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ABSTRACT: Tuned chalcogenide single crystals rooted in sulfur-
doped graphene were prepared by high-temperature solution chemistry.
We present a facile route to synthesize a rod-on-sheet-like nanohybrid
as an active anode material and demonstrate its superior performance in
lithium ion batteries (LIBs). This nanohybrid contains a nanoassembly
of one-dimensional (1D) single-crystalline, orthorhombic SnS onto
two-dimensional (2D) sulfur-doped graphene. The 1D nanoscaled SnS
with the rodlike single-crystalline structure possesses improved
transport properties compared to its 2D hexagonal platelike SnS2.
Furthermore, we blend this hybrid chalcogenide with biodegradable
polymer composite using water as a solvent. Upon drying, the
electrodes were subjected to heating in vacuum at 150 °C to induce
polymer condensation via formation of carboxylate groups to produce a
mechanically robust anode. The LIB using the as-developed anode
material can deliver a high volumetric capacity of ∼2350 mA h cm−3 and exhibit superior cycle stability over 1500 cycles as well
as a high capacity retention of 85% at a 1 C rate. The excellent battery performance combined with the simplistic, scalable, and
green chemistry approach renders this anode material as a very promising candidate for LIB applications.
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■ INTRODUCTION

The excessive consumption of fossil fuel leads lithium ion
batteries (LIBs) to a vital role as renewable energy storage
devices for applications of electric vehicles and portable
electronics. Commercial LIBs employ graphite as the anode
material with a theoretical capacity of 372 mA h g−1, which
cannot satisfy the energy demand for the advance of new
technology. Therefore, it is highly required to develop new
anode materials with high capacity and reliability as well as low
fabrication cost for practical applications.1−15 Recently,
chalcogenides have attracted significant attention to the field
of energy-harvesting technology, including solar cells, batteries,
and supercapacitors.16−21 Particularly, nanostructured layered
metal chalcogenides have been developed for LIBs22 due to
their unique physical and chemical properties and large contact
area beneficial to Li+ 23 or Na+ 24 storage. Tin sulfides (SnSx)
are the anode materials of choice, owing to their almost 2-fold
higher specific capacity than that of commercial graphite.25

Two steps are involved during their charge and discharge
processes: conversion and lithium alloying reactions. The
conversion of SnSx leads to the formation of Li2S along with a
solid electrolyte interphase (SEI) layer, resulting in an

irreversible capacity loss, while the alloying/dealloying process
contributes to the reversible capacity.26−28 However, SnSx
materials generally suffer from large volume changes and
aggregation during the alloying/dealloying process, causing
severe mechanical degradations of the electrodes and thus the
resultant poor cycle performance.29 Significant efforts have
been devoted to addressing this challenge through engineering
SnSx-based electrodes at the nanoscale. In spite of tremendous
work on the morphologies of SnSx, however, few have reported
sufficient long-term cycling stability in LIBs.30−33

Solutions at high temperature and pressure undergo dramatic
changes in density and dielectric constants, and new reaction
pathways become accessible.34,35 Solvothermal synthesis has
become a powerful approach toward fabricating nanomaterials
with high quality, reproducibility, and a controlled shape
property.36−38 Herein we report a novel method to synthesize
one-dimensional (1D) orthorhombic single crystals of SnS
rooted in sulfur-doped graphene (denoted as SnS−SG),
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forming a unique rod-on-sheet-like structure. The 1D SnS
nanorod derives from a structural phase transformation through
a post thermal annealing of a two-dimensional (2D) hexagonal
platelike SnS2 with the support of sulfur-doped graphene (SG).
The SG provides numerous nucleation sites that can anchor the
SnS firmly through a strong covalent synergy in the SnS−SG
nanohybrid. Such synergistic coupling between the SnS and SG
can not only boost the Li+ storage in terms of a higher capacity
than that of SnS, but also enhance the cycling stability in LIBs
significantly. The SnS−SG nanohybrid exhibited a large initial
capacity of 1630 mA h g−1 and long cycle stability over 1500
cycles with a high capacity retention of 85%. Such outstanding
performance gives SnS−SG high promise in practical
applications of high-capacity and durable LIBs.

