For example, Kong et al. [23] fabricated free-standing
SnS2@graphene microcables, with a stable specific capa-
city of 720 mA h g−1 at a current density of 0.2 A g−1. Liu
et al. [24] reported a 3D free-standing SnS2 with poly-
pyrrole-microbelt and carbon-microtube, which showed a
capacity of 757 mA h g−1 at a current density of 1 C.
Based on the above reported work, a speculation can be
made that carbon structures can enhance the physical
property by serving as conductive agents, ion channel and
volume expansion buffer in the SnS2@C structure. So, it
would be feasible to design a sophisticated SnS2/C com-
posite, which provides enough space for the volume ex-
traction and contraction of SnS2 and good contact
between the active material and carbon.
Herein, we successfully constructed carbon-coated SnS2

hollow microspheres by a sulfurization of carbon coated
SnO2 hollow spheres. In this case, the hollow structures
and protective carbon shells can effectively buffer the
volumetric expansion of inner SnS2 electroactive materi-
als as well as preserve the structural integrity of the whole
structures [25,26]. As illustrated in Scheme 1, the detailed
formation process of the SnS2@C hollow microspheres
involves three steps. In the presence of urea and po-
tassium stannate in an ethanol solution, SnO2 hollow
microspheres were fabricated by a facile hydrothermal
method (step I). The as-synthesized SnO2 hollow micro-
spheres were then uniformly coated with glucose-derived
carbon species in a subsequent hydrothermal process to
generate SnO2@C core-shell structures (step II). In sul-
furization process (step III, the last step), the as-formed
SnO2@C core-shell structures were mixed with thiourea
as a sulfur source and annealed in a vacuum atmosphere

to obtain SnS2@C hollow microspheres. The core-shell
SnS2@C exhibit good electrochemical properties as anode
materials for lithium ion batteries.

EXPERIMENTAL SECTION

Synthesis of SnO2 hollow microspheres
In a typical synthesis, K2SnO3·H2O (0.384 g) and urea
(0.96 g) were dissolved into 80 mL of mixed solution
(50 mL distilled water and 30 mL ethanol) under mod-
erate stirring for 5 min, and a white translucent suspen-
sion was obtained. Then the suspension was transferred
into a Teflon-lined autoclave and heated at 190°C for
15 h. After the solution was cooled down naturally, the
white product was collected by centrifugation and washed
with ethanol and water for six times before dried at 50°C
overnight in a vacuum oven.

Synthesis of SnS2 hollow microspheres
Carbon coating of SnO2 hollow microspheres was con-
ducted by a facile hydrothermal treatment. In a typical
procedure, 0.15 g of the as-synthesized SnO2 powder and
0.6 g glucose were added to a mixture of distilled water
and ethanol before stirring for 10 min. The mixture was
hydrothermally treated at 190°C for 10 h and cooled
down naturally. The brown product was collected by
centrifugation and washed with ethanol for six times
before dried at 50°C in a vacuum oven for 12 h. Finally,
the as-obtained SnO2@C powder was sulfurized in a va-
cuum atmosphere at 350°C for 12 h by the introduction
of thiourea during the heat treatment.

Electrochemical measurements
The as-prepared SnS2@C microspheres, acetylene black
and polyvinylidene fluoride (PVDF) binder (with a
weight ratio of 8:1:1) were stirred with a solution of N-
methyl-2-pyrrolidone (NMP) to form a homogeneous
slurry. The well-mixed slurry was then coated onto a
copper foil and dried at 90°C overnight in a vacuum oven
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Scheme 1 Schematic illustration of the formation of SnS2@C hollow microspheres.
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to obtain the anodes with a diameter of 12 mm. Coin cells
were assembled in an ultra-high purity argon-filled glove
box (Mbraun, Germany) using microporous poly-
propylene membrane as a separator, Li metal foil as the
counter electrode and 1 mol L−1 LiPF6 (dissolved in
ethylene carbonate/dimethylcarbonate/diethyl carbonate,
EC/DMC/DEC=1:1:1 in volume) as the electrolyte. The
charge-discharge performances between 0.01 to 3 V (vs.
Li/Li+) of the cells were recorded in Land Battery Tester
(Land CT 2001A, Wuhan, China). Cyclic voltammetry
(CV) was carried out using an electrochemical work-
station (CHI660C, China) in a voltage range of 0.01–3 V
(vs. Li/Li+) at a scan rate of 0.05 mV s−1.

