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ABSTRACT: A facile one-step solution-based process to in
situ synthesize SnO2/graphene (SG) nanocomposites was
developed, by using the mixture of dimethyl sulfoxide
(DMSO) and H2O as both solvent and reactant. The
reduction of graphene oxide (GO) and the in situ formation
of SnO2 nanoparticles were realized in one step. The
electrochemical experiments showed the composites provided
a better Li-storage performance. The method presented in this
paper may provide an effective, economic, and green strategy for the preparation of metal-oxide/graphene nanocomposites.

KEYWORDS: SnO2, graphene, nanocomposites, solution processes, one-step, in situ, Li-ion battery

1. INTRODUCTION
Modern electronic devices such as mobile communication
devices, portable electronic devices, and electric/hybrid vehicles
require high-performance batteries to power them.1 Li-ion
battery is one of the most suitable candidates to satisfy the
requirements because of its high energy density, high voltage,
and light weight. In the case of a battery, electrode material is a
determining factor for the battery performance.2−5 Although
graphite performs well as anode for commercial Li-ion batteries
(LIBs), its theoretical capacity is insufficient to satisfy the
increasing demand for batteries with higher capacity. For the
purpose of improving the energy density of LIBs, scientists have
made great efforts to explore alternative anode materials with
higher capacity. Many materials including metal oxide, metal
sulfide, and nonmetal with large specific capacity have been
studied to replace graphite.1,3,6 Among these materials, SnO2

has attracted much attention because of its high theoretical
reversible Li+ storage capacity (calculated to be 782 mA h g−1),
which is much larger than the theoretical capacity of currently
used graphite (372 mA h g−1).7 However, the practical
application of SnO2 as anode is hampered by its poor cycle
performance, resulting from the serious volume expansion and
contraction (up to about 300%) during the insertion and
extraction processes of Li+.8,9 To address this problem, various
methods have been tested.8−17 Results have shown that
hybridizing SnO2 with carbon materials is an effective method
to accommodate the strain of volume change during the
charge/discharge process.16−20

Graphene, a single-atom-thick sheet of honeycomb carbon
lattice, exhibits a number of intriguing properties, such as high
specific surface area, excellent conductivity and good
mechanical flexibility.21−23 The superior electronic conductivity
and mechanical properties of graphene make it suitable for
fabrication into high-performance composites with other anode
materials for LIBs. Graphene is generally prepared by chemical

oxidation of graphite to exfoliated sheets of GO, followed by
reduction with highly toxic hydrazine or sodium borohy-
dride.24,25 However, a serious problem is that the reduced
graphene oxide sheets (RGOs) are not stable in solution and
tend to aggregate,26,27 therefore lose its unique properties. By
incorporation of nanoparticles into RGOs, because of the good
distribution of nanoparticles, the aggregation problem of RGOs
could be minimized or prevented.28

In the past several years, solution processes have become
noteworthy as an important nanofabrication technique of
functional materials.29 To date, there have been a few reports of
the preparation of SG nanocomposites in a solution system.
However, these processes are usually complicated and time-
consuming, involving a multistep approach resulting in the
inhomogeneous dispersion of nanoparticels on the graphene
matrix,30−34 or use of additional chemicals such as ethylene
glycol or sodium borohydride, which are either hygroscopic or
toxic.35,36 Therefore, it is still necessary to explore an efficient,
economic, and green method for the synthesis of SG
nanocomposites. Different from some reported methods to
prepare the nanocomposites of SG based on oxidation−
reduction reaction between GO and Sn2+,37−41 we developed a
facile one-step solution route to in situ chemically synthetize
SG nanocomposites from GO, DMSO/H2O and Sn4+ for the
first time. The mixture of DMSO and H2O was used as both
solvent and reactant. In the reaction system, DMSO not only
reduces GO to RGOs, but also results in the formation of SnO2

nanoparticles facilitated by the presence of H2O. The
advantages of this work are characterized by a facile one-step
procedure, that is, the reduction of GO and the deposition of
SnO2 nanopaticles on RGOs occur simultaneously, an extra
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reducing agent such as toxic sodium borohydride is not
required for the reduction of GO to RGOs in our procedure.
The in situ growth of metal oxides leads to the formation of
uniform nanoparticles on RGOs, SnO2-decoration helps to
prevent not only the aggregation of the RGOs, but also the
aggregation of SnO2 nanopaticles. Enhanced electrochemical
performance of the as synthesized nanocomposites as an anode
material in LIBs was obtained.