■ RESULTS AND DISCUSSION

The concept of structural phase change from 2D hexagonal
SnS2 to 1D orthorhombic SnS is shown schematically in Figure
S1 (Supporting Information). The structural evolution of SnS−
SG involves two steps: (i) the high-temperature solution
chemistry synthesis of SnS2 supported on a sulfur-doped
graphene nanocomposite (denoted as SnS2−SG) and (ii) the

chemical structure transition from SnS2−SG to SnS−SG via
thermal annealing at 500 °C. During the synthesis of SnS2−SG,
graphene oxides (GOs), with several oxygenated functional
groups, attract Sn2+, which is oxidized by GOs via high-
temperature and high-pressure chemistry known as the
solvothermal reaction, forming a platelike structure (Figure
1a).37,39,40 A subsequent thermal annealing process at 500 °C
chemically transfers the structure of the as-prepared SnS2,
where the high temperature drives the SnS2 nanoplates to curve
and grow longitudinally, resulting in a rodlike structure (Figure
1b−e).
The morphologies of the SnS2−SG and SnS−SG nano-

composites were characterized by scanning electron microscopy
(SEM). As shown in Figure 1d, the SnS2 nanoplates are nested
uniformly in the SG layers and wrinkles. After the annealing
process, the SnS2 nanoplates were converted to the rodlike SnS
anchored on the SG sheets (Figure 1e). The crystal structures
of the SnS2−SG and SnS−SG nanohybrids were further
characterized by X-ray diffraction (XRD) (Figure 1f,g), which
can be indexed to the single-crystalline hexagonal SnS2 (JCPDS
no. 01-1010)41 and orthorhombic SnS (JCPDS no. 39-
0354),41,42 respectively. In addition, no obvious peaks from

Figure 1. (a) Schematic of the hot-chemistry synthesis. Illustrations of the (b) hexagonal SnS2 nanoplates and (c) SnS nanorods supported on SG,
and the corresponding SEM images of (d) SnS2−SG and (e) SnS−SG. XRD analyses of (f) SnS2−SG and (g) SnS−SG.
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impurities can be found in SnS−SG, indicating the full
reduction of Sn4+ and the resultant chemical conversion from
SnS2 to SnS.
The stepwise structural transformation to the rodlike

orthorhombic SnS with increasing temperature is illustrated
in Figure 2a. As the temperature increased to 500 °C in 2 h, the
hexagonal SnS2 nanoplates (0 h) started to reconstruct their
structure with in-plane distortion. After the temperature was
held at 500 °C for 2 h, the SnS2 nanoplates curved and grew
longitudinally, resulting from surface diffusion of SnS2 on the
SG nanosheets with simultaneous loss of sulfur. Accordingly,
the SnS2 nanoplates were completely transformed into a rodlike
structure after 5 h. The signs of curving of the nanoplates and
supsequent conversion into nanorods is demonstrated by the
high-angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) image in Figure 2f.
The high-resolution transmission electron microscopy

(HRTEM) image of the hexagonal SnS2 nanoplates (Figure
2b) and selected area electron diffraction (SAED) pattern
(Figure 2c) clearly reveal a hexagonal single-crystal structure of
SnS2. The element distribution in SnS2−SG is demonstrated by
the HAADF-STEM image (Figure S2a, Supporting Informa-
tion) followed by energy-dispersive X-ray spectroscopy (EDS)
color mapping of the element distribution (Figure S2b−e).
Figure 2d displays an HRTEM image of the orthorhombic
nanorods, and its corresponding SAED pattern is shown in

