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Layer by layer assembly of sandwiched graphene/SnO2

nanorod/carbon nanostructures with ultrahigh lithium
ion storage properties†

Dongniu Wang,ab Jinli Yang,a Xifei Li,a Dongsheng Geng,a Ruying Li,a Mei Cai,c

Tsun-Kong Sham*b and Xueliang Sun*a
Broader context

High power/energy density lithium-ion batteries (LIBs) are regarded as a
promising energy system for widespread application of electric vehicles
and hybrid electric vehicles, which have a large amount of market value in
facing the environmental pollution and the depletion of fossil fuels.
Exploiting high performance and safe electrodes is crucial for acceleration
of the practical use since current graphite based anodes are approaching
the limit and they could not satisfy the urgent demand. In this commu-
Sandwiched structures consisting of carbon coated SnO2 nanorod

grafted on graphene have been synthesized based on a seed assisted

hydrothermal growth to form graphene supported SnO2 nanorods,

followed by a nanocarbon coating. As a potential anode for high

power and energy applications, the hierarchical nanostructures

exhibit a greatly enhanced synergic effect with an extremely high

lithium storage capability of up to 1419 mA h g�1 benefiting from

the advanced structural features.
nication, we designed a novel sandwiched hierarchical structure
composed of a graphene substrate, intermediate SnO2 nanorod arrays and
the outermost carbon layer. Based on the advantages of the intrinsic
structure and the strong chemical bonding between each layers, the
sandwiched hybrids exhibit ultrahigh lithium storage as well as excellent
rate performances when evaluated as an anode material for LIBs.
Among various energy storage devices, lithium ion batteries
(LIBs) have been intensively studied in recent years in connec-
tion with the continuously surging market demand for electric
vehicles in terms of their high energy density, friendliness to the
environment and acceptable high power density.1–3 In order to
store and transport energy more efficiently, a great deal of effort
has been made on seeking and developing high performance
LIBs, which mainly focuses on choice of electrodes and design
of materials' structure. Tin based anodes are regarded as
attractive candidates considering their low charge–discharge
potentials and high theoretical capacities,4,5 for example, SnO2

has a specic capacity of about 780 mA h g�1,6 which is more
than twice that of commercialized graphite. However, similar to
other high capacity anodes such as silicon7,8 and germanium,9,10

the large volume changes (359%) between the fully alloyed and
gineering, University of Western Ontario,
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dealloyed states lead to pulverization and severe destruction of
the electrode, resulting in fast fading of the capacity.

So far, twomainmitigation strategies have been applied; one
way is to exploit the structure-dependent properties of SnO2

anodes.11 Intensive studies have been carried out and a series of
versatile SnO2 nanostructures, such as nanoparticles,12,13

nanowires,5 nanotubes,14 hollow nanospheres,6,15 and nano-
cubes,16,17 are found to be more sustainable to huge volume
change during cycling. However, large-scale productions are
hampered both by costly templates13,18 or surfactants17 and the
requirement of retooling the current equipment. More impor-
tantly, the destruction of the desirable morphologies for elec-
trodes could not be truly avoided especially at long cycles and
high rates.

Another approach is to focus on fabricating hybrid nano-
structures by embedding active Sn based materials into or
immobilizing them onto a so and conductive matrix.19–24 The
highly exible matrix could buffer the large volume expansion
and contraction during cycling to keep the integrity of the whole
electrodes intact. Recently, graphene based materials have
received enormous attention due to their intriguing and desir-
able features such as large surface area (>2630m2 g�1), excellent
electronic conductivity, superior mechanical exibility, and
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Illustration of the synthesis processes of G/SnO2 NR/C nano-
composites: firstly, in situ hydrolysis of Sn salts and immobilization of SnO2

nanoparticles on graphene; secondly, the SnO2 nanoparticles' seed-assisted
hydrothermal process to get SnO2 NRs grafted onto graphene; finally, nano-
carbon coating on G/SnO2 NR hierarchical structures by hydrothermal carbon-
ization of glucose.