2. EXPERIMENTAL SECTION
2.1. Chemical Reagents and Materials. Graphite powder (325

mesh, with purity >99.99%) was obtained from Alfa Aesar. All other
chemicals (purchased from Beijing Chemical Co.,Ltd.) used in this
experiment were analytical grade and were used without further
purification.
2.2. Preparation of SG Nanocomposites. GO was synthesized

from natural graphite powder by a modified Hummer’s method as
originally presented by Kovtyukhova et al.42 GO was then subjected to
dialysis for 7 days to completely remove metal ions and acids. Finally,
the product was dried in air at room temperature. In a typical synthesis
of the nanocomposites, 100 mg GO was dispersed in the mixture (100
mL) of DMSO and H2O with the volume ratio of DMSO/H2O =
9:1by sonication for 1.5 h, forming a stable GO suspension. Afterward,
1 g of SnCl4.5H2O was added into the resulting homogeneous
dispersion. After 30 min of ultrasonic treatment, the mixture was
refluxed at 180 °C for 10 h, resulting in a black suspension. At the end,
the as-synthesized product was collected by centrifugation, which was
then rinsed with absolute ethanol 6 times. Finally, the product was
dried in air at room temperature for further characterization. In order
to improve the crystallinity of SnO2 in the composites, the product was
annealed at 400 °C for 2 h in Ar atmosphere.
2.3. Characterizations. The structures and compositions of the

as-prepared products were characterized by X-ray powder diffraction
(XRD) using a Rigaku Dmax 2200 X-ray diffractometer with Cu Kα
radiation (λ = 1.5416 Å). The XRD specimens were prepared by
means of flattening the powder on the small slides. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
investigations were carried out by a JEOL JEM-2100F microscope.
The as-prepared samples were dispersed in ethanol and dropped onto
a carbon film supported on a copper grid for the drying process in air.
Raman spectrometer was recorded on a LabRAM HR800(HORIBA
Jobin Yvon) confocal Raman spectrometer, with an excitation laser
wavelength of 514.5 nm. All samples were deposited on silicon wafers
in powder form without using any solvent. Thermogravimetric analysis
(TGA) was performed in air using a Pyris Diamond TG/DTA
(PerkinElemer Inc., U.S.A). The samples were heated from 50 to 700
°C at 10 °C/min.
2.4. Electrochemical Measurements. The electrochemical

properties of the SG nanocomposites and commercial SnO2
nanocrystals as anode materials in lithium ion cells were evaluated
by galvanostatic charge/discharge technique. The test electrodes were
prepared by mixing 80 wt % active material with 10 wt % carbon black

and 10 wt % polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-
pyrrolidone (NMP) to form a slurry, which was then coated onto a
copper foil (current collector), dried at 80 °C for 10 h and finally
pressed under pressure of 10 MPa. Afterward, CR2016 type coin cells
were assembled in an highly pure argon-filled glovebox using the test
electrodes, the metallic lithium counter/reference electrode, a
polypropylene separator (Celgard 2400), an electrolyte of 1 mol/L
LiPF6 in ethylene carbonate and diethyl carbonate (EC/DMC, 1:1
vol) (Tianjin Jinniu Power Sources Material Co., Ltd. China).
Charge−discharge measurements were carried out galvanostatically
at a current density of 100 mA g−1 in the voltage range of 0.005−1.5 V
using a battery test system (LAND CT2001A model, Wuhan Jinnuo
Electronics. Ltd., China). The electrochemical impedance measure-
ments were performed on CHI660D electrochemical workstation
(Shanghai Chenhua Co. Ltd., China) at an AC voltage of 5 mV
amplitude in the 100 kHz to 0.01 Hz.

