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1 Introduction

ABSTRACT

[020]-oriented tin sulfide nanobelts with a length/thickness ratio of 100 have
been synthesized by a facile hydrothermal method without any surfactants,
and the nanobelts have shown good strain-accommodating properties as well
as good electrochemical performance as the anode for Li-ion batteries. The
formation of the nanobelts results from a precipitation-dissolution-transformation
mechanism, and the [020] oriented growth can be ascribed to the {010} facet
family having the lowest atomic density. In particular, SnS shows clear Li-Sn
alloying/de-alloying reversible reactions in the potential range 0.1-1.0 V. Based
on galvanostatic measurements and electrochemical impedance spectroscopy,
SnS nanobelts have shown impressive rate performance. The post-cycled SnS
nanobelts were completely transformed into metallic tin, and preserved the
one-dimensional structure due to their flexibility which accommodates the

large volumetric expansion.

because of its intrinsic high electrical conductivity of
0.193 to 0.0083 S-cm! [5, 12]. However, the large

Orthorhombic tin(II) sulfide has become increasingly
attractive because of its potential for a wide range of
applications including Li-ion batteries, solar cells, near-
infrared detectors, and thermoelectric devices [1-6].
The merits of SnS, which meet increasing practical,
economic and environmental concerns, include its
ultra-high capacity which reaches 780 mA-h-g7,
cheapness, abundance and stability, adding up to a
great potential for use as the anode material of Li-ion
batteries [7-11]. Specifically, SnS is also capable of high
charge—discharge rates in high power Li-ion batteries
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volumetric expansion of SnS caused by Li-Sn alloying
process results in pulverization and rapid, severe
capacity fade [13, 14].

One-dimensional (1D) nanomaterials have been
intensively investigated for Li-ion batteries due to
their flexibility, one-dimensional pathway for electron
transport, as well as large surface area [15-21]. The
enhanced structural stability and capacity preservation
of 1D nanomaterials has been demonstrated for SnO,
nanowires [15], Si nanowires [16], and Fe,O; nano-
tubes [17]. Furthermore, the rate capability of 1D
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nanomaterials also has been found to be greatly im-
proved compared to other forms of the same materials,
including LiMn,O, nanorods and nanowires [18, 19],
LiFePO, nanowires [20], and LiCoO, nanotubes [21].
Therefore 1D nanostructures of SnS could exhibit
unique electrochemical properties for Li-ion batteries.
Recently, 1D nanostructures of SnS including short
nanobelts, nanowires and nanorods have been obtained
by a solvothermal method [22], and a surfactant
assisted approach [23, 24]. However, facile synthetic
approaches have rarely been reported, and inves-
tigations of 1D SnS nanostructures on electrochemical
properties have only been briefly mentioned.

Herein, flexible, [020] oriented SnS nanobelts 11 um
in length, 500 nm in width and 100 nm in thickness
have been synthesized without any surfactants, and
the rate performances as well as other electrochemical
properties of the nanobelts were examined when
used as the anode material for Li-ion batteries. The
hydrothermal method has been employed for the
synthesis of SnS nanobelts, and is facile and easy to
scale up. As a result of investigating the influence of
varying hydrothermal reaction times, the precipitation—
dissolution—transformation (PDT) mechanism has been
proposed as the growth process of the nanobelts. For
the electrochemical properties of the SnS nanobelts,
cyclic voltammetry shows the irreversible displacement
reaction of SnS to Sn and Li,S above 1.0V, and
reversible Li-Sn alloying reaction below 1.0 V. The
1D nanomaterial has a sound rate capability during
the electrochemical measurements and the capacity
fade has been found to be related to the formation of
inactive Li-Sn alloys, and the increasing polarization
resistance caused by the solid electrolyte interface
(SEI). It is emphasized that the flexible nanobelts
preserve the 1D structure after cycling, showing
their excellent tolerance for volumetric expansion. In
addition, the SnS nanobelts also exhibit unique photon
absorption properties in that a high absorbance is
maintained from the ultraviolet to the near-infrared
region.

2 Experimental
2.1 Synthesis of SnS nanobelts

SnCl,-2H,0, CO(NH,), (urea) and CH;CSNH, (TAA)

were purchased from China National Medicines Corp.,
L. T. D. Urea was employed to adjust the pH. For a
typical synthesis, 10 mmol of urea and 10 mmol of
TTA were dissolved in 40 mL of water with stirring,
and 0.6 mmol of SnCl,-2H,0 was added. After further
stirring for 5 min, the solution was transferred into
an autoclave and kept at 170 °C for 10 h. The silver
gray product obtained at the bottom of the autoclave
was washed several times with deionized water and
dried in a 70 °C oven.