Fig. 1 SEM image of G/SnO2 NR nanocomposites (a) shows high density of SnO2

NRs on graphene and the HRTEM image of G/SnO2 NR hybrids (c) shows no
obvious carbon layer; (b) SEM image and (d and e) TEM images of G/SnO2 NR/C
nanocomposites, where arrows indicate the outermost carbon layer; (f) XRD
patterns of G/SnO2 NR and G/SnO2 NR/C hybrids.
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high theoretical capacity (744 mA h g�1).25,26 In our group, gra-
phene-based electrodes have been widely used in Li ion
batteries and Li-air batteries.27 It is also believed that they will
function as an appealing host to homogeneously anchor
preferred target materials through their oxygen functionalized
groups such as carbonyl (C]O) and carboxylic (C–OOH)
bonds.27a,28 Lots of high performance electrode materials have
been realized thorough combining active materials with gra-
phene including Fe3O4/graphene,29 Co3O4/graphene,30 Ge/gra-
phene,31 and Si/graphene.32

Recently, the idea of designing hierarchical nanostructures
for LIBs has been implemented by several groups and has led to
superior electrochemical performance.27a,33–37 Interestingly, in
these hierarchical nanostructures, experimental capacity higher
than theoretical capacity calculated according to a sum of
contribution from each component is usually obtained and such
a phenomenon is oen attributed to the enhanced synergetic
effect beneting from the unique hierarchical nanostructure.
Recent results have proved the success and wide adaptability of
this concept among various material systems including SnO2

nanoparticles33 or SnO2 nanosheets34 on graphene, SnO2@C
core–shell structures35 or hierarchical Sn@C nanoparticles36 on
graphene, carbon coated SnO2 nanoparticles on CNTs37 or gra-
phene,38 multilayered Sn-nanopillar arrays on graphene,39 and
carbon-coated a-Fe2O3 hollow nanohorns on the CNT backbone
with excellent electrochemical performances.40

In this paper, we report a sandwiched hierarchical nano-
structure composed of carbon coated SnO2 nanorods graed
onto the two dimensional (2D) surface of graphene (G/SnO2 NR/
C) based on the above-mentioned idea. Starting from SnO2

nanoparticle/graphene (G/SnO2 NP) composites obtained via a
microwave-assisted hydrothermal method, followed by seed-
assisted tin oxide nanorod growth on graphene and subsequent
carbon layer coating on top, the layer by layer assembled
sandwiched G/SnO2 NR/C nanocomposites were synthesized for
the rst time to the best of our knowledge. The 2D graphene
network combined with the outermost carbon layer could
provide protection to cushion the strain of the SnO2 nanorod
interlayer, which prevents the electrical isolation of SnO2

nanorods during cycling. Meanwhile, due to the high electronic
conductivity of graphene and outer carbon layer, the large
surface area and nanoscale diffusion length, high rate capa-
bility is expected. As revealed by electrochemical evaluation, it
displays ultrahigh lithium storage properties (1419 mA h g�1 at
the 150th cycle) and a fast lithium insertion–deinsertion
process (540 mA h g�1 at 3 C).

Graphene was prepared by a modied Hummer's
method27,41,42 and G/SnO2 NP composites were synthesized by
a previously reported microwave-assisted hydrothermal
method.27a For the synthesis of G/SnO2 NR composites, the as-
obtained G/SnO2 NP composites were added into an aqueous
solution of stannate in a Teon vessel and then kept at 200 �C
for 2 h. It is worth mentioning that the on-top tiny SnO2

nanoparticles (�3.5 nm) could act as seeds to facilitate the one
dimensional growth and the formation of SnO2 nanorods
graed onto graphene, as demonstrated in Scheme 1. G/SnO2

NR/C composites were obtained by coating G/SnO2 NR
This journal is ª The Royal Society of Chemistry 2013
composites with glucose derived carbon via a hydrothermal and
continuously sintering process. Detailed procedures can be
found in the ESI.†