Figure 2e, indicating an orthorhombic single-crystal structure of
SnS. In this regard, SG plays a significant role as a supporter
and morphology regulator during the synthesis of SnS2−SG
and SnS−SG nanohybrids. SG, possessing a layered structure
with flexibility, can offer accommodations for the SnS2 and SnS
to embed and prevents the resultant crystal structures from
growing disorderly and unsystematically. Parts f and g of Figure
S2 show the SEM images of SnS2 and SnS synthesized under
the same solvothermal synthesis conditions and subsequent
annealing procedures without being supported on SG. Distinct
morphology changes of both the SnS2 and SnS can be observed
compared to SnS2−SG and SnS−SG. The SEM images of both
the SnS2 and SnS without being supported on SG present their
booming aggregation into bulky particles, suggesting that SG
plays a vital role in controlling crystal structures in terms of
SnS2−SG and SnS−SG.
Figure 3a shows the survey spectrum of X-ray photoelectron

spectroscopy (XPS) analysis of SnS2−SG and SnS−SG
nanohybrids, indicating the presence of the elements C, S,
Sn, and O. The C 1s high-resolution XPS spectra of SnS2−SG
and SnS−SG are shown in Figure 3b,c, respectively. The C 1s
peak, centered at 284.8 eV, represents the C−C bonding from
the highly conductive graphene materials. The broad peak with
an asymmetric tail toward higher binding energy of C 1s
indicates enriched sp2 carbon. On the other hand, for SnS−SG
the C 1s peak has less width and is more symmetric in shape

Figure 2. (a) Stepwise phase changes from single-crystal hexagonal SnS2 to rodlike orthorhombic SnS with increasing temperature. (b) HRTEM
image of the hexagonal nanosheets at 0 h and (c) the corresponding SAED pattern, which clearly reveal the single-crystalline, hexagonal SnS2. (d)
HRTEM image of the orthorhombic nanorods at 5 h and (e) the corresponding SAED pattern, which clearly indicate the single-crystalline,
orthorhombic SnS. (f) HAADF-STEM images capturing the curving of SnS2 nanoplates on SG and the subsequent conversion to nanorods of SnS
on SG.
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with a slight shift to higher binding energy. This observation
indicates a relatively low content of sp2 carbon.43 On this basis,
we may attribute the decrease in sp2 carbon to the covalent
interaction of the SnS with the carbon in SG. Sn 3d high-
resolution XPS of SnS−SG (Figure 3d) shows a downshift in
the binding energy of both Sn 3d5/2 and Sn 3d3/2, compared to
those of SnS2−SG. These shifts are due to losses of sulfur (SnS2
to SnS) and decreases of the oxidation state of Sn. High-
resolution XPS spectra of SnS2−SG and SnS−SG for sulfur are
also shown in Figure 3e,f, respectively. Sulfur has two main
peaks for the S 2p doublet corresponding to C−S−C, where S
2p3/2 and S 2p1/2 spin−orbit coupled peaks are located at
163.98 (S3) and 165.18 eV (S4), indicative of sulfur doping in
graphene.44 The peak observed at 162.15 eV is attributed to the
bonding of Sn to sulfur.45 At higher energy, the peaks denoted
as S5 are related to oxygen bound to sulfur (−SOx).

44 The
physicochemical characterization of the support SG in the
absence of any Sn material is conducted by SEM, EDS, TEM,
and XPS (Figure S3, Supporting Information). SG maintains
the usual feature of crinkled nanosheets, and the sulfur content
is estimated to be ∼5.5 mass %. XPS showed the C−S−C
doublet at binding energies of 163.9 and 165.2, in addition to a
few at higher binding energies, revealing a few oxidized sulfurs.
The structures of the SnS2−SG, SnS−SG, and SG were further
investigated by Raman spectroscopy, as shown in Figure 3g.
Two peaks, located at around 1583 cm−1 (G band) and 1320
cm−1 (D band), are observed from SG, SnS2−SG, and SnS−
SG, corresponding to the vibration of graphitic layers and the
defects and disorder of graphitic layers, respectively.46 The
intensity ratio of D to G (ID/IG) is determined to be 1.18, 1.30,
and 1.32 for SG, SnS2−SG, and SnS−SG, respectively. The
observed increase in ID/IG is mainly due to the exfoliation of