2.2 Characterization

The X-ray diffraction (XRD) patterns of the samples
were collected on Bruker D8 Advance X-ray powder
diffractometer with Cu Ka radiation (A = 0.154056 nm)
in the 20 range 10° to 70°. The Fourier transform
infrared (FT-IR) spectra of the sample were collected
on a PerkinElmer Spectrum GX from 4000 to 450 cm™.
The morphologies were characterized using a field-
emission transmission microscope (FESEM) (LEO-1530)
and the elemental composition of the material was
determined by energy-dispersive X-ray spectroscopy
(EDS) (Oxford 7426 attached to the FESEM) at the
voltage of 20 kV. High-resolution transmission electron
microscopy (HRTEM) was also performed using a
FEI Tecnai G2 F20 S-Twin microscope working at an
acceleration voltage of 200 kV. Absorption spectra were
recorded on a UV-3600 UV-vis—-NIR spectrophotometer
(Shimadzu, Japan).

2.3 Electrochemical measurements

SnS material was fabricated into CR2016 coin-type
cells for electrochemical tests. Blends of active material,
acetylene black and polyvinylidene difluoride (PVDF)
in the mass ratio of 6:2:2 were well ground and pasted
on copper foil. After drying in a 120 “C vacuum oven
for 12 h, the material was fabricated into coin-type
cells in an Ar-filled glove box using lithium metal as
the counter electrode, Celgard 2300 membrane as
the separator and 1M LiPFs solution in dimethyl
carbonate/ethylene carbonate (DMC/EC) (1:1 by
volume) as the electrolyte. The rate and cycling
examinations were carried out on battery testing
system (BTS-5 V 5 mA, Neware) in the voltage range
3.0-0.1 V. A CHI 660D electrochemical station was
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employed for the cyclic voltammetry (CV) in which
the voltage was varied from 3.0-0.1 V with a scanning
rate of 0.1 mV-s™, and electrochemical impedance
spectroscopy (EIS) with the frequency range of 10 kHz
to 2.5 Hz and magnitude of the alternative signal of
10 mV.

3 Results and discussion
3.1 Structure and morphology of SnS nanobelts

The XRD pattern of SnS nanobelts is presented in
Fig. 1(a). All peaks of the nanostructure can be well
matched with the peaks of standard orthorhombic
SnS (JCPDS card No. 73-1859) with lattice constants
a=1.118 nm, b =0.3982 nm and ¢ = 0.4329 nm, showing
that the product is phase-pure orthorhombic tin(II)
sulfide. The intensity of the peak at 20 =32.06° indexed
as (400) is significantly enhanced compared with
that for the standard sample, showing that the SnS
product mostly has exposed facets of the {100} family.
EDS (Fig. S1 in the Electronic Supplementary Material

(ESM)) gave an atomic Sn:S ratio of 50.8:49.2 confirming
the purity of the product SnS. As the SnS nanobelts
were synthesized in a system containing NH;, HS™ and
CH;COQ ions, it is important to determine whether
any such species were adsorbed on the surface of the
nanobelts. The FI-IR spectrum of the washed SnS
product is shown in Fig. 1(b). For the purpose of better
detecting any adsorbed species, the SnS:KBr ratio in
the disk was higher than normal. The transmittance
curve shows that the SnS material is free of NH;, NHj,
HS™ or CH;COO™ absorptions, and only H,O, giving
rise to peaks at 3500 and 1620 cm™, is present [23]. The
FT-IR suggests that the above-mentioned adsorbents
do not have a strong coordination interaction with the
SnS surface, and thus these absorbents can be assumed
not to have an important role in the growth process
of the SnS nanostructure.

The oriented morphology of product is confirmed
by the SEM images in Figs. 1(c) and 1(d). The SnS
nanostructure which has a rectangular morphology
with clear edges has typical length/thickness and
thickness/width ratios of approximately 100 and 5
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Figure 1 X-ray diffraction pattern (a), FT-IR spectrum (b) and SEM images (c) and (d) of the SnS nanomaterial. In the FT-IR spectrum,
the minor peaks around 2900 and 2400 cm™" are ascribed to contaminants in the FT-IR spectrometer.
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respectively, demonstrating that the SnS material has
a nanobelt morphology. In Fig. 1(d), the nanobelts
with the thickness of 50 nm have been bent, indicating
the flexibility of the 1D nanostructure.

