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Ultrafine SnO, nanoparticles of 2-5 nm are controllably synthesized onto the surface of graphene via a simple one-pot

hydrothermal approach without the addition of surfactant. The resulting SnO,-graphene nanocomposite shows a high level
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of homogenerous dispersion and high content of nano-sized SnO, (85 %) loading. Such unique features of SnO,-graphene

nanocomposite can not only buffer efficiently the volume change of SnO, during charge-discharge processes, but also
facilitate fast diffusion of lithium ions in SnO, and transport of electrons in graphene when it is used as anode material for
lithium storage. As a result, ultrafine SnO,-graphene nanocomposite exhibits a very high reversible capacity of 1037 mAh g
!, excellent capacity retention of 90% over 150 cycles, and good high-rate capability. Combined with other advantages of
easy synthesis, low-cost, environmental friendliness and high yield, the SnO,-graphene nanocomposite could be a

promising anode material for lithium ion batteries

Introduction

Lithium ion batteries have become one of the most promising
power sources for electronics and electric vehicles owing to their
high energy density. Although graphitic carbons have been
commercially available as anode materials for lithium ion batteries,
they are limited by their low theoretical capacity (372 mAh g'l). Itis
urgently required to develop new anode materials with high
capacities for lithium storage. Thus, electrochemically active metal
oxides such as Sn0O,, CuO, Fe;0,4, Co30, have recently attracted
much attention due to their high theoretical capacities (~1000
mAh g-l) 1-10
inexpensive, holding a great promise for use in lithium ion batteries.

In particular, SnO, is abundant, non-toxic, and

Despite of above advantages, SnO, also suffers from large
volume changes and agglomeration associated with lithium
insertion and extraction processes, which result in the loss of
electrical contact between particles in anode and rapid capacity

3,11-15 . . . . .
. To circumvent these issues, one efficient strategy is to

decay
incorporate SnO, with carbonaceous materials to prepare SnO,-
carbon hybrids, in which carbon can not only buffer the volume
change of SnO, but also improve the electrical conductivity of the
electrode. Until now, various types of carbon including graphite,
mesoporous or macroporous carbons, carbon nanotubes and
graphene have been widely selected as supporting matrixes for
SnOzlz‘ 13, 16

properties

. Especially, single-layer graphene, with many unique

such as high surface area, superior electronic

% School of Energy, College of Physics, Optoelectronics and Energy & Collaborative
Innovation Center of Suzhou Nano Science and Technology, Soochow University,
Suzhou 215006, China. E-mail: gaolijun@suda.edu.cn, Tel.:+86 512 65229905

b School of Materials Science and Engineering, Beihang University, Beijing 100191,
China. E-mail: yangshubin@buaa.edu.cn

This journal is © The Royal Society of Chemistry 20xx

conductivity and good erxibiIityH'19

with Sn0, 2 %

nanoparticles/reduced graphene oxide

, has been studied to composite
. In this regard, SnO, nanorods/graphene 22, SnO,
15,23, 24, Sn0O, nanoparticles
confined in a graphene framework 25, 3D graphene supported SnO,
nanoparticles 2628 3nd sandwich-like Sn0O,-graphene hybrids 2 have
been achieved, and these composites all showed improved
electrochemical performances for lithium storage. Moreover, it is
found that the reversible capacities and cycle stabilities of the
Sn0,/graphene hybrids are strongly dependent on the dispersion
level and particle size of SnO, in the composites. The small size and
well dispersion of SnO, particles onto graphene are the key factors
enabling high capacities and good high-rate performances of the
composites. However, in most cases, the size of SnO, nanocrystals
in Sn0,/graphene composites is in the range of 10 nm to 100 nm,
and they are usually in homogeneously dispersed on graphene
layers. Furthermore, during the synthesis processes, adoption of
surfactants are necessary to avoid aggregation of graphene sheets
or/and SnO, nanocrystals.

In this work, ultrafine SnO, nanoparticles are controllably
grown onto the surface of graphene via a simple one-pot
hydrothermal approach without any addition of surfactant. The as-
prepared SnO,/graphene nanocomposites have particle size of 2-5
nm, high level of homogeneous dispersion and high content of SnO,
(85 %). Such unique features can not only diminish efficiently the
volume change of SnO, during the charge-discharge processes, but
also facilitate fast diffusion of lithium ions as they are used as anode
storage. The resulting SnO,/graphene
nanocomposite exhibits a very high reversible capacity of 1037 mAh

material for lithium

g'l, excellent capacity retention of 91 % over 80 cycles, and good
high-rate capability of 320 mAh g'1 at a high rate of 800 mA g'l.

