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SnO,/graphene nanocomposite was prepared via a facile
solvothermal process using stannous octoate as Sn source. The
as-prepared SnO,/graphene nanocomposite exhibited excellent
electrochemical behavior with high reversible capacity, long
cycle life and good rate capability when used as anode material
for lithium ion batteries.

Introduction

As one of the most popular electrochemical energy storage devices,
rechargeable lithium-ion batteries (LIBs) have been the predominant
power source for modern electronic devices such as cell phones,
laptop computers, and other power gadgets etc.'” The electrode
materials are a determining factor for the performance of LIBs. To
meet the increasing demand for LIBs with high energy density, long
cycle life, excellent rate capability performance, and environmental
compatibility, it is highly desired to search alternative electrode
materials with improved performance for next generation LIBs.**
For anode materials, the commercially used graphite is insufficient
to satisfy the increasing demand for batteries with high energy and
power density because of its low theoretical capacity (372 mAh g™).
Therefore, exploring alternative anode materials with higher
reversible capacity, higher rate capability, as well as long cycle life
and low cost has been a subject of extensive research nowadays. In
the past decade, various advanced materials including metal oxides
have been intensively studied as alternative anode materials for
LIBs.>® Among these metal oxides, SnO, has been considered to be
a promising anode material for next generation LIBs because of its
relatively high theoretical capacity (782 mAh g™’ based on 4.4 Li per
molecular), natural abundance, environmental benignity, and safe
lithiation potential.>!! However, similar to the other metal oxides
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electrode materials, SnO, anodes suffer from huge volume
expansion, poor electronic conductivity and severe aggregation of Sn
nanoparticles upon extended charge-discharge cycling. These
shortcomings result in rapid capacity fading and poor rate capability,
which hinder the practical application of the SnO, anodes.'*"?

To overcome the abovementioned problems of SnO, anodes,
various approaches have been employed. Generally, two strategies
are widely explored to improve the electrochemical performance of
SnO, as anode material for LIBs. One strategy is to design and
fabricate SnO, with special morphologies and porous/hollow
structures on the nanoscale, which would effectively sustain the huge
volume expansion during lithiation and delithiation.'*'® Another
strategy is to prepare composites of SnO, with conductive
carbonaceous materials, which would buffer the volume expansion
and enhance the electronic conductivity of the SnO, electrodes.'*?*
Specially, building hybrid of SnO, nanostructures and graphene
nanosheets has been regarded as one of the most effective
approaches toward high performance anode materials for LIBs. The
synergetic effect of SnO, nanostructures and graphene nanosheets is
not only beneficial to improve the electronic conductivity and buffer
the volume expansion during cyclic process, but also limit the
growth of solid-electrolyte interphase (SEI) film and prevent the
aggregation of Sn nanoparticles.**>®

To date, many methods have been employed to prepare
SnO,/graphene nanocomposites, such as reassembling process,
mechanical mixing, atomic layer deposition (ALD) technique, gas-
liquid interfacial synthesis, as well as hydrothermal methods.”*’
From the previous reports, tin chloride (SnCl, and SnCl;) were
commonly used as Sn sources for the synthesis of SnO,/graphene
nanocomposites, and all the previous methods required multistep

J. Name., 2012, 00, 1-3 | 1



Physical Chemistry Chemical Physics

COMMUNICATION

processes (post thermal treatment) or additional chemicals (urea,
hydrazine, etc.), which make the synthesis process complicated and
time/energy-consuming. Therefore, it is still necessary to explore an
efficient, economic, and green method for the preparation of
SnO,/graphene nanocomposites.

In this work, we report a facile one-step solvothermal method for
the preparation of SnO,/graphene nanocomposite using stannous
octoate as SnO, sources without any additional chemicals. The as-
prepared porous SnO,/graphene nanocomposite exhibited excellent
electrochemical behavior with high reversible capacity, long cycle
life and high rate capability when used as anode material for LIBs.

Experimental

Fabrication of graphite oxide nanosheets: The graphite oxide
(GO) nanosheets were produced from natural graphite flakes by a
modified Hummers method.*!