The HRTEM image shown in Fig. 2(a) further con-
firms the nanobelt structure. It can be seen that the
nanobelts are mainly lying on the carbon membrane
support. The ripple-like fringes are probably caused
by the strain due to bending and twisting of the
nanobelt, which is characteristic for 1D and 2D
nanostructures [11, 22]. Also, the width of nanobelts
ranges from 80-300 nm, consistent with the SEM
observations. Figure 2(b) shows the HRTEM image
of the lateral face of a SnS nanobelt. The indexed
selected area electron diffraction (SAED) pattern is
shown in the insert of Fig. 2(b). The clear diffraction

spots indicate that the nanobelts are single crystalline.

It can be seen that the nanobelts grow along [020]
direction which is the same as for other nanobelts,
and the lateral facet of the nanobelts belongs to the
family of {100} planes. This is consistent with the
significant enhancement of the (400) peak in the XRD
pattern.

As the surfaces of SnS nanobelts are free of
adsorbed species, the differences in surface energies
and atomic densities for given crystal facets of SnS
are important for the oriented growth. Actually, the
growth orientation of SnS nanobelts can be explained

O e - o e
Cele ; .g P30 | B SR ‘LSE—
(100) (010) (002)

Figure 2 HRTEM image of SnS nanobelts (a), selected HRTEM
image of the lateral facet of the belt with SAED obtained by
Fourier fast transformation (FFT), and the ionic arrangement of
the (100), (010) and (002) facets of SnS (c).

UNIVERSITY PRESS

by surface energy theory, considering the anisotropic
features of the SnS crystal structure [25]. The surface
energy theory depicts that the exposed surface of
high-energy facets will be minimized and that of
low-energy facets will be maximized so that the
total surface energy is minimized. In the case of the
orthorhombic structure of SnS with 2 =1.182nm, b =
0.399 nm and c = 0.434 nm, the surface energies of the
{100}, {010} and {001} facet families are closely related
to the ionic arrangements. The most dense facet for
{100}, {010} and {001} facet families are (100), (010)
and (002) facets, respectively, which are shown in
Fig. 2(c); the surface densities of Sn-5 ion pairs are
calculated to be 11.5, 7.8 and 8.3 nm? respectively.
This indicates that the (100) and (010) facets, with the
most and least dense ion arrays, respectively, are the
most and least stable facets due to the strongest and
weakest ionic interactions, respectively. Accordingly,
it is rational that the SnS nanostructure tends to expose
(100) facets, and the (010) facets which are weakly
dominated by (002) facets are the least exposed facets
of the crystal. As a result, the preferred growth direction
is the [020] direction. This analysis is consistent with
the XRD and HRTEM observations.

3.2 Formation mechanism

By investigating the growth process of SnS nanobelts
by varying the elapsed time for hydrothermal
treatment, a growth mechanism for the SnS nanobelts
has been proposed. The SEM images in Fig. 3 are for
materials synthesized with reaction times of 0, 2, 8
and 10 h. The XRD patterns (Fig. S2 in the ESM) show
that the samples obtained after 0 and 10 h are zinc
blende (ZB), and orthorhombic SnS respectively,
which indicates that a phase transformation from ZB
to orthorhombic SnS had occurred in the process. For
the hydrothermal process, the hydrolysis reaction in
Eq. (1) will occur first, and then HS™ ions and Sn*
ions will react immediately to precipitate SnS shown
as Eq. (2). Urea was employed to adjust the pH value
of the solution since this is important to control the
growth rate of the SnS [26].

CH,CSNH,+CO(NH,), +4H,0 — 3NH; + HCO,+HS
@
Sn** +HS +HCO; — SnS+H,CO, @)
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Figure 3 SnS nanomaterials obtained with reaction times of 0 h
(a), 2 h (b), 8 h (c), and 10 h (d).

When the time for hydrothermal reaction was
prolonged, the morphologies of the samples evolved
from spherulitic nanoparticles with a diameter of
about 100 nm (0 h), to a mixture of nanoparticles and

nanobelts (2-8 h), and finally to pure nanobelts (10 h).

Due to the supersaturation and fast nucleation of SnS
in the initial solution, spherulitic SnS nanoparticles
indexed as NaCl-type SnS were formed as the initial
precipitate. Similar to its polymorph zinc blende
ZnS, the NaCl-type SnS is metastable under the
hydrothermal conditions [27, 28]. In the subsequent
steps, metastable SnS nanoparticles dissolved into
aqueous Sn** and HS™ ions, which then adsorbed

2
000

e LT,
Vang,

selectively onto the thermodynamically unfavoured
(010) and (002)facets of orthorhombic SnS, leaving
{100} facets as the major exposed facets. During the
growth process, the [020] direction is the most favored
due to its least dense atomic arrangement. As a result,
the SnS nanostructure grows along the [020] direction
and nanobelts are finally obtained. Different from the
mechanism of decomposition-aggregation—growth
in the literature [29], the phase and morphology
evolutions showed that the growth mechanism of
orthorhombic SnS nanobelts follows a PDT process
shown in Eq. (3) and Scheme 1.

