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bstract

Crystalline tin-sulfide nanosheets are synthesized through a one-step solvothermal process and incorporated in the negative electrode material
or lithium-ion batteries. SnS2 compounds synthesized in ethylene glycol have an approximately 2 nm-thick nanosheet morphology and exhibit

n excellent charge-capacity retention of ∼95% after 50 cycles between 1.15 and 0 V at 0.5 C (=323 mA g−1). The thickness of the nanosheets
s varied up to ∼26 nm by adjusting the precursors, solvents and source concentrations. The nanostructural effects are investigated in terms of
lectrochemical and rate-capability properties.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Further improvement of the specific energy of lithium-
on batteries is required for the next generation of electronic
evices. The carbon negative electrode (anode) that is presently
sed in commercial batteries (with a theoretical capacity of
72 mAh g−1) is insufficient to meet the future needs of high
apacity. Recently, various metal composites, metal oxides and
etal sulfides – based on their transformation to lithium-metal

lloys – have been studied extensively as possible alternatives to
arbonaceous anode materials because of their higher capacities
1–5].

The SnS2 compound has a layered hexagonal CdI2-type crys-
al structure (a = 0.3648 nm, c = 0.5899 nm, space group P 3̄m1)
hat consists of two layers of close-packed sulfur anions with tin
ations sandwiched between them in an octahedral coordination.
he adjacent sulfur layers are bound by weak van der Waals

nteractions [6]. The electrochemical reaction mechanisms of

nS2 with lithium have been proposed to be [2]:

nS2 + 4Li+ + 4e− → Sn + 2Li2S (1)
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n + xLi+ + xe− ↔ LixSn (0 ≤ x ≤ 4.4). (2)

n the first discharge, lithiation leads to the decomposition
f SnS2 into metallic tin and Li2S. During substantial charge
nd discharge, tin alloys/dealloys up to the theoretical limit of
i4.4Sn (i.e., a capacity of 645 mAh g−1), and Li2S acts as an

nert matrix that surrounds the active Sn grains [2].
Unfortunately, the capacity fading of Sn-based electrode

aterials is severe due to large volume changes (over 300%)
uring cycling [7,8]. An effective way to improve the cycling
tability of Sn-based materials is to reduce their particle size to
he nanometer range [9,10]. Various methods have been devel-
ped for the synthesis of SnS2 nanostructures with different sizes
from ∼10 to ∼100 nm) and morphologies such as nanoparti-
les, nanorods, nanobelts, nanotubes, and nanosheets [11–17].

Effects of tin-sulfide anodes with a nanostructure size of the
rder of just a few nm have not been reported due to the limits
f nanostructural control, and their electrochemical properties
ave not been satisfactory [2,3,18–20]. In this study, ultra-thin
nS2 nanosheets (with a thickness down to 2 nm) are synthesized

ia a simple catalyst-free solvothermal route. The nanosheets
re successfully applied to electrochemical reactions, with good
lectronic connectivity (compared with nanoparticles) and fast
eaction kinetics.

mailto:byungwoo@snu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.02.040
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Fig. 1. X-ray diffraction patterns of SnS2 nanostructures synthesized at vari-
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. Experimental

.1. Synthesis 1

Stannic chloride (SnCl4, 0.15 ml) and solid sulfur (S, 0.2 g)
ere added to ethylene glycol (C2H6O2, 100 ml) in a Teflon-

ined, stainless-steel autoclave and stirred for 10 min. The
ixture was maintained in an oven at 160–200 ◦C for 24 h. After

ooling to room temperature, SnS2-nanosheet precipitates were
btained from the solution through centrifugal filtration. The
recipitates were washed with ethanol and distilled water sev-
ral times to remove the organic residues, and then dried for 10 h
t 60 ◦C.

