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Facile synthesis of Sn/MoS,/C composite as anode materials for
lithium-ion batteries with outstanding performance

Honggiang Wang,™ Qichang Pan,” Jing Chen,” Yahui Zan,* Youguo Huang,** Guanhua Yang,"
Zhixiong Yan," and Qingyu Li**

A facile strategy for preparing novel Sn/MoS,/C composite has been developed via a simple
hydrothermal route and then annealed in Ar atmosphere. The synthesis of layer-structure MoS,
and amorphous carbon can effective restrictions the volume change of Sn during the charge
and discharge process. While the Sn/MoS,/C composite is evaluated as anode materials for
lithium-ion batteries, which exhibits a stable and high reversible capacity of 707 mAh g'1 at
500 mA g'1 after 100 cycles. The significant improved Li ion storage and stable capability are
attributed to the layer-structure MoS, nanosheets and the amorphous carbon coate layer,
alleviating the large volume changes of Sn and enhancing electron and Li ion diffusion

transport in

1. Introduction

Lithium ion batteries (LIBs), have been widely considered
as a promising power source for full electric vehicles and
hybrid vehicles." However, the current commercial anode
materials of graphite can't meet the next generation of
high-performance LIBs due to its low theoretical specific
capacity (372 mA h/g).> As well as we known, the anode
materials being an essential component of the LIBs,
significantly influences all the aspects of the performance
for LIBs. So the next generation of high-performance LIBs
of anode materials should possess a higher capacity in
comparison to the commercial graphite.® In recent years,
Alloy-based anode materials have attract attention because
of their considerable higher theoretical capacity than that
of graphite. For example, Li-Si alloy and Li-Sn alloy can
achieve a capacity of 4200 mA h/g and 993 mA h/g,
respectively.*” Among all the alloy-based anode materials,
metallic tin is one of the most promising anode materials
for next generation high-performance LIBs due to its not
only has high theoretical capacity and electronic
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the composite.

conductivity but also has moderate operating Voltage.é’8
Unfortunately, the huge volume changes (about 300%) and
severe pulverization during the charge and discharge
process cause the shorten cycle ability and cycle life,
which has been limited applications in high-performance
LIBs. ™"

To overcome these problems, some effective efforts have
been made to improve the structural stability. One
approach is constructing hybrid composites consisting of
nanosized Sn and carbon that have been widely employed
to reduce the volume exPansion of Sn, such as design a
Sn@C nanocomposites,1 12 S nanoparticles embedded
into carbon matrix "> and Sn-Graphene
nanocomposites.”’22 These carbon and graphene can not
only provide spaces to buffer the mechanical stress
induced by the volume change of the Sn nanoparticles but
also enhance the electronic conductivity of the composites,
resulting in significantly improved cycling performance
and rate capability. Another approach involves the dopin%
of inactive phase, such as Sn-Ge alloy,23 Cu-Sn thin film
and Ni-Sn alloy.zs‘26

Recently, MoS,, a transition metal sulfide with graphene
-like layered structure, has been discovered with high reve-
rsible capacity in the range of 900 - 1200 mA h g'1 as the
anode materials for LIBs.”” However, MoS, nanoshee-
ts are vulnerable to easy restacking due to it’s a detrim-
ental weakness from its 2D structure, and that result in
poor cycle life.’>*' To overcome this obstacle, particles
with various sizes are introduced as spacers between
nanosheets, that can enhance the cycle stability.”‘33

In this paper, we reported a facile process to
synthesize Sn/MoS,/C composite. Sn/MoS,/C
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composite was prepared by hydrothermal route and then
heat treat process. The products were characterized by
XRD, SEM, and TEM. The results indicate that the Sn
dispersed in MoS; and amorphous carbon. Furthermore,
higher capacity and better cycling stability were
displayed at a current density of 500 mA g compared
to conventional powder electrode. This good
performance is attributed to cooperate with the MoS,
and amorphous carbon, accommodating the large
volume changes of Sn.