SnS, ;5 +H,0 - Sn* +HS™ +OH™ — SnS o, + H,0
®)

3.3 Applications of SnS nanobelts

The UV-vis-NIR absorption spectrum of the SnS nano-
belts is shown in Fig. 4(a). The SnS nanobelts have a
strong, broad absorption ranging from the ultraviolet
to the near-infrared. Specifically, the nanobelts show
a gradually increasing absorption with increasing
photon energy in the near-infrared region. In the range
390-800 nm, the absorption stays relatively stable, and
shows a broad peak around 768 nm. The nanobelts
have much better photon absorption properties than
other SnS materials reported in the literature [29-31],
which indicates the potential of the nanobelts for use in
solar energy conversion and near-infrared detectors.
Cyclic voltammetry characterization was carried out
by the two-electrode method employing lithium as the
counter and reference electrode in the voltage range
0.1-3 V with a scanning rate of 0.1 mV-s™ at room

Sn?*+HS™

Wislow [ Medium [ Fast

Initial precipitation
Zinc blende

Dissolution and oriented growth
Zinc blende + orthorhombic

Flexible nanobelts
Orthorhombic

Scheme 1 PDT mechanism of SnS nanobelts. The (100), (010) and (002) facets with different atomic densities are shown in gray, green

and red colors, respectively.
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Figure 4 UV-vis—NIR absorption of SnS nanobelts in the range 200 to 1350 nm (a). Cyclic voltammetry of SnS nanobelts from

3.0-0.1 V with a scanning rate of 0.1 mV-s™" (b).

temperature (Fig. 4(b)). The peaks for discharging
and charging potentials are listed in the Table 1. The
peaks above 1.0 V correspond to the displacement
reaction of Li and SnS which is shown in Eq. (4), and
similar results have previously been reported for SnO,
and SnS, [15, 32-34].

SnS+2Li" +2e” —Li,S+5n (4)

It can be seen that the I, is much smaller than I,
and the potential difference (0.76 V) between E,, and
E,. in the first cycle is much larger than the theoretical
value of 0.057 V for a reversible reaction at 287 K,
indicating that this reaction is irreversible [34]. In
addition, the peak currents for the reaction in the first
and second cycle are 817 and 544 pA for reduction of
SnS, and 222 and 95 pA for oxidation of Sn respectively.

Table 1 Peak potentials and currents of SnS nanobelts (versus
Li metal) in the cyclic voltammetry curves

Ist cycle 2ed cycle
No.
EN) 1A EN) 1A
1 1.11 817 1.29 544
Negative scan 2 0.568 185 0.597 168
3 0.156 500 0.277 537
4 0.479 434 0.478 352
i 5 0.656 466 0.672 321
Positive scan
6 0.762 235 0.761 207
7 1.87 222 1.87 95

,..\
=
-
%
Z
(]
(=)
[
-
s3;

For the peaks below 1.0V, the alloying reaction
between Li and Sn shown in Eq. (5) takes place.

Sn+xLi"+xe” —Li Sn (5)

The potential of Li,Sn varies with the content of
lithium in the Li-Sn alloy. For the first cycle, the weak
peak at 0.568 V can be assigned to the alloying process
of Li,Sn with the x range of 0.57-1.0 [35]. When the
potential decreased, the current increased continuously,
with the maximum I, at E,,=0.156 V, which can be
assigned to the overlap of discrete lithium alloying
processes within the lithium content range (x) of 1.0-4.4
[35]. In the positive scanning curve, the de-alloying
processes separated into three individual peaks,
showing the discrete nature of the alloying and
de-alloying processes. For the second cycle, similar
results were found except for the positive-shifted
peak at E,,=0.277V, which could be the result of
electrochemical activation of the material during the
first cycle. Although the alloying process is reversible,
the corresponding oxidation and reduction peaks are
unclear, which makes further analysis of the I,, and
I, data somewhat difficult.

