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We developed a facile one-step hydrothermal procedure to prepare hybrid materials of SnO2 nanorods

on graphene sheets (GS). Composites with individual SnO2 nanorods of 10–20 nm in diameter and 100–

200 nm in length show a high reversible specific capacity and outstanding cycling stability (710 mAh

g�1) as anode materials for lithium ion batteries. Owing to the enhanced lithium storage properties, the

SnO2/GS hybrid could be a promising candidate material for a high-capacity, low cost and

environmentally friendly anode for lithium ion batteries (LIBs). This one-step hydrothermal procedure

provides a facile technique for the design and morphology control of nanocrystals on GS and will be

a versatile route in producing metal oxide/GS composites.
Introduction

Two-dimensional graphene sheets (GS), a monolayer of carbon

atoms arranged in a honeycomb network, have received intensive

attention due to their unique electrical and mechanical proper-

ties, large surface areas, high chemical stability and tunable

surface functionalization.1–3 GS are a potential host material for

the homogenous growth of desired active guest materials, such as

polymers4–6 and nanocrystals,7–9 since the tunable surface func-

tional groups, such as carboxyl and hydroxyl, can act as favor-

able nucleation sites for the guest materials.2,10,11 For example,

polyaniline5,12 and polypyrrole13 have been fabricated by in situ

chemical polymerization with sheet- and wire-like nano-

architectures, respectively. CdS and CdSe quantum dots have

also been successfully decorated onto GS and showed enhanced

physical properties.14–17 In addition, the composites of GS and

metal oxides have been synthesized by many chemical proce-

dures, such as in situ chemical synthesis and the self-assembly

method.8,18–20 Although the decoration of nanostructures on GS

has been widely investigated, it remains highly desirable and

a great challenge to synthesize nanocrystals with specific

morphologies on GS due to the micro-heterogeneous system of

the graphene oxide (GO) or GS colloidal solution. Unlike the

homogeneous solution, physical morphology and crystalline of

nanocrystals could be easily controlled in the nucleation and

growth processes.21–26 It is more difficult to synthesize nano-

crystals with controllable morphologies in the heterogeneous
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nucleation process. Although metal oxide nanowires and nano-

arrays attached on GS have been reported27–32 and applied as

anode materials for LIBs,7,9 it is still very challenging to explore

methods to deposit nanocrystals with a specific morphology onto

GS directly.

Nanostructured tin oxide materials have attracted wide

research attention as a negative electrode material for LIBs due

to their high theoretical capacity, low cost and widespread

availability. In a SnO2-based LIB electrode, there are two elec-

trochemical processes. The first reaction is responsible for the

irreversible capacity loss of the first cycle due to the formation of

inactive Li2O, which can explain the large irreversible capacity

loss in the first cycle;33,34 the second is a reversible process with

lithium insertion and extraction between LixSn (0# x# 4.4) and

Sn.35–39 The theoretical capacity of SnO2 based electrode mate-

rials was calculated to be 782 mAh g�1, which is more than twice

of graphite.37,39 However, the large volume variation during the

discharge/charge process results in pulverization of the electrode

materials which may destroy their close electrical contact with

the current collectors and lead to rapid capacity loss and poor

cycling stability. To achieve high specific capacity and cyclic

stability, composites based on SnO2 have been widely investi-

gated in recent years because of their potential to integrate the

unique properties of both components. Among these, carbona-

ceous materials have attracted considerable interest owing to

their high electrical conductivity, large surface area and fair

mechanical properties.40–43 For example, SnO2/MWCNT

composites with SnO2 nanoparticles coated onto the surface and

filled into the inner cavities of MWCNTs exhibit enhanced

lithium storage properties.39 And also, dense core–shell struc-

tured SnO2/C composites are prepared as anode materials and

deliver a high capacity of�630 mAh g�1 at 100 mA g�1 even after

50 cycles.44 Nearly mono-dispersed carbon coated SnO2 nano-

colloids have also been synthesized and their capacity remained
J. Mater. Chem., 2012, 22, 975–979 | 975
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as high as 440 mAh g�1 after 100 cycles.43 Graphene, a new type

of two-dimensional monolayer carbon material, has been also

introduced to improve the lithium storage properties of SnO2.

For example, nanoporous SnO2/GS composites have been ach-

ieved by an interface reassembled method and remained 570

mAh g�1 after 15 cycles at 60 mA g�1. Liu and coworkers have

developed a ternary self-assembly approach using GS as funda-

mental building blocks to construct ordered SnO2/GS compos-

ites, which showed a steady specific capacity of 625 mAh g�1 at 10

mA g�1 after 10 cycles.45 The SnO2/GS composites have been

synthesized by in situ chemical methods. However, strong

reducing agents such as hydrazine and sodium borohydride were

widely used in the chemical reduction of GO to GS. Considering

the toxicity and risk of the strong reducing reagents, it is highly

desirable to develop a green chemical route for the synthesis of

nanocrystals on GS with high conductivity and controllable

morphology.