graphene and the insertion of tin sulfides into SG layers.47 The
composition of SnS−SG was determined by thermogravimetric
analysis (TGA). As shown in Figure 3h, the main mass loss
ranging from 450 to 600 °C is attributed to the removal of
graphene materials. The graphene content is calculated to be
around 27%. The S/Sn ratio was further determined by EDS in
Figure 3i. The S/Sn ratios of SnS2−SG and SnS−SG are both
slightly higher than those of SnS (1:1) and SnS2 (2:1). The
higher S/Sn ratios indicate sulfur doping in graphene during
the reaction process. We analyzed the Brunauer−Emmett−
Teller (BET) surface area and the pore volume (Figure 3j−l),
as the structure transforms from SnS2−SG to SnS−SG. It can
be seen that SnS−SG attained a higher surface area and larger
pore volume compared with SnS2−SG (Figure 3l).
Electrodes for coin cell testing have been fabricated via the

green chemistry route using nontoxic, and biodegradable,
carboxymethyl cellulose/poly(acrylic acid) (CMC/PAA) as the
binder48,49 and water as the solvent. The electrochemical
performances were carried out by galvanostatic discharge and
charge processes. Figure 4a exhibits the representative
galvanostatic voltage profiles of SnS−SG for the first, second,
and third cycles. SnS−SG delivers an initial discharge capacity
of 1630 mA h g−1 and retains 1132 mA h g−1 for the first
charging process with a Coulombic efficiency of 69.4%. In all of
our measurements, we used the total mass of SnSx and SG in
calculating the capacity. The large irreversible capacity is mainly
due to the conversion reaction of SnS with Li+, forming Sn and
Li2S, in addition to the formation of the SEI layer.26,27

However, SnS−SG shows an excellent cycling stability after the
initial few cycles. As shown in Figure 4b, SnS−SG can retain a
reversible capacity of around 850 mA h g−1 after 200 cycles
with a high Coulombic efficiency of 97%, slightly higher than

Figure 3. (a) XPS analysis showing the survey spectra of SnS2−SG and SnS−SG. (b) and (c) are the high-resolution XPS spectra of C 1s for SnS2−
SG and SnS−SG, respectively. (d) High-resolution XPS spectra of Sn 3d demonstrating the downshift in the binding energy for the transformation
from SnS2−SG to SnS−SG. (e, f) High-resolution XPS spectra for S 2p for SnS2−SG and SnS−SG, respectively. (g) Raman spectra of SnS2−SG,
SnS−SG, and SG. (h) TGA of SnS−SG and (i) the atomic percentage of the elements S and Sn in SnS2−SG and SnS−SG. (j) BET adsorption
isotherm, (k) pore volume, and (l) comparison of the surface area and pore volume for SnS2−SG and SnS−SG.
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the estimated theoretical capacity of SnS (782 mA h g−1). The
outstanding performance of SnS−SG is attributed to its high
theoretical capacity and the synergistic effect of SG and SnS,
which can store more lithium. It is noteworthy to mention that
the synergistic effect when coupling SnS with SG, leading to
higher capacity, is attributed to the ability of SG, having defects
and sulfur as a dopant, to store lithium in the form of a surface
adsorption reaction.50 In sharp contrast, SnS2−SG, SnS2, SnS,
and SG show much lower initial capacities of 1050, 752, 629,
and 550 mA h g−1, respectively, and subsequently faster
capacity decay. For instance, only 200 and 300 mA h g−1 can be
achieved for SnS2 and SnS without being supported on SG,
after 200 cycles, respectively. The fast capacity decay in SnS2
and SnS can be attributed to the fact that SnS2 and SnS tend to
agglomerate without SG as the support (confirmed in Figure
S2, Supporting Information), providing less reactivity for the
Li+ alloying/dealloying process.