RESULTS AND DISCUSSION
The crystallographic structures of the precursors were
first examined by the X-ray diffraction (XRD) and the
results are shown in Fig. 1a. The XRD pattern of the SnO2

hollow microspheres can be assigned to tetragonal phase
of SnO2 (JCPDS No.41-1445, p42/mnm (136), a=b
=4.738 Å, c=3.187 Å). Fig. 1b shows the scanning electron
microscopy (SEM) images of the SnO2 hollow micro-
spheres, which have good uniformity with an average
diameter of 300 nm. The formation of the SnO2 hollow
microspheres can be explained by an inside-out Ostwald
ripening mechanism. The white translucent suspension is
produced by the hydrolysis of stannate. The inside-out
ripening causes the dissolution of inner part of pre-
cipitation and finally results in the hollow interiors dur-
ing hydrothermal process [6]. From the SEM image of
SnO2@C shown in Fig. 1c, a rough surface of the spheres
can be observed. Meanwhile, no obvious morphological
and structural changes can be found after carbon-coating,
revealing the structural robustness of the spheres. The
interior structure of the SnO2@C microspheres were in-
vestigated by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM). As shown in Fig.

1d, e, the periphery of microspheres shows a distinct
contrast to the central part, indicating hollow interior of
the spheres. The lattice fringes shown in a HRTEM image
(Fig. 2d) indicate a good crystallinity with an interplanar
distance of 0.33 nm, which is in good accordance with the
d-spacing values of tetragonal SnO2 (110). The amor-
phous carbon coating layer is clearly observed on the
surface of the SnO2 hollow microspheres [6,8].
After sulfurization with thiourea in vacuum, the

SnO2@C hollow microspheres were transformed into
SnS2@C hollow microspheres. The crystal phase of the
SnS2@C can be confirmed by the presence of the XRD
peaks (Fig. 2a), consistent with the hexagonal SnS2 phase
(JCPDS No. 83-1705, p-3m1(164), a=b=3.638 Å, c
=5.880 Å). Raman testing of the SnS2@C provided the
evidence for the existence of carbon in the final products
(Fig. 2b). Raman peaks that appear at the wave number
around 1350 and 1580 cm–1 can be assigned to the D-
band and G-band of carbon species, respectively [27].
Specifically, G-band represents the graphitic feature,
while D-band signifies the disorder degree of carbon
caused by the existence of tiny crystalline grains [28]. The
thermal gravimetric analysis (TGA) and differential
thermal analysis (DTA) were operated on the SnS2@C
sample, and the curves are shown in Fig. 2c. The peak of
DTA curve at about 450°C corresponds to the oxidation
of SnS2, and the carbon in sample began to burn at 500°C.
According to the weight change of TGA curve, the con-
tent of carbon in the SnS2@C is about 14%. The SEM
image of SnS2@C (Fig. 2d) shows no distinct structural
changes after sulfurization compared to the SnO2 and
SnO2@C microspheres, indicating the good structural
reservation of the carbon coated SnS2 spheres. Fig. 2e
shows the TEM image of SnO2@C microspheres, in-
dicating a hollow interior of the microsphere. An HR-
TEM image (Fig. 2f) further elucidates that the SnS2
microspheres were coated by amorphous carbon with an
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Figure 1 Characterizations of the precursors. (a) XRD pattern of the SnO2; (b) SEM of the SnO2; (c) SEM of the SnO2@C; TEM (d) and HR-TEM (e)
images of the SnO2@C.
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average thickness of ~10 nm (marked by red dashed line).
Two typical lattice fringes were measured and their in-
terplanar spacing are 0.31 and 0.59 nm, respectively,
which are in good accordance to the planar distances of
(100) and (001) for SnS2, indicating the spheres are
composed of polycrystalline grains with a high crystal-
linity. The TEM results again certify that the carbon layer
was successfully coated onto the microspheres while the
hollow structures from the SnO2 have been entirely pre-
served.