2. Experimental

2.1 Material synthesis

In a typical synthesis, 2.25 g of Na,MoO42H,0 and 3 g
NH,CSNH, were dissolved in 400 ml deionized water, and
then 7.5 g of glucose was added into the solution, finally,
3.4 g of Na,SnO;5-3H,0 and 6 g NH,CONH, were also
added into the solution. After stirring for a few minutes,
the obtained solution was transferred into a 500 ml Teflon-
lined stainless steel autoclave and sealed tightly, heated at
220 °C for 24h. After cooling naturally, the black
precipitates were collected by filter, and then washed with
deionized water three times, dried oven at 80 °C for 12 h.
The obtained products were annealed in a conventional
tube furnace at 700 °C for 4 h under Ar atmosphere. Then
the Sn/MoS,/C composite was obtained. For comparison,
Sn/C composite was also synthesized by hydrothermal
method and without introduced MoS, at the same
conditions.

Characterization of structure and morphology

The morphology of the composite was observed by a field-
emission scanning electron microscope (SEM, Philips, FEI
Quanta 200 FEG) and transmission electron microscope
(TEM, JEOL-2100). The phase of the composite was
conducted by X-ray diffraction (XRD, Rigaku D/max 2500)
with Cu Ka radiation at 40 kV and 40 mA. The crystal and
composition were characterized by laser Raman
spectroscopy (Jobin Ybon, T6400). X-ray photoelectron
spectroscopy (XPS) experiments were carried out using an
AXIS ULTRA DLD instrument, using aluminum Ko X-
ray radiation during the XPS analysis. The carbon content
was determined from thermogravimetric analysis (TGA)
(Nitzsch STA 449 C) at a heating rate of 5 °C min’ ' The
exact Mo:Sn molar ratio in the composite was also
measured by inductively coupled plasma optical emission
spect-roscopy (ICP-OES, Agilent 730). The result
measured for the presence of Mo and Sn element (molar
ratio: Mo : Sn= 0.0093: 0.013 ) by TCP-OES.

Electrochemical measurements

Electrochemical measurements were performed using a
CR2025 type coin cell with Li metal as the counter
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electrode, a polypropylene film (Celgard 2400) as a
separator, and 1 M LiPFs dissolved in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1, v/v) was used as the electrolyte. the working
electrodes prepared by 80 wt % active materials, 10 wt %
Super P as the conductive agent, 10 wt % polyvinylidene
fluoride (PVDF) as the binder in an N-methyl
pyrrolidinone (NMP) solution. The slurry was pasted on to
a copper foil and completely dried before used, and the
working electrode with active material loading of around
1.0 mg cm™. The charge and discharge cycles were carried
out on a battery measurement system (LAND, BT2013A,
Wuhan, China) at various current densities in the cut off
voltage range of 3.00 V to 0.01 V versus Li/Li" at room
temperature. Cyclic voltammograms (CVs) measurements
were carried out on electrochemical workstation (IM6,
Germany) over the potential range of 3.0 to 0.01 V at a
scan rate of 0.1 mV s™. Electrochemical impedance spectr-
oscopy measurements were performed using a electroche-
mical workstation by employing an ac voltage of 5 mV
amplitude in the frequency range 10 mHz - 100 kHz.

3.Results and discussion
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Fig. 1 (a) XRD pattern of Sn/MoS,/C composite and
(b) Raman spectrum of Sn/MoS,/C composite.
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The components of the as-prepared Sn/MoS,/C
composite were characterized by X-ray powder diffraction
(XRD), as shown in Fig. 1a. XRD phase analysis reveals,
the diffraction peaks at (200), (101), (220), (211), (301),
(112), (400), (321), (420), (411) and (312) were observed,
which was matched well with metal tin, and the XRD
pattern also shows two peaks at (100) and (110) , which
can be attributed to MoSZ,34 In addition, there is a small
amount of SnO, and SnO impurity existing in the as-
prepared composites. The occurrence of Sn oxides can be
explained by follow reasons: (i) the thermal treatment at
700 °C in Ar atmosphere that the carbon not completely
reduction of the tin oxides; (ii) part of tin metallic particles,
probably oxidized due to the contact with air during the
sample handling. Raman spectra of the Sn/MoS,/C
composite (Fig. 1b) displays two characteristic peaks of
MoS, at 379 and 405 cm™, the difference (A) between
these two Raman peaks can be used to identify the number
of MoS; layers. Therefore, the obtained A value is 26 cm’
in the Sn/MoS,/C composite, indicatin% that MoS, has a
few-layer structure in the composite.”” Moreover, two
prominent peaks at ~1345 cm™ (D-band) and ~1573 cm’'
(G-band), respectively, which are typical bands of
carbonaceous. These above mentioned results further
confirm that the obtained composite comprises MoS, and
carbon.