The morphologies and crystallographic structures of the
hierarchical G/SnO2 NR and G/SnO2 NR/C nanocomposites were
determined by electron microscopy images and powder X-ray
diffraction (XRD), as shown in Fig. 1. X-ray photoelectron
Energy Environ. Sci., 2013, 6, 2900–2906 | 2901
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spectroscopy (XPS) data shown in Fig. S1† clearly demonstrate
that aer thermal reduction, most oxygen groups are removed
from graphene oxide to form graphene. The morphologies of
pure graphene and G/SnO2 NP can be found in previous
reported results,27a where small SnO2 nanoparticles uniformly
deposited on layered graphene. Fig. 1a shows the scanning
electron microscopy (SEM) image of G/SnO2 NR. It can be seen
that dense SnO2 NR arrays become rooted on the entire surface
of graphene aer hydrothermal treatment of the pre-deposited
SnO2 NPs. It is worth noting that the very small and uniformly
distributed SnO2 NPs27a in G/SnO2 NP composites will function
as a “seed” to induce the formation of SnO2 NRs and conne
their growth direction, leading to the homogeneously decorated
SnO2 NR arrays on the 2D graphene surface. The highly crys-
talline SnO2 NRs possess a length of around 20–40 nm and a
diameter of around 5–7 nm, as shown in Fig. 1c. Fig. 1b, d and e
show themorphologies of G/SnO2 NR/C composites. Aer nano-
carbon coating, the surface of the composites became smoother
with an additional ultra thin outermost layer (as arrows
pointed), indicating that the carbon layer has been successfully
introduced on top of the G/SnO2 NR hybrids, where SnO2 NRs
are sandwiched between the outermost carbon layer and the
graphene substrate to form a sandwiched hierarchical struc-
ture. A panoramic view in Fig. 1e reveals that the 2D
morphology is still well maintained. The high resolution
transmission electron microscopy (HRTEM) image (Fig. 1d)
provides further evidence that the SnO2 NRs are thoroughly
covered by carbon with a thickness of 2–3 nm. The inset shows
selected area electron diffraction (SAED) patterns representing
facets of SnO2 and a lattice spacing of 3.3 Å which corresponds
to the (110) planes of rutile SnO2, illustrating the high crystal-
linity of SnO2 NRs. Moreover, as unveiled by the elemental
mapping spectra and energy dispersive X-ray (EDX) patterns of
G/SnO2 NR/C nanocomposites (Fig. S2†), the uniform distribu-
tions of C, O, and Sn without other elements conrm the
homogeneous distribution of highly puried SnO2 nanorods in
the hybrids.

To gain insight into the internal structure of the composites,
XRD experiments were carried out, as shown in Fig. 1f. It can be
seen that the XRD patterns for G/SnO2 NR/C and G/SnO2 NR
composites are quite similar, and all intensive peaks match well
with rutile SnO2 (JCPDS no. 41-1445), illustrating that the crystal
structure of SnO2 remains intact aer deposition of the carbon
layer. The broadening of the diffraction peaks is consistent with
its nanostructure. Raman spectroscopy was further performed
to examine the G/SnO2 NR/C and G/SnO2 NR composites
(Fig. S3a†). The spectrum of graphene (G) was also given for
comparison. It is clearly seen that all three samples exhibit
intense peaks located at 1340 cm�1 and 1582 cm�1, ascribed to
the D band and the G band, respectively.27,43 Aer deposition of
SnO2 NRs, the intensity ratio of ID/IG is almost the same
compared with that of pure graphene, indicating that SnO2 NRs
have little effect on the graphitic domains of graphene and the
laminated structure remains intact. In contrast, the G/SnO2

NR/C nanocomposites exhibit both a sharper G band and a
higher IG/ID value, which should be attributed to the subse-
quently introduced carbon layer with good graphitic
2902 | Energy Environ. Sci., 2013, 6, 2900–2906
crystallinity. To quantify the contents of SnO2 NRs and carbon
in the composites, thermogravimetric analysis (TGA) was
carried out in air with a temperature range from room
temperature to 750 �C, as shown in Fig. S3b.† The weight ratio
of SnO2 nanoparticles is calculated as 63.00% for G/SnO2 NP in
our previous report,27a aer a seed-assisted hydrothermal
process to obtain SnO2 NRs, the weight ratio of SnO2 increased
to 75.64%. With further carbon coating, the weight fraction of
carbon in the hybrids increased from 24.36% (100–75.64%) to
31.88% (100–68.12%). All these results, combined with micro-
scope images, demonstrate that hierarchically sandwiched
G/SnO2 NR/C composites have been successfully synthesized.