Electrochemical performance
The electrochemical performances of the as-prepared
SnS2@C hollow microspheres are shown in Fig. 3. Fig. 3a
displays the first three CV curves of the electrode within a
voltage window of 0.01–3.0 V (vs. Li/Li+) at a scan rate of
0.1 mV s−1. Typically, four reduction peaks can be found
in cathodic scans from the CV curves. The reduction peak
at 1.83 V (vs. Li/Li+) is known to arise from the lithium
intercalation into SnS2 without a phase decomposition
(Equation (1)) [29,30]. The reduction peaks at 1.62 and
1.19 V (vs. Li/Li+) in the first cathodic sweep could be
attributed to the decomposition of SnS2 into metallic tin
and the formation of Li2S (Equation (2)), which may
occur in three steps [30], as well as the formation of a

solid electrolyte interface (SEI) [11,31]. The peak at
0.22 V (vs. Li/Li +) in the first anodic scan corresponds to
the reversible formation of LixSn alloy (Equation (3)) and
the oxidation peak at 0.50 V (vs. Li/Li+) in the first anodic
scan possibly originates from the delithiation reaction of
LixSn alloy (Equation (3)). The above kinetics can be
described by the electro-chemical conversion reactions
[30,32]

x xSnS + Li + e Li SnS ,x2
+

2
(1)

x xLi SnS +(4 )Li +(4 )e Sn + 2Li S,x 2
+

2
(2)

Sn + 4.4Li + 4.4e Li Sn.+
4.4

(3)

The galvanostatic charge/discharge measurements of
the SnS2@C hollow microsphere anodes were performed
within a voltage range of 0.01–3.0 V at a current density
of 100 mA g−1 (Fig. 3b). The composite electrode delivers
specific capacities of 1320 and 850 mA h g−1 for the first
discharge and charge processes, respectively. The large
initial capacity loss has led to a low coulombic efficiency
of the first cycle (64%), which is attributed to the irre-
versible loss of Li ions resulting from the formation of an
SEI layer on the electrode as well as partially irreversible
decomposition of SnS2 [33,34]. Although the first re-
versible discharge capacity decayed to 850 mA g−1, the
SnS2@C hollow microsphere anode showed a con-
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Figure 2 Characterizations of the SnS2@C microspheres. (a) XRD patterns; (b) Raman curve; (c) TGA&DTA curves; SEM (d), TEM (e) and HR-
TEM (f) images.

�������� � � � � � � � � � � � � � � � � � � � � � � � � � SCIENCE CHINA Materials

��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � October 2017 | Vol. 60 No.10
© Science China Press and Springer-Verlag Berlin Heidelberg 2017