.2. Synthesis 2

To obtain SnS2 nanosheets with a wider variation of
hickness, various source concentrations of stannous chloride
ihydrate (SnCl2·2H2O) and thiourea ((NH2)2CS) in benzene
50 ml) were used, such as 25, 50, 125 and 250 mM. The mix-
ure was placed in an autoclave that was maintained in an oven at
85 ◦C for 20 h. After cooling, the centrifugal filtration, washing
nd drying processes were performed as described above.

. Characterization and electrochemical properties

X-ray diffraction (XRD) with Cu Kα radiation (M18XHF-
RA, MAC Science) was used to determine the phase
omposition and the crystallinity. The sizes and morpholo-
ies of the nanosheets were observed by transmission electron
icroscopy (TEM: JEM-3000F, JEOL), by dispersion in

thanol.
Electrochemical cycling tests were performed with coin-type

alf-cells (2016 size). The working electrode was made from
he SnS2-nanosheet active material, super P carbon black, and

polyvinylidene fluoride (PVdF) binder in a weight ratio of
0:20:20 on a copper foil. The electrolyte was 1 M LiPF6 with
:1 ethylene carbonate:diethylene carbonate (EC:DEC), and
he counter and reference electrodes were made from lithium
oil. The cycle-life of the cells was tested at a rate of 0.5 C
=323 mA g−1, 1 C = 645 mA g−1) within a fixed voltage win-
ow of 1.15–0 V. The rate capability was evaluated by varying
he discharge rate from 0.2 to 5 C. Cyclic voltammetry was per-
ormed to examine the cathodic reaction (reduction) and the
nodic reaction (oxidation) in the voltage range of 2.5–0 V (ver-
us Li/Li+), at a sweep rate of 0.05 mV s−1.

. Results and discussion

.1. Synthesis of SnS2 nanosheets (synthesis 1)

To minimize residuals and impurities, simple reactants were
sed in synthesis 1. As described above, the SnS2 nanosheets

ere successfully synthesized by a one-step polyol method
ithout using any other surfactant/functional groups [16,17].
thylene glycol acts as a reducing agent by capping the Sn ion
ources, and leads to the formation of a polymeric network by

t
1
i
o

us temperatures (from synthesis 1). Ideal peak positions and intensities for
exagonal SnS2 (JCPDS #23-0677) tetragonal SnO2 (JCPDS #41-1445), and
rthorhombic S (JCPDS #08-0247) are marked.

reventing the aggregation of the nanosheets [21]. After hydrol-
sis and washing out of the ethylene glycol, SnS2 nanostructures
re obtained.

The XRD patterns of the precipitates prepared at various
emperatures are shown in Fig. 1; the broad peak at ∼25◦ is
ssociated with the glass holder. The diffractions of the prod-
cts synthesized at 170, 180 and 190 ◦C clearly correspond to
exagonal β-SnS2. The sample synthesized at 170 ◦C exhibits
oor crystallinity and a more defective structure compared with
hose produced at 180 and 190 ◦C. The products synthesized at
95 ◦C contain a mixture of SnS2 and tetragonal SnO2 phases,
nd full oxidation to SnO2 is observed at 200 ◦C, which may
e due to the thermal decomposition of ethylene glycol (boiling
oint: 195–197 ◦C).

Clearly, the crystalline tin sulfides obtained at 170, 180 and
90 ◦C have an anisotropic nanosheet structure. The effective
rystallite sizes were calculated by the Scherrer equation from
he broadening of the (0 0 1) and (1 0 0) peaks in the XRD pat-

erns (Table 1) [22–24]. The nanosheets synthesized at 180 and
90 ◦C are each estimated to have a thickness of 2.0 ± 0.1 nm
n [0 0 1], while that synthesized at 170 ◦C has a thickness
f 1.6 ± 0.1 nm. The TEM images (Fig. 2) of the as-prepared
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Table 1
Effective crystallite sizes calculated by Scherrer equation from X-ray diffraction of synthesized SnS2 nanosheets

Synthesis condition [0 0 1] Direction (nm) [1 0 0] Direction (nm)