3. RESULTS AND DISCUSSION

In this work, we adopted a convenient in situ method to
fabricate RGOs decorated with SnO2 nanoparticles. The overall
procedure is illustrated in Scheme 1. Previous studies have
indicated that the GO nanosheets have their basal planes
decorated mostly with epoxy and hydroxyl groups, in addition
to carboxyl groups located presumably at the edges.43 First, the
GO was dispersed in DMSO/H2O to form a uniform GO
nanosheets suspension by sonication because of these oxygen-
ate species. When GO solution was mixed with SnCl4·5H2O
solution, the Sn4+ was selectively bonded with the oxygenated
groups by electrostatic force.44 After refluxed at 180 °C for 10
h, the GO nanosheets were reduced to RGOs and the anchored
Sn4+ ions were converted to SnO2 nanoparticles. The reduction
mechanism of GO in this process may be a result of thermal
reduction and the production of the reductant H2S from
DMSO at 180 °C.28 The possible formation mechanism of
SnO2 nanopaticles can be described by the following reactions

+ ↔ ++ +Sn 4H O Sn(OH) 8H4
2 4 (1)

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +Sn(OH) SnO 2H O4
dehydration

reflux
2 2

(2)

H2S generated during the decomposition of DMSO could
neutralize H+ produced by reaction 1, which helped to produce
a relatively high concentration of Sn(OH)4 nuclei on RGOs.
The Sn(OH)4 nuclei were not stable in ambilence as observed
previously. At a high temperature (180 °C), the Sn(OH)4
nucleus should be converted to small SnO2 nanopaticles. Our
process can ensure the in situ formation of SnO2 nanoparticles
uniformly and reduction of GO to RGOs simultaneously, with

Scheme 1. Scheme Illustration for the Synthesis of SG Nanocomposites
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advantages of alleviating any serious stacking of RGOs sheets
and preventing the agglomeration of SnO2 nanoparticles.
The representative XRD pattern of GO and SG nano-

composites are shown in Figure 1. The peak at 10.4° in curve a

is characteristic for GO with an interlayer spacing of 0.85 nm,
resulting in facile exfoliation due to the weakened van der
Waals forces between layers of GO.38 For samples of SG, no
diffraction peaks of layered GO can be observed, indicating the
absence of layer-stacking regularity after the reduction of GO.39

The photograph of the GO and SG solution are shown in the
inset of Figure 1. The color of the suspension shifts from brown
(GO) to black (SG) during the reaction, which further
confirms the successful reduction of GO. No obvious
diffraction peak assigned to RGOs was found in the XRD
pattern of the nanocomposites, because most RGOs were
separated by nanoparticles, SnO2 nanoparticles can interact
with the RGOs through physisorption, electrostatic binding or
charge transfer interactions.37 By incorporation of nanoparticles
into RGOs, the aggregation problem of RGOs could be
minimized or prevented, favoring the maintenance of high
surface area and other intrinsic chemical and physical properties
of graphene.45

Raman spectroscopy is a powerful tool to characterize
carbonaceous materials. The significant structural changes
occurring during the chemical processing from GO to SG are
reflected in their Raman spectra (Figure 2). The Raman
spectrum of GO contains G band at 1594.6 cm−1 (E2g phonon
of C sp2 atoms), owing to the presence of isolated double
bonds that resonate at higher frequencies than the G band of
graphite. Compared with graphite, the D band(1363.9 cm−1, κ-
point phonons of A1g symmetry) of GO becomes evident,
indicating the reduction in size of the in-plane sp2 domains due
to the extensive oxidation.38,46 Both G band and D band can be
also observed in the Raman spectra of SG nanocomposites,
however, with an increased D/G intensity ratio compared to
that in GO. This change suggests a decrease in the average size
of the sp2 domains upon reduction of the exfoliated GO, and
can be explained if new graphitic domains were created that are
smaller in size to the ones present in GO before reduction, but
more numerous in number. A 2D band, which is the