Desired electrochemical performance of electrodes is highly
dependent on the choice of materials and the design of struc-
tures. In the sandwiched hierarchical G/SnO2 NR/C composites,
exploiting the electronic structure and chemical information
(e.g. interaction, bonding and charge transfer) in-between each
assembled layer is benecial for further understanding of the
improved electrochemical behavior. To investigate the local
chemistry environment of the sandwiched hybrids and more
importantly, to reveal the interaction and bonding between
layers of the sandwich, X-ray absorption near edge structure
spectroscopy (XANES), which is a chemical and elemental
sensitive spectroscopic technique, was employed at specic
edges of the materials.

Fig. 2a shows the carbon K edge XANES spectra for graphene,
G/SnO2 NP, G/SnO2 NR and G/SnO2 NR/C composites. All
spectra exhibit two main patterns located at �285 eV and
�291 eV, which are attributed to graphitic p* and s* transi-
tions, respectively.27a,44,45 The existence of these two transitions
aer deposition of SnO2 NRs followed by carbon coating indi-
cates that the graphitic framework is kept intact and high
electronic conductivity could be expected. Closer observation of
the dotted rectangular region (the magnied gure in the inset
of Fig. 2a) reveals that the spectra exhibit a gradual shi with
some broadening toward the lower energy in the following
order: graphene, G/SnO2 NP, G/SnO2 NR and G/SnO2 NR/C
hybrids. This observation indicates that aer hybridization with
SnO2 nanorods, the carbon 2p-derived p* states in graphene or
the outermost carbon layer accept electrons from the n type
SnO2 semiconductor, which is consistent with previously
reported results.27a,44,45 Another noticeable feature is the region
between p* and s* transitions, where the resonances arising
are ascribed to the oxygen containing functional groups, namely
peak b at 288.2 eV to carbonyl (C]O) and peak c at 289.7 eV to
carboxylic (–COOH). Obviously, aer SnO2 NRs are graed onto
graphene, the transition at position c becomes distinct and
stronger compared with that of pure graphene and G/SnO2 NP.
The emerging new peak illustrates that SnO2 NRs are also
chemically bonded with surrounding carbon via carboxylic in
G/SnO2 NR and G/SnO2 NR/C composites. The newly estab-
lished bonding could also be tracked in the case of oxygen
K-edge, as shown in Fig. 2b. At position a, the appearance of the
shoulder in the G/SnO2 NR hybrids and much enhanced
transition in G/SnO2 NR/C composites further conrm that
SnO2 NRs are rmly bonded with graphene and the carbon layer
through an oxygen functionalized carboxylic group. All these
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) C K edge XANES spectra of graphene, G/SnO2 NP, G/SnO2 NR and G/SnO2 NR/C composites (the inset is the magnified region which shows a gradual red
shift of the p*); (b) O K edge XANES spectra of G/SnO2 NP, G/SnO2 NR and G/SnO2 NR/C composites.
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observations, together with the charge transfer behavior at the
p* states, provide direct spectroscopic evidence that chemical
bonding via charge redistribution takes place between the SnO2

NR layer and the outermost carbon and graphene layers, which
anchored the SnO2 interlayer intimately into a 2D carbon
network. Thus, superior electrochemical performance could be
expected, beneting from the hierarchical nanocomposite
structure and internal strong chemical bonding.