Moreover, we studied the rate perfomance of Sn−SG, SnS2−
SG, SnS, SnS2, and SG (Figure 4c; Figure S4, Supporting
Information). SnS−SG possesses much better rate performance
than SnS2−SG, SnS2, SnS, and SG in terms of the higher
capacity and slower capacity decay. After performance of the
rate capability test, the cells were allowed to recover at a lower
rate of 0.5 A g−1. SnS−SG recovers with high stability at an
average capacity of ∼700 mA h g−1, while SnS2−SG slightly
decays before eventially stabilizing at ∼360 mA h g−1. The rate
performance of SnS−SG was further investigated at higher
rates, Figure S4b. The electrode delivered a capacity of 600 mA
h g−1 at 3.0 A g−1. Subsequently, it showed a little lower charge
capacity of 560 mA h g−1 at 5.0 A g−1 with a slight decay.
However, the cell recovers on cycling at 1.5 A g−1, providing a
stable cycling at a charge capacity of 580 mA h g−1 for up to
120 cycles.
As shown in Figure 4d, the fifth cycle discharge capacities of

1000, 830, 750, and 700 mA h g−1 can be obtained at current

Figure 4. (a) Galvanostatic discharge and charge curves of SnS−SG. (b) Cycle stabilities of SnS2−SG, SnS−SG, SnS2, SnS, and SG at a current rate
of 0.1 A g−1. (c) Rate capabilities of SnS2−SG and SnS−SG at different current densities. (d) Fifth cycle discharge and charge capacities of SnS−SG
at different current densities. (e) Cycling stabilities of SnS2−SG and SnS−SG at 0.5 A g−1 (1 C).
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densities of 0.1, 0.25, 0.5, and 0.8 A g−1, respectively. The
voltage profile of different materials is displayed in Figure S5
(Supporting Information), while the voltage profile at different
rates for SnS2−SG is displayed in Figure S6 (Supporting
Information). Even at a very high current density of 1.0 A g−1

(2 C), SnS−SG still provides a capacity of 620 mA h g−1,
showing a superior rate capability. The excellent long life
cycling stability of SnS−SG was further studied at a high
current density of 0.5 A g−1 (1 C). As shown in Figure 4e, a
discharge capacity of 600 mA h g−1 after 1000 cycles and 550
mA h g−1 after 1500 cycles can be achieved at a current density
of 0.5 A g−1. It is important to emphasize that the capacity in
terms of area and/or volume is very relevant from the practical
point of view. It is interesting to note that the SnS−SG
electrode material is able to deliver an areal capacity of ∼2.0
mA h cm−2 and a volumetric capacity of ∼2350 mA h cm−3.
The latter is more than 4 times greater than that of graphite
used in the current LIB technology.51 By comparison, SnS2−SG
delivers a significantly lower capacity of around 200 mA h g−1

after 1500 cycles with a faster capacity decay. To our best
knowledge, this is the longest cycle with excellent stability for
SnS-based composites,30,32,52,53 which is attributed to the 1D
single-crystal structure of SnS and the unique design of SnS
wrapped with SG. The anisotropic 1D coupled with the single-
crystal structure of SnS nanorods not only possesses facile
strain relaxation, leading to an improved mechanical stability,
but also shortens the Li+ diffusion paths and electron transport
length. Additionally, SG plays a key role in providing a 2D
electron transport pathway and large contact sites for SnS.5

More importantly, SG can provide buffer space to suppress the
volume changes of SnS during the Li+ alloying/dealloying
process, maintaining the integrity of the electrode. Further
discussion on the electrochemical behavior of the lithiation and
delithiation has been explored by cyclic voltammetry and
electrochemical impedance spectroscopy as shown Figure 5.
The cyclic voltammetry (CV) curves for SnS−SG, SnS2−SG,
and SG are shown in Figure 5a−c, respectively. The Li+

insertion/deinsertion mechanism can be proposed as follows:

+ + → ++x xSnS Li 2e Sn Li Sx 2 (1)

+ + ↔ ≤ ≤+x x xSn Li e Li Sn (0 4.4)x (2)

As shown in Figure 5a,b, two reduction peaks are observed in
the cathodic scans. The peak at around 1.3 V (a) is ascribed to
the decomposition of SnSx to Sn and Li2S, which may result in
a large irreversible capacity for the first cycle, as shown in eq 1.
The second dominant peak at around 0.05 V (b) is known to
arise from the formation of LixSn alloys as in eq 2.54 During the
anodic process, at the peak at about 0.5 V (c), LixSn encounters
a delithiation process. It is clear that there is another anodic
peak at about 1.8 V, indicating that tin may react with Li2S to
form the SnSx phase.

54−57 With regard to the second and third
cycles, there are no noticeable losses of the area, providing the
good stability of the electrodes. As shown in Figure 5c, for SG,
in the first cycle, there are two cathodic peaks located at 0.6 and
0.1 V. The peak at ∼0.6 V is related to the formation of the SEI,
leading to the large irreversible capacity for the first cycle. The
second peak at ∼0.1 V represents the intercalation of Li+ into
the SG layers.
To explain why SnSx−SG nanocomposites have different

features, electrochemical impedance spectroscopy (EIS)
measurement of the as-prepared electrodes was conducted.
Nyquist plots obtained from EIS of the SnSx−SG samples are
shown in Figure 5d. The coin cells were cycled for 10 cycles
and then were charged to a potential of 2.4 V to study the
internal resistance status of both electrodes. Compared with
SnS2−SG, the annealed sample (SnS−SG) has a lower initial
interfacial resistance and higher charge transfer rate. We used
HAADF-STEM to image the electrode structure after cycling
and map the composition by energy-dispersive X-ray spectros-
copy, Figure 6. This technique is sensitive to the atomic weight

of the elements, where the heavy element is shown brighter
than the lighter one. The nanorods of SnS should change
physically and chemically after cycling (eqs 1 and 2). However,
they are still confined in the wrinkles of SG. The binder created
a nestlike structure that helped the electrode material to be
confined while being supported by the SG. We believe this
robust structure helped the electrode to cycle 1500 times
without significant loss of the capacity. The stronger covalent
synergy between SnS and SG possibly leads to the excellent
battery performance of SnS−SG compared to SnS2−SG. In this
regard, it is interesting to further understand the nature of the
interaction between SnSx and SG. We used quantum

Figure 5. Cyclic voltammograms for (a) SnS−SG, (b) SnS2−SG, and
(c) SG. (d) Electrochemical impedance spectra of SnS−SG (red) and
SnS2−SG (black) with a frequency range of 1 MHz to 0.1 Hz.

Figure 6. (a) TEM image of the SnS−SG electrode material before
battery cycling, (b) HAADF-STEM image of the electrode material of
a cell fabricated using SnS−SG and cycled 1500 times. (c−e)
Corresponding EDS color mapping for carbon, sulfur, and tin,
respectively.
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mechanical density functional theory (DFT) calculation to
model the nanocomposite structure. This is widely applied to
catalysis applications and produces reliable energetics on
graphene systems.58−60

The DFT calculations were carried out using the program
BAND,61,62 where the electron wave functions were developed
on a basis set of numerical atomic orbitals (NAOs) and of
Slater type orbitals (STOs). The triple polarization (TZP) basis
of Slater-type orbitals was used. The calculations were
performed by using the PBE-D363 generalized gradient
approximation (GGA) for the exchange and correlation energy
terms, explicitly taking into account the dispersion correction.
In the present study, a 4 × 4 supercell of graphene was selected
for the calculations. The SG model was built up with a
thiophene-like sulfur existing in a pentagonal arrangement
(Figure S7, Supporting Information). All the atoms in the
model were allowed to relax for all the calculations. The model
was also used to demonstrate similar covalent interactions on
SG and silicon in our previous work.1 To describe the
interactions between the tin sulfide and SG, the adsorption
energies (Eads) were defined by the following equation:

= − −−E E E EX Xads SG SG (3)

where EX−SG represents the energy of SG−SnS or SG−SnS2,
ESG, is the energy of SG, and EX represents the energy of SnS or
SnS2. We studied the adsorption of SnS or SnS2 on different
sites of SG. For the adsorption of SnS2 on SG, three adsorption
configurations (where SnS2 is located on different sites near the
sulfur atom and the adjacent defects) are exhibited in Figure
7a−c, respectively. It was found that covalent interactions are
more likely to form between SnS2 and the C defects, with the
highest adsorption energy of −1.05 eV (Figure 7c). In this
regard, the S-doping induced C defects in the SG function as
active sites for the SnS2 adsorption. Similarly, parts d−f of
Figure 7 present three optimized SnS adsorption configurations
on SG. The results show that there is no direct bonding
between the SnS and SG structures when SnS is placed on sites
that are away from the sulfur and defect site (Figure 7d). The
corresponding adsorption energy (−0.36 eV) was contributed
mainly by van der Waals interactions. However, at the S-doped
defect site, C−S and C−Sn covalent bonding can be observed.
Depending on the SnS adsorption configurations, the

Figure 7. Geometries of the optimized SnS2 (a−c) and SnS (d−f) adsorption configurations on SG (small gray, C; brown, Sn; yellow, S.). Projected
density of states (PDOS) for Sn, S, and the individual C atoms involved in SnS2 (g) and SnS (h) adsorption on SG for the configurations in (c) and
(f), respectively.
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adsorption energies vary from −1.23 eV (Figure 7e) to −2.25
eV (Figure 7f). The results further show that the calculated SnS
adsorption energies are larger than those of SnS2, indicating the
stronger covalent interaction of SnS adsorption on SG. This
can provide evidence for the long life cycle stability of SnS−SG
as an anode material in LIBs, as confirmed in Figure 4e. The
presence of defects in SG, in addition to stronger affinity of SnS
adsorption, presents an explanation for both the higher capacity
and the long cycle stability. There has been evidence that Li
adsorption to graphene increases as the defects increase, giving
rise to higher lithium storage.64 The higher adsorption affinity
of Sn for SG enhances the stability as, during lithiation/
delithiation, there will be minimization for agglomeration. To
have a better understanding of the electron structure of the
bonding between SnS2 (or SnS) and SG substrates, the
projected density of states (PDOS) of the Sn, S, and C atoms
involved in the adsorption were calculated. As shown in Figure
7g,h, there are significant p−p overlaps between the S p and C
p states at the whole energy level (from 0 to −10 eV) in SG,
showing the strong interaction between S and C atoms.
Similarly, the orbital overlaps in Sn−C bonding are mainly
contributed by the Sn p and C p states (Figure 7h). The
analysis of the PDOS reveals that formation of adsorption
bonding between SnS and SG was mainly due to the mixing
among the C p, Sn p, and S p states.

■ CONCLUSIONS
In summary, for the first time, 1D single-crystal, orthorhombic
SnS nanorods supported on SG (SnS−SG) were synthesized,
showing excellent Li+ storage properties and long-term cycling
stability. The as-prepared SnS−SG exhibited an excellent rate
performance and can deliver 85% capacity retention after 1500
cycles at 1 C. The anisotropic 1D coupled with single-crystal
structure of SnS nanorods not only possesses facile strain
relaxation, leading to an improved mechanical stability, but also
shortens the Li+ diffusion paths and the electron transport
length. In addition, it is believed that the strategy of
synthesizing SnS−SG through heat treatment after employing
GO as an oxidizer may open a new way for the synthesis of
sulfide-doped graphene to obtain enhanced properties for the
storage of Li+.