Synthesis 1 [SnCl4 + S + ethylene glycol]
170 ◦C 1.6 ± 0.1 16.6 ± 1.0
180 ◦C 2.0 ± 0.1 17.4 ± 0.6
190 ◦C 2.0 ± 0.1 19.1 ± 0.6

Synthesis 2 [SnCl2·2H2O + (NH2)2CS + benzene]

25 mM 3.2 ± 0.5 41.3 ± 4.3
50 mM 10.4 ± 0.2 42.5 ± 1.9
125 mM 17.5 ± 0.3 48.9 ± 2.2
250 mM 25.6 ± 0.2 70.4 ± 1.7

Fig. 2. Transmission electron micrographs of SnS2 nanosheets synthesized at (a) 170 ◦C, (b) 180 ◦C and (c) 190 ◦C (from synthesis 1). Black arrows indicate edges
of peeled nanosheets from overlapped multi-nanosheets.
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Fig. 3. Voltage profiles of SnS2 nanosheets synthesized at (a) 170 ◦C and (b)
190 ◦C (from synthesis 1), between 1.15 and 0 V.

Fig. 4. Cycle-life performance of SnS2-nanosheet anodes synthesized at 170,
180 and 190 ◦C (from synthesis 1).

Fig. 5. Cyclic voltammograms of SnS2-nanosheet anodes synthesized at (a)
170 ◦C and (b) 190 ◦C (from synthesis 1).

Fig. 6. X-ray diffraction patterns of synthesized SnS2 nanosheets with various
source concentrations (from synthesis 2). Ideal peak positions and intensities
for hexagonal SnS2 (JCPDS #23-0677) are marked.
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Fig. 7. Transmission electron micrographs of SnS2 nanosheets syn

roducts exhibit overall thin nanosheet morphologies. The sam-
les at 180 and 190 ◦C consist of long layer-rolled and undulating
heets, as compared with the sample at 170 ◦C which is made up
f relatively short stumpy flakes. The (0 0 1) and (1 0 0) lattice
lanes are clearly seen, as well as the presence of overlap-
ing multi-nanosheets that have the appearance of partly-peeled
nion skins.
Electrochemical cycling tests of the nanosheet-SnS2 elec-
rodes were performed at 0.5 C between 1.15 and 0 V. The
oltage profiles of the cells using the 170 and 190 ◦C samples
or 50 cycles are presented in Fig. 3(a and b), respectively. (The
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ources 167 (2007) 529–535 533

ed at (a) 25 mM, (b) 125 mM and (c) 250 mM (from synthesis 2).

oltage profiles of the 180 ◦C sample, which are not shown, are
imilar to those of the 190 ◦C sample.) The 170 ◦C sample (with
he smallest thickness) exhibits three obvious plateau at ∼1.95,

1.65 and∼1.1 V on the first discharge, while the 190 ◦C sample
as a more diffuse first-discharge profile [3]. According to reac-
ions (1) and (2), the first-discharge capacity (i.e., the sum of the
rreversible and reversible capacities) should be 1232 mAh g−1.

or both samples, however, the excessive first-discharge capac-

ty is ∼300 mAh g−1. The high surface-to-volume ratio of the
anostructure and/or the abundance of surface defects may
ccelerate side-reactions with the electrolytes and cause some
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rreversible trapping of lithium. As can be seen from cycle-life
ata (Fig. 4), the SnS2-nanosheet anodes synthesized at 180 and
90 ◦C give excellent capacity retention (i.e., ∼95% after 50
ycles). A deficient level of crystallinity may be the cause of the
oor cyclability of the 170 ◦C sample.