J. Name., 2013, 00, 1-3 | 1
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Experimental

Synthesis of ultrafine SnO,/Graphene composites: Graphene oxide
(GO) nanosheets were prepared by using a modified Hummers’
method from flake graphite as reported previously 3032 1na typical
experiment, 7 g tin dichloride dehydrate (SnCl,-2H,0) was dissolved
in 50 ml distilled water. Under probe sonication, 20 ml GO
suspension (6.56 mg/ml) was added dropwise into above solution.
And then the pH value of as-prepared SnCl,-GO suspensions were
adjusted from 0.2 to 9.5 by adding a certain amount of HCl or NH3,
and then sonicated for 1 h before being transferred to a Teflon-
lined stainless steel autoclave, and subsequently heated at 180 °C
for 12 h. Black fluffy products (SnO,-GO) were harvested after
freeze-drying for overnight. Afterward, the as-prepared products
were thermally reduced at 400 °C in a horizontal furnace under N,
atmosphere for 2 h, producing various nano-sized SnO, particles
decorated graphene (denoted as Sn0,-G-400, pH=X, X=0.2, 1.0, 2.4,
9.5). Notably, Sn0O,-G-400 was represented as Sn0,-G-400 when
pH=1.0. For comparison, pure SnO, nanoparticles were also
prepared via the same conditions without the addition of GO
dispersion.

The and

microstructure of the samples were systematically investigated by

Materials  Characterization: morphology
scanning electron microscope (SEM, JEOL JSM-6700F), transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM, Field
Emission JEOL 2100F), EDX (energy dispersive x-ray spectroscopy),
X-ray diffraction (XRD, X-ray diffractometer Rigaku D/Max 2200),
Raman (Jobin-Yvon Labor Raman HR-800) and X-ray photoelectron
spectroscopy (XPS, KRATOS AXIS ULTRA-DLD). The
thermogravimetric analysis (TGA, NETZSCH Jupiter STA 449 F3) was

carried out in air atmosphere up to 800°C.

Electrochemical Measurements: Electrochemical experiments
were carried out using 2032 coin-type cells. The working electrodes
were prepared by mixing the active material, acetylene black and
poly(vinyl difluoride) (PVDF) at a weight ratio of 80:10:10 and
pasted on pure Ni foam, pure lithium foil was used as the counter
electrode for lithium ion battery. The electrolyte consisted of a
solution of 1 M LiPFg in ethylene carbonate (EC)/dimethyl carbonate
(DMC)/diethyl carbonate (DEC) (1:1:1 by volume) obtained from
MTI Corporation. Celgard 2400 membrane was used as the
separator. The cells were assembled in an argon-filled glove box
with the concentrations of moisture and oxygen below 0.1 ppm.
The electrochemical performances were tested at various current
densities in the voltage range of 0.01-3.0 V on a LANDct3.3 battery
tester. The electrochemical impedance spectroscopy (EIS, CHI760E)
measurements were recorded by applying a sine wave with
amplitude of 5.0 mV over the frequency range from 100 kHz to 0.1
Hz. Fitting of impedance spectra to the proposed equivalent circuit
was performed by the code Zview.

Results and discussion

2| J. Name., 2012, 00, 1-3
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Fig.1 Typical XRD patterns of pure SnO,, SnO,-GO and
Sn0,-G-400 nanocomposites.

Sn0,-GO and Sn0,-G-400
nanocomposites were firstly identified by X-ray diffraction (XRD)
patterns. As displayed in Fig.1, there are four diffraction peaks at
26.6°, 33.5°, and 51.5°, corresponding to the (110), (101) and (211)
and facets of tetragonal SnO, with cassiterite structure (JCPDS no.

The as-prepared pure SnO,,

41-1445), respectively. It is obvious that all the diffraction peaks are
broad and weak in intensities, indicating that the sizes of the SnO,
particles are very small. There is no obvious characteristic peak of
stacked graphene at 25° in the XRD patterns of Sn0,-G-400
nanocomposite, suggesting that graphene sheets are uniformly
dispersed in the composites during fabrication processes.“’ 3
Notably, after thermal treatment at 400°C, the peak intensities of
Sn0,-G-400 only increase slightly in comparison with those of SnO,-
GO, indicating that the SnO, material is stable at the 400 °C high

temperatures.