characteristic band of graphene, is usually used to determine
the number of layers of graphene in the sample. This band
originated from a two-phonon double-resonance Raman
process associated with the band structure of graphene. A 2D
band observed in Figure 2 in different regions indicates that the
composite has 2−5 layers of graphene.16 Liu et al reported that
the electrical conductivity of DMSO-reduced RGOs was
comparable to or slightly better than that of the hydrazine-
reduced RGOs which was about 5 orders of magnitude better
than the conductivity of GO and very close to approaches that
of pristine graphite.24,28As a result, the SnO2/graphene
composites are suitable for Li-ion batteries because of the
excellent conductivity of RGOs.
The crystalline structure of the SG nanocomposites were

analyzed by TEM and HRTEM. Figure 3a shows a low
magnification TEM image of the SG nanocomposites, worm-
like SnO2 nanoparticles are uniformly distributed on the surface
of RGOs. A HRTEM image of the SG nanocomposites is
shown in Figure 3b, showing the average particle size of the
SnO2 is less than 8 nm. The lattice-resolved image of SG shows
a lattice spacing of 0.33 nm and 0.26 nm, corresponding to the
d-spacing of (110) and (101) crystal planes of SnO2,
respectively. The stacking of graphene nanosheets amounts of
3−5 layers, which can be counted from the number of strips as
marked with arrows in Figure 3c), the results is consistent with
the results from the Raman characterization. This structure,
nanoparticles scattered on flexible RGOs, which can preserve
the 3-dimensional structure of the SG nanocomposite, may be
beneficial for the electron transfer and accommodation of the
strains of Li+ insertion/extraction, resulting in excellent Li+

storage properties.40

To quantify the mass percentage of SnO2, the as-prepared
composites were analyzed by TGA. As shown in the TGA
curves (Figure 4), the SG nanocomposite shows a rapid mass
loss between 400 and 650 °C due to the oxidation of RGOs.
Therefore, according to the change of weight, it is estimated
that the amount of SnO2 in the nanocomposite is 74%.
The SG nanocomposites with highly dispersed SnO2

nanocrystals, high SnO2 content, and excellent conductive
graphene layer are desirable features for electrode materials in
LIBs. To investigate the electrochemical performance of the SG
nanocomposite as an anode for LIBs, discharge/charge cycling
was carried out in the voltage range of 0.005−1.5 V (vs Li/Li+)

Figure 1. XRD patterns of (a) GO and (b) SG; the inset is the
photograph of the GO and SG solution.

Figure 2. Raman spectra of (a) GO and (b) the SG.
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at a current density of 100 mA g−1 under room temperature.
For comparison, commercial SnO2 nanocrystals were also
tested. Figure 5a shows the typical charge/discharge profiles of
the nanocomposite in the second, fifth, and tenth cycles. The
shape of the profiles did not change significantly during cycling,
indicating the good stability of the nanocomposite as an anode.
In general, SnO2-based anode shows classical plateaus around
0.8 V similar to that of a bulk SnO2 system, which has been
well-known as the reaction of SnO2 with lithium to form the

solid electrolyte interface (SEI) layers. However, in case of the
SG, this plateau around 0.8 V nearly disappeared after the first
cycle, indicating that Li2O is formed only in small quantities as
a result of small particle size of SnO2 in this nanocomposite.
Such a result is related to the enhanced surface electrochemical
reactivity due to the large surface-to-volume ratio.30

Figure 5b shows the cyclic performances of SG nano-
composite and commercial SnO2 nanocrystals. For SG
nanocomposite electrode, the discharge capacity dropped
rapidly in the first cycle due to formation of amorphous Li2O
matrix and intense surface reactions with the Li−Sn
compounds and the electrolyte solution.35 In the subsequent
charge/discharge cycles, Li+ were reversibly inserted into Sn as
LixSn alloys. From the second cycle, the SG anode showed
highly reversible behavior. The SG nanocomposites exhibited a
reversible capacity of 690 mA h g−1. Furthermore, their cycling
performanceis was drastically enhanced, as shown in the Figure
5b. After 20 cycles,the charge capacity still remained 433 mA h
g−1, which is about 63% retention of the reversible capacity,
which is higher than other SG composites.38 This performance
is a little worse than the results reported previously;30,35