Intrigued by the structural features of G/SnO2 NR/C hierar-
chical structures, we have evaluated their lithium storage
properties for potential application as an anode material in
LIBs. The charge–discharge proles at typical cycles of G/SnO2

NR/C at a current density of 100 mA g�1 with a voltage range of
0.01–3 V are shown in Fig. 3a. The hybrids deliver discharge and
charge capacities of 1828 mA h g�1 and 1285 mA h g�1
Fig. 3 (a) Charge–discharge profiles of G/SnO2 NR/C composites (the inset show
performance plots of G/SnO2 NR (0.1 C) and G/SnO2 NR/C (0.1 C and 1 C) hybrids in
SnO2 NR/C nanocomposites; (d) Nyquist plots of G/SnO2 NR and G/SnO2 NR/C nanoc
of semicircles. Note 1 C ¼ 1000 mA g�1.

This journal is ª The Royal Society of Chemistry 2013
respectively with an initial coulombic efficiency of 70%. The
30% irreversible capacity loss is attributed to the formation of
Li2O, an inorganic solid electrolyte interface (SEI) lm and
electrolyte decomposition.19 From the 10th cycle, the capacity
becomes stable and the composites deliver a discharge capacity
of 983 mA h g�1 up to the 50th cycle. More interestingly, starting
from the 50th cycle, the discharge capacity of G/SnO2 NR/C
hierarchical structures increases gradually to 1262 mA h g�1 in
the 100th cycle and stabilizes at 1419 mA h g�1 in the 150th
cycle, as shown in the inset of Fig. 3a. To the best of our
knowledge, such high electrochemical performance is rarely
reported in the literature relating to graphene and other carbon/
SnO2 composites.19,27a,46 Although behaviors of capacity increase
have been reported in SnO2 and other metal oxide systems, such
great capacity increase of almost 440 mA h g�1 is not so
s the related charge–discharge capacity value versus cycle numbers); (b) cycle
the voltage window of 0.01–3.00 V; (c) rate performances of G/SnO2 NR and G/
omposites at specified cycles. Inset: the magnified curves show different diameters

Energy Environ. Sci., 2013, 6, 2900–2906 | 2903
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Fig. 4 HRTEM images of nanocomposites after cycling: (a) and (b) G/SnO2 NR
after 50 cycles of discharge–charge at 0.1 C; (c) and (d) G/SnO2 NR/C after 350
cycles of discharge–charge at 1 C, where the inset shows the Fast Fourier Trans-
form (FFT) electron diffraction pattern taken from the red circled particles; (e)
schematic representation showing that the sandwiched structure prevents
isolation of SnO2 NRs during cycling.
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common.19,33,46 Fig. 3b shows the galvanostatic cycle perfor-
mances of G/SnO2 NR and G/SnO2 NR/C nanocomposites. It is
found that at the same current density (0.1 C), G/SnO2 NR
nanocomposites exhibit an initial discharge and charge
capacity of 1870 and 1133 mA h g�1 respectively, with a
coulombic efficiency of 60% and continuous decay of the
lithium storage capability. At the 50th cycle, it only preserves a
discharge capacity of 389 mA h g�1. In contrast, for the G/SnO2

NR/C sandwiched system, the capacity becomes stable from the
10th cycle with a higher coulombic efficiency of around 98%
compared with that of G/SnO2 NR (Fig. S4†). The inset further
conrms the high and stable coulombic efficiency for G/SnO2

NR/C up to 350 cycles. The higher lithium storage properties
and improved coulombic efficiency could only be attributed to
the hierarchical sandwiched structure, which thoroughly sealed
the SnO2 NRs inside from the morphological perspective and
possessed strong internal chemical bonding between SnO2 NRs
and carbon layer from the spectroscopic perspective. The intact
and robust protection could prevent the interlayer SnO2 NRs
from dropping off from the 2D networks during cycling, leading
to improved cycling performance. Meanwhile, the outermost
carbon layer could inhibit the direct contact between SnO2 NRs
and electrolyte to reduce the amount of irreversible SEI, leading
to high coulombic efficiency. More strikingly, the hierarchical
structure could offer a dramatically synergic effect and induce a
continuous increase of capacity aer 50 cycles. Similar capacity
boosting is also observed for electrodes cycled at a higher
current density of 1 C (1000 mA g�1). As shown in Fig. 3b, the
discharge capacity of G/SnO2 NR/C composites increases from
the 100th cycle and stabilized at around 330th cycle with an
increment value of 140mA h g�1, demonstrating that the results
are convincing and the electrode has a long cycle life.