The Sn0,-G-400 composite was also characterized by Raman
spectroscopy as shown in Fig. 2. The peaks at about 1323 and 1591
cm™are assigned to the D and G band of graphene, respectively,
and the intensity ratio of the D to G band (/p/lg) is 1.3, which is
lower than that of graphene oxide (1.5)35, indicating that oxygen
functional groups on the surface of graphene have been partially

1323 cm™!
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8000 4
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\ |

v
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Fig.2 Raman spectrum of SnO,-G-400 nanocomposite

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 (a) XPS survey spectrum of Sn0O,-G-400, high resolution
spectra peaks of (b) Sn3d, (c) Ols and (d) Cl1s

removed during the thermal treatment process at 400°C in N,. The
peaks at about 2676 and 2929 cm™ are assigned to the 2D and D +
G band of single-layer graphene, respectively, further
demonstrating the removal of oxygen containing functional groups
after thermal treatment. In order to investigate the surface
composition and chemical states of Sn0,-G-400, XPS analysis was
conducted in the range of 0-1100 eV. As shown in Fig.3a, Sn3d, Ols
and C1s can be clearly seen in the wide survey XPS spectrum. The
atomic ratio of Sn and O is about 1:2, suggesting the presence of a
great amount of SnO, in the composite. The high-resolution spectra
of Sn3d (Fig. 3b) peaks are perfectly symmetric, clearly
demonstrating the presence of pure SnO, in the composite, in good
agreement with the analysis result from XRD (Fig. 1).

To elucidate the morphology and microstructure of SnO,-G-
400 nanocomposite, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) measurements were
carried out. As shown in Fig. 4a and 4b, a large quantity of
nanoparticles are uniformly dispersed onto/into the graphene
layers to form compact composites as large as several micrometers.
The typical HRTEM image (Fig. 4c) reveals that the diameters of
these nanoparticles are in the range of 2-5 nm (Fig. 4e). The typical
EDX elemental analysis (Fig. 4d) reveals the presence of Sn, C, O and
Cu elements in the Sn0,-G-400 composites, where Sn and O should
be resulted from the Sn0O,, C from graphene and Cu from the TEM
grid. The selected area electron diffraction (SAED) pattern of these
nanoparticles in the composite presents obvious spot rings, which
correspond to the lattice spacing of SnO,, in good agreement with
the XRD analysis. Thermogravimetric analysis (TGA) of Sn0O,-G-400
reveals that the weight content of SnO, in the composite is 85 %, as
shown in Fig. 4f. The distribution of SnO, in the composite can be
further unravelled by element mapping images of C, Sn and O, as
shown in Fig.5, it is clear that C, Sn and O are homogeneously
distributed onto the graphene, which is consistent with the TEM
observation. Such a high content of SnO, nanoparticles with a
uniform dispersion should result in high capacity when the SnO,-G-
400 nanocomposite is used as an anode material for lithium ion
battery.

This journal is © The Royal Society of Chemistry 20xx
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Fig.4 (a) FE-SEM, (b) TEM, (c) HRTEM images and (d) EDX
elemental analysis of Sn0,-G-400 nanocomposite, (e) size
distribution of SnO, calculated from HRTEM images, and (f) TGA
results for Sn0,-G-400 nanocomposites.