■ MATERIALS AND METHODS
Materials. Graphene oxide (GO), tin chloride dehydrate (SnCl2·

2H2O), thiourea, and ethylene glycol (EG) were used in the syntheses.
All reagents were of analytical grade and used as received without any
purification process.
Synthesis of SnSx−SG Nanocomposites. GO was fabricated

according to previous literature procedures. To synthesize SnSx−SG
nanocomposites, a mixture of GO, EG, SnCl2·2H2O, and thiourea was
prepared. In a typical synthesis, 90 mg of GO was sonicated in 20 mL.
Similtaneously, 0.8 g of thiourea and 400 mg of tin(II) chloride were
dissolved seprately in 5 mL of DDI each. Then the thiourea and the
tin(II) chloride solutions were mixed with the GO solution, and
sonication was continued until complete mixing. The above
suspension was transferred into an autoclave, and the solution was
heated for 10 h at 100 °C and 10 h at 200 °C. After that, the autoclave
was cooled to room temperature, and the products were collected and
filtered. Then the products were freeze-dried (Labconco Freezone 1,
United States) for two nights, and the material is denoted as SnS2−SG.
After that, the SnS2−SG material was annealed in an argon atmosphere
at 500 °C for 3 h followed by furnace cooling, and the resulting
material is denoted as SnS−SG.
Reference Material Synthesis. The reference materials contain-

ing SnS2, SnS, and SG were also prepared by the following procedures.

A mixture of EG, SnCl2·2H2O, and thiourea was prepared. The above
suspension was transferred into an autoclave, and the solution was
heated at 100 °C for 10 h and at 200 °C for 10 h. After that, the
autoclave was cooled to room temperature, and the products were
collected and filtered. Then the products were freeze-dried, and the
resulting material is denoted as SnS2. After that, the SnS2 was annealed
in the furnace under an argon atmosphere at 500 °C for 3 h followed
by furnace cooling, and the material is denoted as SnS. For SG,
ethylene glycol, graphene oxide, and thiourea were mixed by
sonication and then subjected to the same solvothermal method as
mentioned above.

Materials Characterization. X-ray diffraction (XRD) patterns
were collected using Ni-filtered Cu Kα radiation (λ = 1.5418 Å). The
morphology of the nanocomposites was observed using a field
emission scanning electron microscopy (FE-SEM) instrument (Zeiss
Ultra Plus, United Kingdom) and a high-resolution transmission
electron microscopy (HRTEM) instrument (FEIPhilips CM 300,
United sTates). Thermal gravimetric analysis (TGA) was carried out
to explore the ratio of tin sulfides and graphene. TGA was conducted
in air at a heat ramp of 10 °C min−1 to 800 °C. X-ray photoelectron
spectroscopy (XPS) was also used to confirm the composition of
SnSx−SG and SG products.

Electrochemical Evaluation. The working electrodes were
fabricated by mixing 60 wt % active material, 20 wt % super P (as a
carbon additive for conductivity enhancement), and 20 wt % CMC
and PAA (weight ratio 1:1) (used as a binder, 2 wt % CMC (sodium
carboxymethyl cellulose) in water and poly(acrylic acid), Sigma-
Aldrich) and coated on copper foils. The average mass loading of the
active materials in the electrode was maintained around 2.1 mg cm−2.
The electrodes were treated in a vacuum oven for 2 h at 150 °C and
assembled in a glovebox (MBRAUN 10, United States). Conventional
two-electrode coin cells were fabricated using lithium metal (Aldrich,
United states) as the counter electrode and LiPF6 (1 M) in ethylene
carbonate/diethyl carbonate (EC/DEC; 3:7, vol %) as the electrolyte.
The electrochemical performances of the prepared electrodes were
characterized by cyclic voltammetry (Versa Stat MC, Princeton
Applied Research, United States) and galvanostatic charge−discharge
(Neware, China) tests between 0.1 and 3 V vs Li/Li+. All of the
specific capacities in this study were calculated on the basis of the mass
of active materials (SnSx−SG).
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