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SnOs-reduced graphene oxide (SnOy-rGO) nanocomposites are successfully
synthesized via a rapid microwave-assisted method (within 150 s). Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
observations show the ultrafine SnO, nanoparticles (~3 nm) are uniformly
anchored onto the rGO. The tyPical SnO,-rGO exhibits a high initial re-
versible capacity of 260 mAh g ' at 50 mA g ', which is higher than that
(45 mAh g ') of the bare SnO, electrode. The SnO,-rGO electrode also shows
high cycling stability (79.6% capacity retention after 100 cycles) and rate
capability (150 mAh g ' at 500 mA g '). The improved electrochemical per-
formance of the SnO,-rGO is ascribed to extremely tiny SnOs nanoparticles
well distributed on the surface of the rGO and the conductive frameworks
provided by rGO, so as to alleviate the aggregation of SnO, and buffer the
volumetric change during charging and discharging.

INTRODUCTION

Recently, sodium-ion batteries (SIBs) have received
increasing attention in order to develop safer,
cheaper and environmentally friendly energy storage
technologies, due to the higher abundant storage and
lower cost of Na compared with those of Li.'™®
However, the commonly anode materials used in
LIBs exhibit poor electrochemical performance in
SIBs due to the larger radius of the sodium ion
(0.095 nm) compared with the lithium ion (0.072 nm),
which is a barrier to reversible sodiation and desodi-
ation of electrode materials.’

Anode materials for SIBs based on conversion or
alloying mechanisms have been widely investigated
for their higher energy density, such as Sn,’ Sh,®
Sn0,,” SnSb alloy, '’ Sby04,' and Fe;0.,4," due to their
high potential capacity. Among these materials, tin
dioxide (SnOy) has been widely studied due to its high
theoretical capacity (1386 mA h g ! including alloy-
ing and conversion reactions), low cost and environ-
mental benignity.’*!'* However, the huge volume
expansion during cycling, the poor electronic conduc-
tivity, the aggregation of particles result in poor
cycling stability and rate capability.'” To overcome
these challenges, many efforts have been made for
SIBs including constructing special nanostructures,
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reducing the particle size and incorporation of carbon-
based materials.'® SnO, nanowires,!” SnO, hollow
sphere,'® SnO,-MWCNT nanocomposite,’® SnO,-Su-
per P nanocomposite,'® SnO,-graphene nanocompos-
ites? have been reported to exhibit improved
electrochemical performance in SIBs.

In this work, we report a simply, ultrafast and
environmentally friendly microwave-assisted synthe-
sis to prepare SnO,-reduced graphene oxide (SnOs-
rGO) composites. The reduced graphene oxide not only
improves the electrical conductivity of the composite
but also buffers eventual volume variation and
reduces the aggregation of SnO, during cycling. On
the other hand, SnO, in composite scan in turn hinder
re-stacking by lowering the van der Waals forces
among the layers and keeping their high active
surface area and increasing the sodium storage per-
formance.'**! The SnO,-rGO composite exhibits sig-
nificantly high Na storage property and superior rate
capability compared with bare SnO, nanoparticles.

EXPERIMENTAL
Synthesis of SnO,;-rGO Nanocomposite

All chemicals were of analytical reagent grade.
Graphene oxide (GO) was bought from Shandong
Yuhuang New Energy Technology. An amount of
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0.2 g GO was dispersed into 200 mL deionized
water by sonication for 60 min to form a GO
suspension, 0.64 g SnCly2H,0 was dissolved in
20 mL, 0.6 M HCI solution, then the GO dispersion
and SnCls2H50 solution were mixed and stirred for
an hour to make a homogeneous suspension. Sub-
sequently, the mixture was transferred into a
microwave oven (MCR-3E) and reacted for 150 s at
600 W. The resultant precipitate was separated by
centrifugation at 4000 rpm for 10 min, washed with
deionzed water several times and dried in a vacuum
oven at 80°C overnight. For comparison, bare SnOs
was synthesized by using the similar procedure
above, but the GO suspension was replaced by
H202.

Characterization

The crystalline structures of the SnO, and SnO,-
rGO composites were characterized by x-ray diffrac-
tion (XRD; Shimadzu XRD-6000) with Cu-Ka radi-
ation. The morphological feature of the SnO, and
SnOs-rGO composites were examined by using a
scanning electron microscope (FE-SEM; ZEISS
Merlin Compact VP, Germany; EDS, Oxford Instru-
ments Link ISIS) and a transmission electron
microscope (TEM; JEM-2100 HR). Raman spec-
troscopy was collected with a laser micro-Raman
spectrometer (Renishaw inVia, Renishaw, 532 nm
excitation wavelength). The content of graphene in
the composites was determined by thermogravimet-
ric analysis (Thermo analysis instrument Q 500,
Burlington).