Although the reasons for the capacity increase upon cycling
are still unclear, the plausible explanations are generally
ascribed to the following: as shown in the charge–discharge
proles, by comparing discharge curves in the 100th and 150th
cycles with that in the 50th cycle, it is found that part of
contribution for capacity increase happens at low voltage (below
0.5 V). Lou and Maier et al. attributed such behavior to the
reversible formation and decomposition of an organic poly-
meric/gel like lm from the electrolyte, which could provide
interfacial storage for excess lithium ions through a so-called
“pseudo-capacitance-type behavior”.40,47,48 It is reported that the
contact area between the anodes and the electrolyte will also
increase due to the inevitable pulverization of SnO2 along with
increasing cycles,18 resulting in a continuously formed lm
which provides extra lithium interfacial storage sites as
demonstrated in different potential regions.40,47,48 However,
since the contribution of capacity increase from the reversible
lm is usually limited in a Sn based system, there should be
other reasons accounting for high capacity increase (around 440
mA h g�1). On the other hand, Lian et al.33 and Yu et al.49

claimed that such a capacity increase is because the commonly
regarded initial irreversible conversion reaction (eqn (1)) is
becoming partially reversible upon cycling.

SnO2 + 4Li+ + 4e� / Sn + 2LiO2 (1)
2904 | Energy Environ. Sci., 2013, 6, 2900–2906
To conrm this, the differential capacity versus voltage plots
of G/SnO2 NR/C composites in typical cycles are also obtained,
as shown in Fig. S5.† The initial cathodic process shows a sharp
peak at 0.9 V corresponding to the conversion reaction of SnO2

to Sn and the formation of Li2O, while it is almost undetectable
in the 2nd cycle, indicating that the irreversible conversion
process has been completed. However, the peak reappeared at
the 100th and 150th cycles, indicating that the conversion
reaction happens again and thus it is at least partially revers-
ible. Moreover, in the anodic process, the gradually increased
intensity of the peak around 1.3 V aer the 50th cycle further
demonstrates the growing decomposition of Li2O upon
cycling,50 where it is prone to oxidize Sn back to SnO2 in the
charged states.49

To check the evolution of morphology and structure of the
electrodes aer charge and discharge processes, HRTEM was
further performed on cycled electrodes, as shown in Fig. 4a–d.
For G/SnO2 NR hybrids, aer 50 discharge–charge cycles, it is
clearly seen that SnO2 NRs collapsed and pulverized into small
particles aer cycling. A large eld of bare graphene without
deposition of SnO2 indicates that many exposed SnO2 NRs have
detached from the substrate. Fig. 4b shows a small particle le
on the edge of graphene and it has no obvious crystalline
feature with a size of around 6 nm. In contrast, aer 350
discharge–charge cycles, G/SnO2 NR/C nanocomposites still
This journal is ª The Royal Society of Chemistry 2013
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maintain their uniform distribution due to the intact protection
of the sandwiched hierarchical structure, as shown in Fig. 4c.
More importantly, from the high magnication image in
Fig. 4d, crystallized nanoparticles with a size of around 2 nm
appeared (red circled region). The calculated inter-planar
distance is 2.6 Å, which matches well with the (101) facet of
SnO2. The inset Fast Fourier Transform (FFT) electron diffrac-
tion pattern taken from the particles further demonstrates their
good crystallinity. The direct observation of SnO2 in cycled
electrodes further conrms that the conversion reaction of SnO2