The Sn/MoS,/C composite is also confirmed by using
X-ray photoelectron spectroscopy analysis (XPS) (as
shown in Fig. S1). Fig. Sla shows the survey XPS
spectrum of Sn/MoS,/C composite, which suggests the
presence of C, O, Mo, S and Sn elements. As shown in Fig
S1b, Sn 3d;» and Sn 3ds, were observed to be around
495.7 and 487.3 eV, respectively. The result indicates that
Sn element detected exists as Sn*" state, which indicates
the presence of SnO, on the surface of Sn/MoS,/C
composite that may be the surface of the Sn have been
oxidized in air during the analysis. In addition, S 2s, Mo
3ds, and Mo3d;, were located at 225.9, 228.5 and 231.7
eV, respectively, as shown in Fig. Slc. The peaks of S 2p
were resolved into S 2py, and S 2p;, shown in Fig.S1d.
Such Mo peak corresponded to +4 oxidation state,
suggesting that presence of MoS; in the composite. So all
these indicating that we successfully prepared Sn/MoS,/C
composite.

The content of Sn in the Sn/MoS,/C composite and
Sn/C composite were confirmed by the thermo-gravimetric
analysis (TGA) in dry air. The TGA curves of Sn/MoS,/C
composite and Sn/C composite are shown in Fig. 2. The
one continuous weight loss in the range of approximately
150-350 °C for the Sn/MoS,/C composite is attributed to
the oxidation of MoS, to MoQO;, the Sn to SnO, and the
decomposition of amorphous.*® Based on the TG result and
the ICP-OES result of the Mo : Sn molar ratio of 0.0093 :
0.013, the mass fraction of Sn, MoS, and C in Sn/MoS,/C
composite can be calculated around 34 %, 33 % and
33 %,respectively. Based on the TG result, the mass
fraction of Sn and C in Sn/C composite can be calculated

This journal is © The Royal Society of Chemistry 20xx

around 39.95% and 60.05%.
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Fig. 2 TG curves of the (A)Sn/MoS,/C composite and (B) Sn/C
composite.

Fig. 3 SEM images of Sn/MoS,/C composite.
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Fig. 4 TEM images of Sn/MoS,/C composite.
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The morphology of the Sn/MoS,/C composite was
shown in a low magnification SEM images (Fig. 3). The
Sn/MoS,/C composite composed of irregular particles with
nonuniform sizes, it can be seen that the obtained powders
with an average size of about 5 um and unevenly
dispersion. In addition, we also can seen that some Sn
nanoparticles about a few hundred nanometers embedded
in the matrix (Fig. 3 ¢), and some MoS, nanosheets coating
the surfaces of the Sn nanoparticles (Fig. 3d). The energy
dispersive spectrometer (EDS) mapping (as shown in Fig.
S2) of the as prepared sample demonstrates that Sn
nanoparticles and MoS; are highly dispersed in the carbon
martix. Besides tin, carbon, molybdenum and sulfur,
oxygen was also detected, being consistent with the XRD
and XPS results.To further investigate the morphology and
structure of Sn/MoS,/C composite, the composite was
further characterized by TEM. The low magnification
TEM images (Fig. 4a,b,c) showed dispersive aggregates
and the particles size distribution ranged from 50-100 nm
of Sn particles were coated by the MoS, nanosheets and
amorphous carbon, Fig. 4d shows the lattice images of the
Sn/MoS,/C composite, the lattice fringe with measured
inter-planar distance of 0.29 nm, which indicating that the
composite include Sn. These results suggest that during the
hydrothermal process, the Na,SnO; transform into SnO,
by hydrolysis first and then the MoS, generated on the
surface or in the surrounding of the SnO,. After annealed
in 700 °C under Ar atmosphere, the SnO, was reduced to
Sn by carbon. However, the SnO, may be prepared before
the MoS,, so the SnO, is very easily aggregated to large
particles.