Electrochemical Measurements

The electrodes were prepared by mixing 80 wt.%
active material (SnO; or SnO,-rGO), 10 wt.% super
P, and 10 wt.% polyacrylic acid (PAA) in distilled
water to form a slurry, and then coated onto copper
foil and dried at 80°C overnight under vacuum. The
dried foils with electrode materials were pressed
and cut into small disks, and the loading of the
active material in the electrode is about

1.7 mg cm 2. The charge—discharge performances
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of the electrode were carried out by 2016 coin-type
cells using the SnOy-rGO anode as the working
electrode and a Na disk as the counter electrode,
while the electrolyte was 1 M NaClO4 dissolved in
ethylene carbonate (EC)—diethyl carbonate (DEC)
(1:1 by volume) with 2 vol.% fluoroethylene carbon-
ate (FEC). All the cells were assembled in a glove
box with water/oxygen content lower than 1 ppm
and tested at room temperature. The galvanostatic
charge—discharge tests were performed in the range
between 0.01 and 3.0 V at different current densi-
ties on a LAND cycler (Wuhan LAND Electronics,
China). Cyclic voltammetric measurements were
examined with the coin cells at a scan rate of
0.1mVs ! and the electrochemical impedance
spectroscopy (EIS) were recorded with oscillation
amplitude of 5 mV at the frequency range from
0.01 Hz to 100 kH using an Autolab PGSTAT128N
(Eco Chemie, Netherlands).

RESULT AND DISCUSSION

The XRD diffraction patterns of SnOy-rGO and
SnO, are shown in Fig. 1a. All the diffraction peaks
of the SnO.-rGO composites are consistently
indexed to the SnO, structure (JCPDS no. 41-
1445). The highly broadened diffraction peaks are
indicative of the formation of SnOy particles with
small size. Figure 1b shows the Raman spectra of
SnO,-rGO composites and graphene oxides. There
are two apparent peaks at around 1342 and
1601 cm ! in the SnO,-rGO composites, which
represent the D band and the G band of graphene,
respectively.”” The D band is described to the
presence of numerous defects in the graphene
structure and the G band is related to the Ey; mode
of phonon vibrations within sp®*bonded carbon
materials.® There is an increased intensity radio
(Ip/Ig = 1.20) of SnOy-rGO composites in compar-
ison with the peaks of graphene oxides (Ip/
Iz = 0.95), implying a decrease in the average size
of sp® domains while the larger number of these
domains indicates the reduction of GO.?'*?
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Fig. 1. (a) The x-ray diffraction patterns of SnO,-rGO nanocomposites and bare SnO; (b) the Raman spectra of SnO,-rGO nanocomposite and

GO.
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In order to quantify the amount of graphene in
the composites, the samples were heated from 30 to
800°C at a rate of 10°C min ' in air. As shown in
Fig. 2, the weight loss from 30°C to 200°C is due to
the removal of adsorbed water. The weight change
between 200°C and 500°C can be mainly attributed
to the combustion of rGO; thus, the rGO content is
evaluated to be 28.5%.

Figure 3a and b shows the FESEM images of bare
SnO; and the SnO,-rGO composite. It can be clearly
observed that the bare SnO, particles aggregate
together to form larger clusters (Fig. 3a). For the
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Fig. 2. TGA curve of SnO,-rGO nanocomposites.

SnO,-rGO composite, it exhibits only the morphol-
ogy of the rGO and no SnO;, particles are observed,
indicating that the SnOy particles are extremely
tiny and without aggregation (Fig. 3b). It is proba-
bly due to the Sn®* ions are attracted onto the GO
surfaces and the formation and growth of Snog
particles is limited by the restricting effect of GO.?
The EDS mapping images of SnOs-rGO shown in
Fig. 3c—e confirms the homogeneously distribution
of Sn, O, C elements in the whole materials.

Figure 4 shows the TEM and high-resolution
transmission electron microscopy (HRTEM) images
of bare SnO, and SnO,-rGO. There is serious
aggregation of SnO, particles that can be seen
obviously in Fig. 4a consistent with SEM results.
The HRTEM in Fig. 4b reveals the lattice fringe
with interplanar spacing of 0.34 and 0.26 nm,
characterizing the (110) and (101) plane of the
SnO; phase. In contrast to bare SnOy, the SnOs,-
rGO sample shown in Fig. 4c reveals that the SnO,
nanoparticle anchors uniformly on rGO. The
HRTEM in Fig. 4d shows that the extremely tiny
SnOy, nanoparticles (~3 nm) are well distributed
and cover the surface of the graphene. The SnO,
nanoparticles have the lattice fringe with interpla-
nar spacing of 0.34 and 0.26 nm, which agrees well
with the (110) and (101) plane of the SnO, phase.
Based on the XRD, SEM and TEM results, it can be
concluded that SnOy particles are distributed uni-
formly in the rGO matrix.