however, the charge and discharge was carried out in a current
density of 100 mA hg−1, which is higher than the current
density of 50 and 55 mA h g−1 used in these references. On the
other hand, the commercial SnO2 nanocrystals electrode
exhibited a poor cycle performance, there was a rapid fading
of capacity due to the severe pulverization, fading rapidly from
602 to 172 mA hg−1 after 20 cycles with about 29% retention of
the reversible capacity. Compared with the commercial SnO2
nanocrystals the SG nanocomposite exhibited superior charge
capacity and cycling performance. In order to clarify the
influence of the hybridization on the electrochemical perform-
ance of SG, the theoretical capacity of SG nanocomposite was
estimated by calculating the capacity of physical mixture of
pristine materials (SnO2 and graphene) according to the
theoretical capacities of the SnO2 (782 mA h g−1)and graphene
(744 mA h g−1). On the basis of the weight content (74 wt %
SnO2 and 26 wt % graphene) determined by TGA, the
theoretical capacity of SG nanocomposite was calculated to be
675.4 mA h g−1. Despite the considerable drop, the charge
capacity of SnO2/graphene nanocomposite still remains 64.1%
of the theoretical value after 20 cycles. As mentioned before,
the main reason for a rapidfading of SnO2 electrode is that a

Figure 3. (a) TEM and (b,c) HRTEM image of the SG
nanocomposites.

Figure 4. TGA curves of the SG nanocomposites.
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large volume expansion of the SnO2 occurs during the charge−
discharge cycle, leading tocracking and pulverization of the
electrode. The commercial SnO2 nanoparticles have a poor
cycle performance, the improved performance observed in our
experiments should be attributed to the combination of SnO2

and RGOs. The RGOs with high surface area can help to build
a better conductive network which could promote the electron
transfer during the lithiation and delithiation process, the close

contact between the SnO2 nanoparticles and the RGOs can
minimize the electrical isolation of nanoparticles during battery
cycles. On the other hand, the high mechanical flexibility of
RGOs might virtually work as a barrier to avoid the aggregation
of SnO2 nanoparticles and also as a buffer to prevent the
volume expansion and contraction of SnO2 nanoparticles
during Li+ insertion/extraction.
To verify the good electrochemical performance of

composite in comparison with pure metal oxide particle, AC
impedance spectra measurements were carried out. Figure 5c
shows AC impedance spectra of the sample electrodes
measured at the open potential of 0.8 V. The impedance
spectra of the commercial SnO2 nanocrystals and SG
nanocomposites electrodes were obtained in the fifth discharge
cycle. The high-frequency semicircle is attributed to SEI film
resistance, and the spectra in the medium frequency include
features that are usually semicircular in shape and related to
charge transfer resistance.47 From Figure 5c, the diameter of
the semicircle for the composites electrode in the high−
medium frequency region is much smaller than that of pure
commercial SnO2 electrode, which indicates that the composite
possess lower contact and charge-transfer resistances when the
surface area of both samples is same in the measurement of the
impedance. This result shows that graphene in the composites
not only improve the high conductivity of the overall electrode,
but also largely enhance the electrochemical activity of SnO2
nanopaticles during the cycle processes.

4. CONCLUSION

In summary, we developed a facile one-pot solution-based
process to in situ synthesize SG nanocomposites. The
reduction of GO to RGOs and the in situ formation of SnO2
nanopaticles were realized in one step, which provided a simple,
low-cost, effective, and green way to prepare SG nano-
composites because no additional toxic chemicals were needed.
The use of DMSO and H2O mixture solution was critical for
this reaction. DMSO was an effective reducing agent to reduce
GO to RGOs at the high temperature. On the other hand,
water was involved in the formation of tin hydroxide, which
resulted in the formation of SnO2 nanoparticles deposited on
RGOs. SnO2-decoration on RGOs can prevent not only the
aggregation of the RGOs but also the aggregation of SnO2
nanoparticles. The electrochemical results show the composites
provide a better Li-storage performance. When considering the
plentiful properties for both SnO2 and graphene,the composites
could be promisingly applied in many research fields such as
ultracapacitors, biosensor, gas sensor, gas storage, and electro-
chemical analysis in the future. Furthermore, this synthesis
method may provide a facile, economic, and green strategy for
the preparation of other metal-oxide/graphene nanocompo-
sites.
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