Synthesis of SnO,/graphene nanocomposite: In a typical synthesis
process, 0.5 mL stannous octoate and 60 mg GO nanosheets were
added to 50 mL of ethanol. After being vigorously stirred for 12 h,
10 mL DI water was added to the suspension. The resulting
suspension was transferred to a 100 mL Teflon autoclave, which was
then heated to 160°C in an electric oven for 10 h. Afterward, the
precipitate was collected by centrifugation, washed with ethanol and
deionized water for several times. After washing, the precipitate was
and then dried
comparison, bare SnO, nanoparticles were prepared under the same
conditions but without the presence of GO.

Characterization

The X-ray diffraction (XRD) patterns of the samples were recorded

subjected to freeze-drying, in vacuum. For

on a Rigaku D/max-2500 diffractometer with CuKo radiation
(A=0.1542 nm) at 40 kV and 30 mA at a step of 0.02. Data were
recorded ranging from 10° to 80°. Scanning electron microscopy
(SEM) was performed on a JEOL 6701F scanning electron
microscope at an accelerating voltage of 10 kV. Transmission
electron microscopy (TEM) observations were carried out on FEI
Tecnai F20 microscopes at 200 kV. Raman spectroscopy was
recorded on a DXR Raman microscope with laser excitation
wavelength of 532 nm. Thermogravimetric (TG) analysis was
carried out on a TA-Q50 instrument. Nitrogen adsorption and
desorption isotherms at 77 K were characterized by a Nova 2000e
surface area and pore size analyzer.

Electrochemical measurements

Electrochemical measurements were performed using coin-type cells
(CR2016) assembled in an argon-filled glove box. To prepare
working electrodes, a mixture of the nanostructured SnO,/graphene
composites, super-P acetylene black (AC) and poly-(vinyl
difluoride) (PVDF) at a weight ration of 80:10:10 in N-
Methylpyrrolidone (NMP) solvent was pasted on a Cu foil (99.9%,
Goodfellow). Lithium foil was used as the counter electrode. A glass
fiber (GF/D) from Whatman was used as a separator. The electrolyte
was 1 M LiPFy dissolved in a mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC) and diethyl carbonate (DEC) (1:1:1 wt%)
obtained from Tianjin jinniu Power Sources Material Co., Ltd.
Galvanostatic cycling of the assembled cells was carried out using an
Arbin BT 2000 system in the voltage range of 0.01-3.0 V (vs. Li‘/Li)
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under a current density of 500 mA g'. Cyclic voltammograms (CV)
were recorded at a scan rate of 0.1 mV s'. Electrochemical
impedance spectral (EIS) measurements were performed on a
PARSTAT 2273 advanced electrochemical system over the
frequency range from 100 kHz to 10 mHz.

Results and discussion

© oxygen functional groups @-/*- stannous octoate @ Sn0, NPs

Fig. 1 Schematic illustration of the preparation process of the SnO,/graphene
nanocomposite.

SnO,/graphene nanocomposite was successfully prepared via a
facile one-step solvothermal method using stannous octoate as Sn
sources without any additional chemicals. Fig. 1 represents the
schematic preparation process of the SnO,/graphene nanocomposite.
When stannous octoate was mixed with GO nanosheets, the oxygen-
containing functional groups on the surface of GO nanosheets acted
as anchor points for the decoration of stannous octoate.* During the
subsequent solvothermal process, GO nanosheets were reduced to

graphene nanosheets, and the stannous octoate was synchronously
converted to SnO, nanoparticles in situ anchored onto the surface of
graphene nanosheets.

Intensity (a.u.)
(200)
(301)

Fig. 2 (a) SEM image and (b) XRD pattern and (c) TEM image and (d)
HRTEM image of the as-prepared SnO,/graphene nanocomposite.