Fig. 3. FESEM images of bare SnO; (a) and SnO,-rGO nanocomposite (b); EDS mapping images of (b) for C (c), O (d) and Sn elements (e).
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Fig. 4. The TEM (a) and HRTEM (b) images of bare SnO,; The TEM (c) and HRTEM (d) images of SnO,-rGO nanocomposites.
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Figure 5a and b shows the cyclic voltammetry
curves (CV) in the first 3 cycles of bare SnO, and the
Sn0,-rGO composite at a scan rate of 0.1 mV s ' in
the voltage range of 0.01-3.0 V. As shown in
Fig. 5a, the cathodic peaks ranging from 1 to
0.01 V during the first cathodic scan are associated
with the irreversible decomposition of the elec-
trolyte and the irreversible reaction between Na*
and SnO, to form Na,Sn alloys.'®?® In the anodic
scan, the low intensity anodic peak around 1.2 V is
ascribed to the reversible de-alloying of Na,Sn. In
the following cycles, the redox peaks did not show
any apparent changes. For the SnO,-rGO electrode,
the redox peaks are similar to the bare SnO,, but
the anodic peak with high intensity indicates higher
reversible de-alloying of Na,Sn. The CV curves in
the subsequent cycles remained almost unchanged,
demonstrating the excellent cycling stability.

Figure 5¢ and d shows the charge and discharge
curves of bare SnO5 and the SnO,-rGO composite at
a current of 50 mA g ! between 0.01 and 3 V. As
Fig. 5¢ shows, the bare SnOy exhibits low discharge
and charge capacity, which are 332 and
25 mAh g °, respectively, with a coulombic effi-
ciency of 7.4% in first cycle. In contrast to bare
Sn0,, the SnO,-rGO electrode has a higher

discharge and charge capacity in the first cycle,
which are 577 and 260 mAh g ', respectively. The
initial coulombic efficiency of 45.0% is much higher
than bare SnO,, which is agreement with the CV
results. The initial capacity loss is due to the
irreversible decomposition of electrolyte and forma-
tion of a solid electrolyte interphase (SEI) film.
During the following cycles, the charge curves
almost overlap for the SnO,-rGO electrode, indicat-
ing better reaction activity and reversibility than
the bare SnOs. The superior electrochemical prop-
erties of SnO5-rGO owing to the good electronic
conductivity and buffering effect provided by gra-
phene matrix and extremely small SnO,
nanoparticles.

Figure 6a shows the cycling behavior of the bare
Sn0, and the SnO,-rGO electrodes at 50 mA g '
over the voltage range of 0.01-3.0 V. It is observed
that the SnOy-rGO electrode exhibits great cycle
performance and a reversible capacity of
207 mA h g ' with a capacity retention of 79.6%
after 100 cycles, which is far higher than the
45 mA h g for the bare SnOs. The low capacity
of the bare SnO, is mainly ascribed to the aggrega-
tion of the SnO, particles, low electronic conductiv-
ity and long diffusion path. Figure 6b shows the
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Fig. 5. Cyclic voltammetry curves for the first 3 cycles of the bare SnO, (a) and SnO,-rGO nanocomposites (b) at 0.1 mV s
discharge curves of the bare SnO, (c) and SnO,-rGO nanocomposites (d) at 50 mA g '
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Fig. 6. (a) Cycling performance of the SnO,-rGO and bare SnO, electrodes at 50 mA g
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Fig. 7. Electrochemical impedance spectra of the SnO,-rGO and
bare SnO;, electrode after 20 cycles.

rate capability of the SnO,-rGO and bare SnOs
electrodes. The SnO,-rGO electrode delivers a
reversible capacity of 371, 306, 255, 207,
150 mAh g ' at 20, 50, 100, 200, 500 mA g,
respectively, which is much lower than that of the
Sn0,-rGO electrode (40, 21, 12, 7, 5mAh g !,
respectively). In addition, when the current density
is reduced back to 20 mA g !, the SnO,-rGO elec-
trode can recover its initial capacity, implying great
rate performance and structural stability. The
better electrochemical performance of SnOs-rGO
can be ascribed to the conductive rGO network and
uniformly distributed SnO; nanoparticles. Besides,
the excellent cycling performance of SnOy-rGO can
be attributed to the lower stress/strain of nano-sized
SnO; caused by the volume change in the conver-
sion reaction.

Figure 7 shows the Nyquist plots of the SnO5-rGO
and bare SnOy electrodes after 20 cycles. The inset
displays the equivalent circuit. It is obvious that the
diameter of the semicircle in the high-medium-
frequency region for the SnO,-rGO electrode is
smaller than that of bare SnO,, indicating the lower
charge-transfer resistance (R.) in the SnO,-rGO
electrode. The R of the SnO,-rGO and bare SnOs is
calculated to be 243.5 Q and 727.8 Q based on the
equivalent circuit, respectively. The lower charge-
transfer resistance can be ascribed to the introduc-
tion of rGO, which greatly improved the electronic
conductivity and sodium ion diffusion.

CONCLUSION

In summary, SnO,-rGO composites have been
successfully synthesized via an ultrafast and envi-
ronmentally friendly microwave-assisted approach.
The graphene nanosheets in composites can not
only prevent the aggregation of SnO, nanoparticles
but also improve the electronic conductivity. Thus,
the as-prepared SnO,-rGO exhibits a high reversi-
ble capability (207 mA h g ' at 50 mA g ' after 100
cycles) and good rate performance (150 mA h g ! at
500 mA g !). Moreover, this work shows an
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ultrafast, convenient method to prepare ultrafine
transition metal oxides uniformly distributed on
graphene for various applications in energy, sensors
and catalysis.
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