Particle size / nm

Galvanostatic discharge-charge experiments were carried out to
evaluate the electrochemical performances of Sn0,-G-400
nanocomposite. For comparison, pure SnO, nanoparticles and SnO,-
GO composites were also tested under the same electrochemical
conditions. The selected discharge-charge profiles of pure SnO,,
Sn0,-GO and Sn0,-G-400 nanocomposites at a current density of
100 mA g'1 are presented in Figure 6a-c, respectively. It is
remarkable to note that a very high reversible capacity of 1037 mAh
g'1 for Sn0O,-G-400 in the voltage range from 0.01 to 3.00 V is
achieved, which is three times higher than that of graphite (~300
mAh g7) and higher than those of pure SnO, (840 mAh g™) and
Sn0,-GO (881 mAh g?). Notably, the capacity of SnO,-G-400
composite is higher than the theoretical capacity of single SnO,
and/or graphene, suggesting that there are other lithium storage
mechanisms, except for the classic lithium storage mechanisms in
Sn0O, and graphene layers. From the charge-discharge curves of
Sn0,-G-400 composite (Fig.6c), it is observed that in the case of
charging voltage above 1.5V, there is still a high reversible capacity
of about 300 mAh g'l. This phenomenon is similar to those reports
on nanostructured carbons or metal oxides with high surface areas
and multi-sized pores, in which an additional surface and porous
storage mechanism exist. Thereby, we believe that such surface and
porous lithium storage combined with the classic storage of SnO,
gives rise to a very high capacity of more than 1000 mAh g'1 for
Sn0,-G-400 composite as anode material for lithium storagels’ %,
The electrochemical activity of SnO,-G-400 for lithium storage was
further evaluated by cyclic voltammetry (CV) over the potential
range of 0.01 V - 3.0 V at a scan rate of 0.2 mV s™. As shown in Fig.
5d, there is a broad cathodic peak from 1.0 V to 0.5 V during the

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




RSC/Advances

Sn

Fig.5 C, Sn, O elemental mapping images of Sn0,-G-400.

first scanning process, which can be ascribed to the formation of
solid electrolyte interface (SEI) layer at the surface of active
materials as well as the reduction of SnO, to Sn with the
synchronous formation of Li,O. During the first scanning process,
the oxidation peak from 0.5 V to 0.9 V can be explained as the Li*
extraction from graphene layers and the lithium de-alloying from
Li,Sn. The other oxidation peak around 1.25 V - 1.75 V can be
attributed to a conversion reaction between Li,O and metallic sn.”

In addition, the Sn0,-G-400 nanocomposite delivers a first
coulombic efficiency of 67.9%, which is higher than those of SnO,-
GO (63.5 %). This should ascribe to the additional irreversible side
reaction with residual functional groups that exist on the GO layers
for SnO,-GO sample, except for the formation of Li,O and solid-
electrolyte interface (SEl) layers. During the subsequent cycles, the
coulombic efficiencies of both Sn0,-G-400 and SnO,-GO are
increased to nearly 100 % (Fig. 7a).The cycle performances and
high-rate properties of pure SnO,, Sn0,-GO and SnO,-G-400
nanocomposites are compared in Figure 6b and 6c. It is clear that
both of Sn0,-GOand Sn0,-G-400 nanocomposites exhibit excellent
capacities of 827 and 942 mAh g'l, respectively, after 80 cycles at a
current of 100 mA g'l. Those values are much higher than that of
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Fig. 6 Charge and discharge cycle profiles of (a) pure SnO,, (b)
Sn0,-GO and (c) Sn0,-G-400 at current density of 100 mA g_l,
(d) first three scanning CV profiles of SnO,-G-400 at a scan rate

of0.2mvVs?

pure SnO, nanoparticles (142 mAh g'l), as well as those reported for
Sn0O, nanorods-graphene and SnO,-graphene frameworks (400-800
mAh g'l) 322,25, 27,3139 p¢ higher charge and discharge rates, the
capacity retention of Sn0,-G-400 is more evident. For example, at
current densities of 200 and 800 mA g'l, the reversible capacities of
Sn0,-G-400 are still as high as 940 and 320 mAh g'l, respectively.
These values are in contrast to those of Sn0,-GO and pure SnO,
nanoparticles which decays to nearly 100 mAh g'1 (Fig. 7a). More
importantly, the capacity of Sn0,-G-400 can recover to ~900 mAh
g'1 at the current density of 100 mA g'1 and maintains 90 % of its
initial capacity after 150 cycles. In order to analyse the reason that
leads to high electrochemical performances of Sn0,-G-400 for
lithium storage, electrochemical impedance spectroscopy (EIS)
measurements pure Sn0O,, Sn0,-GO and Sn0,-G-400
nanocomposites were carried out after 30 cycles. As presented in
Fig. 7c, all the EIS spectra exhibit two semi-circles at high
frequencies followed by a liner straight line at low frequencies,
which can be fitted by the modified Randles equivalent circuit in
Fig.7c 40,41 Obviously, the film resistance (R;) and charge-transfer
resistance (Ry) of Sn0,-G-400 are 5.07 Q and 7.29 Q, respectively,
which are much lower than those of Sn0,-GO (6.26 and 10.56 Q)
and pure SnO, nanoparticles (10.94 and 32.84 Q). This result

of
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Fig. 7 (a) cycle performance of pure SnO,, Sn0,-GO and Sn0,-G-400, and coulombic efficiency of Sn0,-G-400 at current density of 100
mA gfl, (b) rate capabilities of SnO,-GO and Sn0,-G-400, (c) impedance Nyquist plots of pure SnO,, Sn0,-GO and Sn0,-G-400 after 30
cycles. The inset is the equivalent circuit used for analysis of impedance data.
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confirms that the combination of graphene with SnO, can not only

it

Fig.8 The element mapping of Sn0,-G-400 after 150 cycles,
revealing that C, Sn, O, F, P are homogeneously dispersed into
the graphene nanosheets.