The morphology and structure of the as-prepared SnO,/graphene
nanocomposite were investigated by scanning electron microscopy
(SEM), X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Fig. 2(a) depicts a typical SEM image of the as-
prepared SnO,/graphene nanocomposite. It is clear from the SEM
image that the nanocomposite exhibits a curled morphology
consisting of a thin wrinkled sheet-like structure. This structure
suggests that the intrinsic ripples of graphene nanosheets might
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develop into wavy structure in the macroscopic scale.*** The size of
the sheet is as large as a few micrometers. Fig. 2(b) shows the XRD
pattern of the as-prepared nanocomposite. All the diffraction peaks
in the XRD pattern can be indexed to the tetragonal rutile-like SnO,
according to the standard XRD data file (JCPDS file No. 41-1445).
It is obvious that all the typical diffraction peaks are broadened and
are of low intensity, which proves that the size of the SnO, particles
is very small. The TEM image shown in Fig. 2(c) reveals that
uniform SnO, nanoparticles are homogenously distributed on the
surface of the graphene nanosheets. It is noteworthy that the SnO,
nanoparticles are tightly anchored on the surface of graphene
nanosheets even after a long mechanical stirring and sonication time
during the preparation of the TEM specimen, suggesting a strong
interaction between SnO, nanoparticles and graphene nanosheets.
The strong combination of SnO, nanoparticles and graphene
nanosheets can facilitate fast electron transport through the
conductive graphene matrix to SnO, nanoparticles, guaranteeing
efficient electrochemical performance.*® HRTEM image is displayed
in Fig. 2(d). the size of the SnO, nanoparticles was measured to be
around 3-5 nm. Void spaces can be observed between SnO,
nanoparticles, which are beneficial for electrolyte penetration during
the electrochemical test.*S The lattice fringes with d-spacings of 0.26
and 0.34 nm are match well those of the (110) and (101) planes of
the tetragonal SnO,, respectively.

Raman spectroscopy was employed to identify the detailed
structures of the SnO,/graphene nanocomposite. The Raman spectra
of the SnO,/graphene nanocomposite is shown in Fig. S1. The two
peaks at around 1342 and 1597 cm™” can be correspond to the
disordered (D) band and graphitic (G) band of carbon materials,
respectively.”” Compared with the graphene oxide nanosheets,
SnO,/graphene nanocomposite exhibits an increased D/G intensity
ratio, suggesting that the oxygen-containing functional groups in
graphene oxide were effectively removed and more defects were
formed after solvothermal process.*® The loading amount of SnO, in
the nanocomposite was determined by thermogravimetric (TG)
analysis (Fig. S2). Considering the fully combustion of graphene at
600°C in air, the loading amount of SnO, in the nanocomposite is
evaluated to be 75.9%. The Brunauer-Emmett-Teller (BET) surface
area of the SnO,/graphene nanocomposite was measured to be about
197.3 m* g by the N, sorption measurement at 77 K (Fig. S3a). The
pore-size distribution (Fig. S3b) obtained from density functional
theory (DFT) shows that the micropores of the SnO,/graphene
nanocomposite are mainly around 3.8 nm in diameter.

The the
SnO,/graphene nanocomposite was first evaluated by the cyclic

electrochemical  performance of as-prepared
voltammetry. Fig. 3(a) shows the first five consecutive cyclic
voltammograms (CVs) of the electrode made from the
SnO,/graphene nanocomposite in the voltage range of 0.01-3.0 V
versus Li/Li* at a scan rate of 0.1 mV s, There are three cathodic
peaks can be observed in the first cycle. The cathodic peak located at
around 0.67 V can be attributed to the formation of the solid
electrolyte interphase (SEI) layer (Li" + ¢ + electrolyte — SEI),
which disappeared in the following cycles.* The cathodic peak
located at around 0.95 V can be attributed to the reduction of SnO,
to Sn and the formation of Li,O (SnO, + 4Li" + 4¢° — Sn +
2Li,0).% The clearly cathodic peak located at around 0.04 V and can
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be attributed to the alloying of Sn and Li (Sn + xLi + xe” = Li,Sn
(0<x<4.4)), and the intercalation of lithium ions into the graphene
(Cg + 2Li" + 2¢ — Li,Cy).” During the subsequent anode process,
two oxidation peaks at around 0.56 and 1.25 V can be attributed to
the dealloying of Li,Sn, and the partial conversion of Sn to SnO,,
respectively.’! The difference between the first and the later cathodic
scans is mainly attributed to the irreversible electrochemical
reactions, corresponding to the capacity loss during the first cycle.
From the second cycle onwards, the CV curves are mostly
overlapped, indicating the good reversibility of the electrochemical
reactions. In agreement with these CV results, correlative plateau
regions can be identified in the charge-discharge voltage profiles of
the SnO,/graphene electrode, as shown in Fig. 3(b).