The cyclic voltammetry plots of the Sn/MoS,/C
composite is shown Fig. 5 (a), Which is collected at a slow
scan rate of 0.1 mV s™ in a potential window of 0.01 V-3.0
V vs Li'/Li. In the first cathodic scan, the peaks located at
0.35V and 0.65V are referenced to the alloying process of
lithium into tin forming Li,Sn,”’ the peak at the 0.8V could
be assigned to the formation of a solid electrolyte interface
on Sn/MoS,/C composite and the cathodic peak at 1.65 V
is attributed to the Li intercalation into the layered MoS,.
Turning to the anodic process, a series of peaks between
0.4 V and 0.8 V are assigned to the de-alloying reactions
of Li,Sn, and a dominant peak at around 2.35 V can be ob-
served, which is ascribed to the oxidation of Li,S to form
S.* It can be seen that the plots of the second and third sc-
ans are almost overlapped, indicating that good
electrochemical reversibility of lithium storage in the
Sn/MoS,/C composite starts from the second cycle. To
investigate the lithium ion storage capability of Sn/MoS,/C
composite as an anode for LIBs, galvanostatic charge-
discharge cycling of the composite was performed in the
voltage of 0.01 to 3.0 V at current density of 500 mA g

The charge and discharge profiles of Sn/MoS,/C
composite in the 1%, 2™ 50™ and 100™ cycles are displayed
in Fig. 5 (b). The sharp of the profiles changes little during
the charge and discharge cycling, indicating the good
reversibility of the Sn/MoS,/C electrode, which is
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consistent with the above CV analysis. Besides, during the
charge process, a plateau appeared at around 2.35 V is
observed, which is in accordance with the previous CV
curves. While during the discharge process, a plateau at
around 1.8 V and a gentle slope between 0.2 V and 0.8 V
are observed, which also in agreements with the above CV
study.

Electrochemical properties of Sn/MoS,/C composite as
anode materials for LIBs were also investigated. Fig. 5 (c)
display the cycling performance of Sn/C composite during
cycling under a current density at 100 mA g’ and
Sn/MoS,/C composite during cycling at a current density
of 500 mA g between 0.01 V to 3.0 V. As can be seen,
during the initial cycles a rapid capacity fade occurs and
the initial Coulomb efficiency is relatively low, that may
be due to inevitable formation of a solid electrolyte
interface (SEI) and the decomposition of the electrolyte,
which are common to most Sn-based anode materials. In
the subsequent cycles, the Sn/MoS,/C composite electrode
exhibits excellent cycling stability at a current density of
500 mA g'. Even after 100 cycles at 500 mA g, a
reversible capacity of 707 mAh g is still retained and the
Coulomb efficiency keeps stable at ~98% after the first
and second cycles, suggesting that the Sn/MoS,/C
composite electrode reveal a excellent cyclic stability. In
contrast, a much lower reversible capacity (301 mAh/g) of
the Sn/C composite and a reversible capacity (562 mAh/g)
of the MoS,/C composite is delivered at the end of 100
cycle at current density of 500 mA/g, respectively.
Therefore, the Sn/MoS,/C composite demonstrates
remarkably higher reversible capacity and cycling stability,
which are ascribed largely to the strong MoS, nanosheets.
During the charge and discharge process, the MoS,
nanosheets around Sn particles are very beneficial for the
growth of a stable SEI film, leading to excellent cycling
stability. As for the MoS, nanosheets with excellent
mechanical flexibility, the can tightly anchor the Sn
particles and effectively buffer the volume change of the
Sn during the charge and discharge process.”” However,
the electrochemical performance is not better than reported
Sn/C'"'? or MoS,-based materials®>>* may be due to the
Sn particles is too big.