preserve high conductivity of the overall electrode, but also largely
improve electrochemical activity of SnO, during the cycle processes.

To further analyse the reason of high performance of SnO,-G-
400 composite for lithium storage, we disassembled the testing cell
after 150 cycles and conducted elemental mapping tests again. As
shown in Fig.8, it can be clearly seen that C, Sn and O elements are
still homogeneously dispersed in the graphene nanosheets, except
for the presence of F and P elements from electrolyte. This
demonstrates that the morphology and microstructure of the SnO,-
G-400 composite can be well kept even undergoing a long-term
charge and discharge cycles. The stable structure leads to the good
cycle performance of Sn0,-G-400 for
Correspondingly, from the HRTEM image of Sn0,-G-400 composite

lithium  storage.

Fig.9. HRTEM image of Sn0,-G-400 electrode after 150 cycles.
It can be clearly seen that ultrafine nanoparticles are anchored
onto the surface of graphene nanosheets.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 Cycle performances of SnO,-G-400 prepared at various
pH values.
after 150 cycles (Fig.9), it can be seen that a number of SnO,
nanoparticles are still anchored onto the surface of graphene,
further confirming the good stability of Sn0,-G-400 composite
during the cycle processes.

The
performance for lithium storage are studied, we manage to tune
the size of SnO, nanoparticles in Sn0,-G-400 by simply adjusting the

influence of SnO, particle size on electrochemical

pH values from 0.2 to 9.5, which play a key role in controlling the
hydrolysis rates of SnCl, and the size of SnO, nanoparticles. The
cycle performances of composites with different pH values were
compared in Fig.10. The typical TEM images of Sn0,-G-400 samples
with pH = 0.2, 2.4 and 9.5 were shown in Fig.11. When the pH value
is less than 1.0, the capacity of Sn0,-G-400 is only 332 mAh g'l,
which should be attributed to the less extent of formation of SnO,

Fig.11 The TEM images of Sn0,-G-400 composites prepared when
(a, b) pH=0.2, (c, d) pH=2.4, (e, f) pH=9.5.

J. Name., 2013, 00, 1-3 | 5
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on graphene during the fabrication process (Fig.11a, b). As the pH is
increased to 1.0, the capacity of Sn0,-G-400 is significantly
increased to ~1000 mAh g'l, and it maintains 90 % of the initial
capacity after 150 cycles as it is discussed above. However, as the
pH is further increased to 2.4 and 9.5, the initial capacities of SnO,-
G-400 are similar to that prepared at pH = 1.0, but the capacities
rapidly decrease around 750 mAh g'1 after 30 cycles. The poor
cycling stability can be attributed to the severe aggregation of SnO,
nanoparticles on the surface of graphene (pH=2.4 in Fig.11 ¢, d and
pH=9.5 in Fig.11 e, f).These results suggest that both conductive
graphene and SnO, particle size are crucial for improving the
electrochemical performances of SnO,-graphene composites.

Conclusions

In summary, ultrafine SnO, nanoparticles (2-5 nm) decorated on
graphene sheets have been successfully fabricated via a simple one-
pot hydrothermal method without addition of surfactant. The
unique nanostructures with electrically conductive graphene and
ultrafine SnO, are favorable for the fast diffusions of lithium ions in
Sn0, lattice and transport of electrons in graphene support during
the charge-discharge processes. Hence, the Sn0,-G-400 exhibits a
very high reversible capacity of 1037 mAh g'l, excellent capacity
retention of 90 % over 150 cycles and good high-rate capability. It is
believed that such a simple, economic, and friendly synthesis
protocol can be further extended to synthesis of other ultrafine
electrochemically active metal oxide-graphene composites to
improve the electrochemical performances of lithium-ion batteries.
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