Cyclic voltammograms of the SnS2-nanosheet anodes syn-
hesized at 170 and 190 ◦C for five cycles are presented in Fig. 5.
he broad peak at ∼1.1 V in the first cathodic sweep has been

eported to correspond to the reaction (1), while those at ∼0.1 V
n the first cathodic scan and at ∼0.6 V in the first anodic scan
re known to represent the redox peak couple of reaction (2)
2,3,19]. In the case of nanosheets with an extremely small thick-
ess (especially in the 170 ◦C sample), however, unreported
dditional peaks are observed at ∼1.6 and ∼1.9 V in the first
athodic scan, and are also partially reversible. According to
revious reports [25–27], lithium can intercalate to some extent
nto the SnS2 layers without causing phase decomposition and,
onsequently, reaction (1) may be subdivided into three steps as
ollows:

nS2 + xLi+ + xe− → LixSnS2 (3)

ixSnS2 + (y − x)Li+ + (y − x)e− → LiySnS2 (4)

iySnS2 + (4 − y)Li+ + (4 − y)e−

→ Sn + 2Li2S (0 < x < y ≤ 2). (5)

he peaks at ∼1.9, ∼1.6 and ∼1.1 V in the first cathodic scan
f the 170 ◦C sample can be considered as the proposed reac-
ions (3)–(5), respectively. Nevertheless, it is considered that
he mechanisms of electrochemical lithium insertion into SnS2
equire further study.

.2. Size variation of SnS2 nanosheets (synthesis 2)

Non-polar benzene solvent is more suitable for obtaining
anosheets with a larger grain size, while the thiourea complex
cts as a capping agent in the same way as that of ethylene glycol
n synthesis 1. SnS2 nanosheets with various thicknesses rang-
ng from ∼3 to ∼26 nm were obtained by adjusting the source
oncentration (Fig. 6 and Table 1). As shown in the TEM images
f Fig. 7, the thick nanosheets obtained at a higher source con-
entration have a decreased aspect ratio, while the nanosheets
btained at a lower source concentration are thin and wide. This
eans that a higher source concentration leads to more floccu-

ation and the thin layers are stable without breakage of the wide
onnections in the solvent medium.

Results from electrochemical cycling of SnS2 nanosheets
ith various thicknesses are presented in Fig. 8(a). The anode
ade with nanosheets having a thickness of ∼10 nm (50 mM)

etains about 93% of the charge capacity after 50 cycles. The
orresponding value for nanosheets with thicknesses of ∼18 nm
125 mM) and ∼26 nm (250 mM) are ∼83% and ∼63%. In com-

arison with the nanosheets formed at 190 ◦C in synthesis 1
approximately 2 nm thickness with ∼95% capacity retention),
he thickness of the nanosheets is correlated with the cycle-life
erformance.

A

L

ig. 8. (a) Cycle-life performance of SnS2 nanosheets synthesized at 50, 125 and
50 mM (from synthesis 2). (b) Rate-capability test of SnS2 nanosheets synth-
sized at 50 and 125 mM (from synthesis 2), and at 190 ◦C (from synthesis 1).

Data from rate-capability tests (from 0.2 to 5 C, between 1.15
nd 0 V) of SnS2 anodes with different nanosheet sizes are give
n Fig. 8(b). The rate capability depends on the nanosheet thick-
ess. At the 5 C rate, nanosheets prepared at 50 mM (∼10 nm
hickness) and 125 mM (∼18 nm thickness) in synthesis 2 retain

60% and ∼20% of the initial 0.2 C capacity, respectively,
hile those formed at 190 ◦C (∼2 nm thickness) in synthesis
retain ∼70%. Thus, nanosheets with a small thickness are

dvantageous in terms of fast reaction kinetics.

. Conclusions

Crystalline SnS2 nanosheets with thicknesses that range from
1.6 to ∼26 nm have been successfully prepared via a one-step

olvothermal process. Electrochemical cycling tests confirm that
hinner nanosheets are more advantageous with respect to reac-
ion kinetics, and that nanosheets with thicknesses from ∼2 to

10 nm exhibit an excellent capacity retention of over 90% after
0 cycles. Detailed mechanisms of the electrochemical insertion
f lithium into SnS2 require further elucidation.
cknowledgements
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