0.8

0.4

0.0

Current (mA)

00 05 10 15 20 25 3.0

Voltage (V vs Li*/Li)

2.5

2.0

1.54

Potential (V vs. Li'ILi)

1000 1500 2000

Capacity (mAh/g)

0 500

Fig. 3 (a) Cyclic voltammetry plots of the as-prepared SnO,/graphene
nanocomposite electrode at a scan rate of 0.1 mV s in the voltage range of
0.01-3.0 V versus Li'/Li. (b) The discharge-charge voltage profiles at a
current density of 500 mA g
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Fig. 4 Cycling performances for the electrodes of the as-prepared
SnO,/graphene nanocomposite, bare SnO, nanoparticles and bulk SnO,
powders in the voltage range of 0.01-3 V (versus Li'/Li) at a current density
of 500 mA g

Fig. 4 displays the discharge-charge capacity versus cycle number
for the SnO,/graphene nanocomposite electrode under a current
density of 0.5 A g in the voltage range of 0.01-3.0 V versus Li"/Li.
For comparison, cycling performance of the bare SnO, nanoparticles
and bulk SnO, powders were also investigated under the same

J. Name., 2012, 00, 1-3 | 3



Physical Chemistry Chemical Physics

condition. As can be seen, the initial discharge and charge capacities
of the SnO,/graphene nanocomposite electrode are 1961.8 and
1119.6 mAh g, respectively, corresponding to a Coulombic
efficiency (CE) of 57.1%. The large initial capacity loss of about
42.9% can be mainly ascribed to the formation of SEI layer and the
incomplete extraction of lithium from the active material’’ The
SnO,/graphene nanocomposite electrode exhibits good capacity
retention during 500 discharge-charge cycles. After 500 cycles, it
still retains a capacity of 811.2 mAh g"'. Note that the specific
capacity values are calculated on the basis of the total mass of the
SnO,/graphene nanocomposite. In contrast, the capacities of bare
SnO, nanoparticles and bulk SnO, powders (Fig. S4) fade quickly.
Moreover, as shown in Fig. S5, the high CE of >95% can be
achieved after initial conditioning cycles, demonstrating high
reversibility of the SnO,/graphene nanocomposite electrode.
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Fig. 5 Rate performances of the electrode made from the as-prepared
SnO,/graphene nanocomposite.

Excellent rate property is another indispensable capability for
electrodes as advanced LIBs. Thus, the rate property of the
SnO,/graphene nanocomposite was characterized at various current
densities and is shown in Fig. 5. As the current density changed from
05t04.0A g'l, specific capacities of 731.1, 551.5, 384.2, 258.3 and
170.0 mAh g were obtained. More significantly, as the current
density was reduced to low current, the capacity also recovered
completely. The result indicates that the structure of SnO,/graphene
nanocomposite is stable at various current densities. The high
specific capacity, long stability and outstanding rate property make
the SnO,/graphene nanocomposite a promising anode material for
advanced LIBs.

@ sno. nes O Li,Sn&Li,O@SEI OSn&Sno,@s El

Fig. 6 Schematic illustration of the lithiation and delithiation process
SnO,/graphene nanocomposite.
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The superior cycling performance and rate property may be
attributed to the following several merits of the SnO,/graphene
nanocomposite, as illustrated in Fig. 6. First, the ultrasmall size of
SnO, nanoparticles, which can significantly reduce the strain
generated during the lithiation/delithiation processes and drastically
shorten the diffusion path for lithium insertion/extraction as a result
of the quantum size effect.’® Second, the graphene nanosheets, which
functioned as a conductive substrate to facilitate the ion/electron
transport (Fig. S6) and served as a buffer to relieve the stress during
cyclic process.” Finally, the SnO, nanoparticles anchored onto the
graphene nanosheets can effectively enhance the strain
accommodating capability and prevent the aggregation of Sn
nanoparticles during the lithiation preocess.** These merits make as-
prepared SnO,/graphene nanocomposite a very promising anode
material for LIBs.

In conclusion, SnO,/graphene nanocomposite was successfully
prepared via a facile one-step solvothermal method using stannous
octoate as Sn sources without any additional chemicals. Ultrasmall
SnO, nanoparticles were homogenously distributed on the graphene
nanosheets. The as-obtained SnO,/graphene nanocomposite was
investigated as anode material for lithium ion batteries. Compared
with the bare SnO, nanoparticles and bulk SnO, powders,
SnO,/graphene nanocomposite exhibited excellent electrochemical
behavior with high reversible capacity, long cycle life and good rate
believed that the

performance of the SnO,/graphene nanocomposite should be result

capability. It is superior electrochemical

from the combined merits of ultrasmall SnO, nanoparticles and
graphene nanosheets. The high specific capacity, long stability and
good rate property make the SnO,/graphene nanocomposite a
promising anode material for high performance LIBs.
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