siderably stable cycling performance after the first several
cycles (Fig. 3c). The specific capacity remained at a very
high value of 812 mA h g−1 after 200 cycles with a high
capacity retention of 95.5% (Fig. 3c). Because the re-
versible capacity of SnS2 is 645 mA h g−1 [10], and its ir-
reversible capacity would gradually fade in the initial
cycles, the extra capacity could be contributed by the
carbon at about 170 mA h g−1. The fluctuation of capacity
during the cycle test could be possibly caused by the
testing environment. The tiny fluctuation of temperature,
humidity, and power supply may lead to the capacity
fluctuations of the battery cells. Meanwhile, the cycle
performance of SnO2@C has been tested as a comparison
(Fig. 3c). Although the first-discharge capacity is a little
higher, it decreased to less than 400 mA h g−1 within the
next 20 cycles, showing its worse performance than that
of SnS2@C. Compared to some of the previous work, the
SnS2@C reported in this work exhibited good electro-
chemical performance in specific capacities and cycle
stability. For example, in a study by Luo et al. [35], the
SnS2-anode showed an initial discharge capacity as high
as 1900 mA h g−1, but the first reversible discharge ca-
pacity fell to 687 mA h g−1. In another study by Yin et al.
[36], the specific capacity of 913 mA h g−1 dropped to
547 mA h g−1 quickly after 50 cycles, although the first

reversible discharge capacity was high.
Discharge/charge specific capacities of the SnS2@C

hollow microspheres at various current densities shown
in Fig. 3d verifies their superior rate capability as anodes
for LIBs. The specific discharge capacities are 780, 598,
500, 412 and 378 mA h g−1 at the current densities of 100,
200, 500, 1000 and 2000 mA g−1, respectively. When the
current rate was reset to 200 mA g−1, a stable specific
discharge capacity of approximately 606 mA h g−1 can be
obtained. The capacity in the last 75 cycles is more stable
than that at the same current rate of 200 mA g−1 in the 5–
10th cycles. It may be due to the various irreversible
processes at earlier working stage of battery. Capacity
would gradually decrease under the synergistic effects of
side reactions like the formation of SEI, irreversible phase
change of SnS2, and decomposition of electrolyte. Thus
the capacity would become more stable when the side
reactions come to a certain to reach an equilibrium. The
good electrochemical performances at high current den-
sities of these SnS2@C hollow microsphere show their
superiority over those previously reported SnS2, such as
graphene sheets-supported SnS2 nanoplates in a study by
Jiang et al. [37]. Therein the discharge capacity of the
LIBs decayed from 642 to 240 mA g−1 when the current
densities changed from 50 to 1000 mA g−1. Three-di-
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Figure 3 Electrochemical performances of the SnS2@C and SnO2@C hollow microsphere electrodes. (a) First three CV curves; (b) galvanostatic
discharge/charge curves; cycling performances at a current density of 100 mA g−1 (c) and rate performances (d) of SnS2@C.
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mensional SnS2 hierarchitectures prepared by Wu et al.
[38] demonstrated a discharge capacity of 706 mA h g−1

at 100 mA g−1 but decreased to 210 mA h g−1 at
1000 mA g−1. As a whole, the above-discussed experi-
mental results demonstrate good electrochemical prop-
erties of the SnS2@C hollow microspheres. The superior
LIBs performances of this electrode material can be ex-
plained as follows: (i) the hollow structures of the SnS2@C
could provide extra interior space to accommodate the
volume expansion/contraction during the Li+ insertion/
extraction process [39]. (ii) The carbon shells prevented
the restacking of SnS2 microspheres or the crumbling of
electrode material during continuous cycling [40]. (iii)
The coated amorphous carbon in the composite can serve
as the conductive species, which decrease the inner re-
sistance of the LIBs, thus leading to a higher specific
capacity and better rate capability [41].

CONCLUSIONS
In summary, hollow SnS2 microspheres for LIBs anodes
have been successfully synthesized by a facile method.
The microspheres were completely protected by a layer of
thin, conformal and self-supporting amorphous carbon
shell. The rationally designed interior hollow allows a
space for the expansion of SnS2 without deforming the
carbon shell. Owing to these unique structural features,
the as-obtained SnS2@C microspheres exhibit a very high
reversible capacity of 850 mA h g−1 and reserve a value of
812 mA h g−1 after 200 cycles. Furthermore, they also
show a superior rate capability. The results suggest their
great potential as anode materials for the next-generation
LIBs.
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