to Sn and Li2O is reversible. Also, we performed the XANES at
the Sn M edge for the nanocomposites aer cycles and
compared with pure Sn and SnO2 standards, as shown in
Fig. S6.† It is found that the spectra for cycled G/SnO2 NR/C
nanocomposites and cycled G/SnO2 NR nanocomposites exhibit
distinct difference. Closer observation reveals that the spectrum
of cycled G/SnO2 NR nanocomposites tracks that of pure Sn,
while the spectrum of cycled G/SnO2 NR/C nanocomposites
tracks that of pure SnO2. From the electrochemical curves, the
morphologies and the spectra observed here, it is believed that
the Sn particles generated from conversion reaction would
become small and they are rmly anchored in carbonaceous
layers during cycling. With the outermost carbon and graphene
protection, Li2O would be closely surrounded by the smaller
and smaller Sn particles. On the other hand, it is well known
that the required activation energy for oxidation and solid-state
double decomposition reactions would be reduced with the
decrease of particle size.48c In this case, when the Sn nano-
particles are small enough (e.g. 2 nm), the conversion reaction
would become reversible as previously predicted by other
groups.33,51,52 It is worth noting that the carbon layer could also
prevent the loss of Li2O from the hierarchical structure upon
cycling, favoring its oxidation of Sn to SnO2.49 While for G/SnO2

NR nanocomposites, the exposed Sn and Li2O would easily
detach from graphene during cycling, leading to fast capacity
fading. Fig. 4e shows the schematic representation of G/SnO2

NR and G/SnO2 NR/C nanocomposites during cycling.
Compared with G/SnO2 NR nanocomposites where the exposed
SnO2 NRs will break away from the graphene substrate and lose
their activity, sandwiched G/SnO2 NR/C nanocomposites exhibit
higher cyclability due to the well protection beneting from the
hierarchical structure even at high current density of 1 C.

Aer 160 discharge–charge cycles at 0.1 C, the same cell for
G/SnO2 NR/C composites is further examined for high power
applications, as shown in Fig. 3c. Beneting from the sand-
wiched hierarchical structure and robust chemical bonding
between layers, the G/SnO2 NR/C composites display an excel-
lent cycling response from a current density of 0.2 C up to 3 C
(3000 mA g�1). Remarkably, a high lithium storage capability of
540 mA h g�1 at 3 C could still be obtained for the G/SnO2 NR/C
hybrids. Moreover, a constant capacity of around 1170 mA h g�1

can be restored when the current rate was reversed back to
0.2 C. In contrast, a freshly prepared G/SnO2 NR half cell
delivered only 350 mA h g�1 at 2 C. Furthermore, AC impedance
analysis for the half cell was carried out to elucidate the charge
and contact resistance of G/SnO2 NR and G/SnO2 NR/C elec-
trodes at selected cycle numbers, as plotted in Fig. 3d. As
This journal is ª The Royal Society of Chemistry 2013
evident from the drastically smaller diameter of the semicircle
for G/SnO2 NR/C in the 10th cycle compared with that for
G/SnO2 NR, the sandwiched hybrids show much lower imped-
ance than G/SnO2 NR, beneting from high conductive carbon
coating. Further examinations of the plots at 100th and 150th
cycles show even smaller semicircles for G/SnO2 NR/C (clearly
shown in the magnied curves), indicating the increased elec-
tron and lithium ion diffusion rate, which results from the
irreversible lithiated carbon shells46 and shortened paths due to
the reduced size of Sn nanoparticles upon cycling. Due to the
reduced impedance and the facilitated transportation of elec-
trons and lithium ions, G/SnO2 NR/C composites exhibit both
superior cycling and rate performances.

In summary, a sandwiched carbon coated SnO2 NR graed
on graphene hierarchical structure has been successfully
synthesized by a seed assisted hydrothermal growth of SnO2

nanorods on graphene followed by glucose derived carbon
coating. Beneting from the advanced sandwiched hierarchical
structure and the intimate chemical bonding between each
layers, the nano-hybrids show drastically increased capacity due
to the synergistic effect, which consequently leads to excellent
electrochemical performances. The as-prepared G/SnO2 NR/C
nanocomposite exhibits an ultrahigh reversible specic
capacity of 1419 mA h g�1 in the 150th cycle and high-rate
capability at high current densities of 3000 mA g�1. We believe
that the synthesis concept could be easily extended to other
electrode materials. Our system presented in this work offers
signicant implications on structural design for improving
performances of electrodes in LIBs.
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