To further evaluate the rate capability, the Sn/MoS,/C
composite electrode is cycling at various current densities
ranging from 100 to 2000 mA g over a voltage window
of 0.01 to 3.0 V as shown in Fig. 5 (d). During the first
twenty cycles under current density of 100 and 200 mA g,
delivered reversible capacity of 865 mAh g'1 and 772 mAh
g'l, and then became stable and also can delivered
reversible capacity of 665 mAh g, 584 mAh g and 485
mAh g at higher current density of 500 mA g', 1 A g’'
and2 A g'l, respectively. When the current density was
reduced to 100 mA g’l again, a reversible capacity of 8§70
mAh g'1 was obtained, indicating outstanding rate
capability. However, for the Sn/C composite, the discharge
capacity were 576 mAh g’l and 247 mAh g'1 at current
density of 100 mA g’l and 2A g’l, respectively, and when

This journal is © The Royal Society of Chemistry 20xx
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the current density was reduced to 100 mA g again, a
reversible capacity of 500 mAh g was obtained. All the
above results clearly demonstrate the excellent cycle
stability and rate capability of the as-prepared Sn/MoS,/C
electrode.

Specific current (Alg)

Potential vs. LiLi

2500

- SMoS,/C composite
MoS,/C composite

2 b * Sn/C composite

1500

acity (mAh/g)
Capacity (mAhg)

210002
3

s001%

40 60 80 1
Gycle number

Fig. 5 (a) Cyclic voltammograms of Sn/MoS,/C composite; (b)
galvanostatic charge and discharge profiles of Sn/MoS,/C
composite;(c) Cycle performance of Sn/MoS,/C composite at current
density of 500 mA g'; (d) rate capability of the Sn/MoS,/C
composite.

Electrochemical impedance spectroscopy (EIS)
measurements were investigated to further identify the
resistance of Sn/MoS,/C composite. Fig. 6 displays the
N%/quist plots of Sn/MoS,/C composite before and after 1%,
5™ 10™ and 50™ charge-discharge cycles. As can be seen,
the five impedance spectra have similar features: a
medium-to-high-frequency depressed semicircle and a
low-frequency linear tail. The semicircle at high frequen-
cy is an indication of SEI resistance (Rgg;) and contact
resistance (Ry), the semicircle across the medium-freque-
ncy region represents the charge-transfer impedance (Ry)
on the electrode/electrolyte interface, and the low-
frequency linear tail corresponds to the Warburg
impedance (Z,,) associated with the diffusion of lithium
ions in the bulk electrode (R.).””* According to Fig. 6 , it
can be found clearly that the resistance before cycling was
considerably higher than after the 50™ cycle, but was
closed to the resistance after 1** cycle, which was mainly
caused by the lack of electrolyte wetting in the electrode
materials before cycling. After the formation of the SEI
film and the process of activation during the cycling, the
resistance greatly decreased, and the small value of
resistance explains the excellent cycling performance and
have a rapid Li" diffusion. The SEM images of electrode
before and after 50 cycles (as shown in Fig S3). It can be
clearly seen that the electrode maintain well after 50 cycles,
and the Sn particles have not aggregated and still
embedded in the MoS,/C composite. All of these results
confirm that the Sn/MoS2/C composite shows excellent
electrochemical performance.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Nyquist plots of Sn/MoS,/C composite in the
frequency range from 0.01 Hz to 10° Hz before and after
1%, 5™ 10™ and 50™ charge-discharge cycles.

4. Conclusion

In summary, this work has developed a facile method to
prepare Sn/MoS,/C composite by a simple hydrothermal
method and then annealed at 700 °C for 4h under Ar
atmosphere. In this composite, the MoS, nanosheets and
amorphous carbon can effectively persevere the structural
and interfacial stabilization of Sn as well as accommodate
the mechanical stress resulting from the severe volume
change of Sn during lithium ion insertion/extraction. As a
result, excellent cycling stability at high rates (a reversible
capacity of 707 mAh g is achieved at current density of
500 mA g after 100 cycles) and superior rate capability
(865 mAh g at 100 mA g-1, 772 mAh g'at 200 mA g-
1,665 mAh gl at 500 mA g' 584 mAh g’ at 1 A g and
485 mAh g at 2 A g') were achieved when Sn/MoS,/C
composite was used as an LIBs anode materials.
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Sn/MoS,/C composite has been synthesized using a simple hydrothermal

method with stable electrochemical performance.
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