SnS nanobelts were cycled under currents from
1/6 C to 5/3 C, and the capacity profiles and discharge—
charge curves are presented in Figs. 5(a) and 5(b)
respectively. The initial capacity of SnS at 1/6 C is
1226 mA-h-g™, which is larger than the theoretical
initial capacity of SnS (1138 mA-h-g™) due to the side
reactions. The value is comparable with those for SnO,
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Figure 5 Rate performance (a) and voltage profiles (b) of SnS
nanobelts under various charge—discharge rates (1 C =750 mA-g ).

and SnS, materials [32, 36]. The average capacities
under elevated currents are 1091, 734, 636, 562, 478,
390 mA-h-g™, and the capacity returned to 436 mA-h-g™
for the final 1/6 C cycling, giving 94% coulombic
efficiency. It should be noted that the capacity fade can
be regarded as not strongly dependent on the increase
in rate, since the capacity drops for each current
increase are difficult to distinguish. This indicates that
the SnS nanobelts are capable of high rate performance,
while the capacity stability is disadvantageous for
practical application where further improvement is
needed. Figure 5(b) shows that the voltage plateau for
discharging is at 1.30 V, which only can be seen in the
first cycle corresponding to the displacement reaction.
This is in good agreement with the CV curve. The
Li-Sn alloying process taking place below 0.6 V
decreases with increasing current density, which could
be the main reason for the capacity fade. To further

investigate the capacity fade, a deep analysis of the

charge-discharge capacity data and EIS has been
carried out.

The Nyquist plots of the SnS nanobelts before and
after cycling, with the different equivalent circuits,
are presented in Fig. 6(a) and the resistance data are
given in Table 2. It can be seen that the nanomaterial
behaved quite differently before and after cycling. The
most obvious difference is that a polarization circuit
consisting of R, and CPE, appeared after cycling,
which can be ascribed to the side reaction-which is
referred as a solid electrolyte interface (SEI) in the
literature—and the presence of amorphous Li,S on the
material, which both cause polarization [13, 35, 37]. A
dramatic decrease in R, is also noticed, and could
be the result of the better electronic conductivity of
metallic tin. Detailed fitting results of the equivalent
circuit, with tolerable errors (<10%), are available in
Table S1 (in the ESM).

Table 2 Resistances of the equivalent circuit obtained for different
states of the battery

R () R, (©) R ()
Initial state 7.65 - 110.30
Final state 5.94 3.96 16.62

To understand the phase and morphology changes
of the material caused by cycling, XRD and SEM
characterization was carried out on the anode blend
after the rate test. The XRD pattern in Fig. 6(b) shows
that the SnS has been transformed into metallic tin
during the cycling, which is consistent with the pro-
posed reaction mechanism. No peaks characteristic of
crystalline Li,S are found, indicating that the Li,S is
amorphous rather than crystalline. These observations
are also in accordance with the literature for SnS [14]
and the data for tin oxide composites [38]. In Fig. 6(c),
the cycled nanomaterials have expanded in thickness
and width, and the surfaces of the nanobelts have
become rough. However, the material clearly preserves
the nanobelt morphology. As mentioned above, the
volumetric change of the material during the Li-Sn
alloying process has been reported and is regarded
as one of reasons for the pulverization of tin-based
materials, and the deterioration of the electrode

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 6 Nyquist plots of batteries corresponding to the initial and final state with the equivalent circuit (a). XRD (b) and SEM (c) images
of post-cycled SnS nanobelts. The insert in the SEM image is the magnified image of electrochemically cycled SnS nanobelts.

contact [13, 33, 38, 39]. In the case of SnS nanobelts,
the preservation of the morphology is unexpected,
and could be a result of the unique flexibility of the
1D structure. This observation indicates that the SnS
nanobelts could have potential for better electro-
chemical performance than other SnS materials.

4 Conclusions

One-dimensional SnS nanobelts have been synthesized
by a facile hydrothermal method without any
surfactants. They grow along the [020] direction and
expose (100) facets, owing to the anisotropic atomic
arrangements on the (100), (010) and (002) planes. By
following the effects of varying the synthesis para-
meters, the growth of the nanobelts has been suggested
to follow a precipitation-dissolution-transformation
mechanism. The electrochemical properties have been
investigated by cyclic voltammetry, rate tests and
electrochemical impedance spectroscopy. The CV
method shows the reversible Li-Sn alloying reaction

is combined with an irreversible displacement reaction
of SnS to afford Sn and Li,S. In the rate test, the
nanobelts show good rate capability, as well as a
relatively high coulombic efficiency of 94%. The cycled
5nS nanobelts became fully transformed into metallic
tin and preserved the 1D structure owing to the
flexibility and structural stability of the 1D nanobelts.
In addition, SnS nanobelts have unexpected strong
photon absorption properties spanning the ultraviolet
to the near-infrared region.
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