Herein, we have developed a facile one-step hydrothermal

procedure to prepare hybrid materials of SnO2 nanorods on GS,

in which the SnO2 nanorods are uniformly decorated on or

encapsulated in GS. The hybrid materials showed a high specific

capacity and cycling stability. This one-step hydrothermal

procedure provides a facile technique for the design and

morphology control of nanocrystals on GS and will be a versatile

route to prepare well controlled metal oxide/GS composites.
Experimental details

Materials

Graphite was purchased from Alfa Aesar (-325 mesh). All

chemicals were of analytical grade and used without further

purification.
Synthesis of graphene oxide (GO)

GO was prepared from graphite flakes by a modified Hummers

method.46,47 1.0 g of graphite flakes, 1.0 g of NaNO3 and 46 mL

of concentrated H2SO4 were mixed together in an ice bath for 4

h. Then 6.0 g of KMnO4 was added slowly into the solution.

Afterwards, the ice bath was removed and the suspension was

stirred for another 4 days. Then the suspension was further

treated with 200 mL of warm water (�60 �C) and 10 mL of H2O2

(30%). The mixture was centrifuged at 4000 rpm and washed with

diluted HCl and water to neutral. Finally, a homogeneous GO

aqueous dispersion (1 mg mL�1) was obtained for further use.
Scheme 1 Schematic diagram of the one-step hydrothermal synthesis of

SnO2/GS.
Synthesis of SnO2/GS composites

The composites of SnO2 nanorods on GS were synthesized

simply by a direct hydrothermal method. Briefly, 50 mg of

stannic chloride hydrate (SnCl4$5H2O) dissolved into 40 mL of 1

mg mL�1 GO aqueous dispersion and was vigorously stirred for

10 min. Afterward, 2 mL of concentrated HCl was added into the

above suspension. Then, the mixed suspension was transferred to

50 mL Teflon lined stainless steel autoclaves for a hydrothermal

reaction at 120 �C for 24 h. The free SnO2 nanorods were

prepared by the same process.
976 | J. Mater. Chem., 2012, 22, 975–979
Characterization methods

Transmission electron microscopy (TEM) was performed on the

JEM-2100F Electron Microscope with an accelerating voltage of

200 kV. Field-emission scanning electron microscopy (FE-SEM)

was performed on a JSM-6700F at an acceleration voltage of

10.0 kV. FT-IR and Raman spectra were recorded on a Nicolet

iZ10 and DXR Raman Microscope with a 532 nm excitation

length, Thermal Scientific Co., USA, respectively.

The electrochemical properties of the SnO2/GS composites as

the negative electrode used in Li-ion batteries were characterized

at room temperature. The working electrode was prepared from

the mixture of the active materials, carbon black (super P) and

polyvinylidene fluoride (PVDF) binder in weight ratio of

80 : 10 : 10. Li foil was used as the counter electrode. The elec-

trolyte was 1 M LiPF6 in a 50 : 50 w/w mixture of ethylene

carbonate (EC) and dimethyl carbonate (DMC). Cell assembly

was carried out in a glovebox with the concentrations of moisture

and oxygen below 1 ppm. The electrode activities were measured

using a CT2001 battery tester. The cell was charged and dis-

charged at different current densities and the fixed voltage limits

between 3.0 V and 10 mV. All the electrochemical experiments

were carried out using Parstat 2273 electrochemical station

(Princeton applied research CO., Ltd, USA). The cyclic vol-

tammograms of SnO2/GS composites were carried out using

a Parstat 2273 electrochemical station (Princeton applied

research CO., Ltd, USA) at a scan rate of 0.5 mV s�1 and cycles

with voltage window between 3.0 and 0.0 V (vs. Li+/Li).
Results and discussion

Hydrothermal dehydration has been adopted for the green

reduction of GO and preparation of nanocrystals on GS.48,49

Based on this method, we herein develop a novel strategy to

synthesize nanosized SnO2/GS composites with controllable

morphologies. A hybrid material with SnO2 nanorods that grew

on the surface of GS was achieved successfully by a facile one-

step hydrothermal procedure (Scheme 1). Firstly, ions of Sn4+

were anchored covalently to the surface of GO with functional

groups such as carboxyl, hydroxyl and epoxy groups through

electrostatic interactions. Then, hydrothermal treatment at 120
�C for 24 h was applied to prepare the SnO2/GS composites.

After reaction, GO was converted to GS in the hydrothermal

dehydration process as evidenced by XRD curves (Fig. S1 and

the bold curve in Fig. 1a). Due to the presence of oxygenated

functional groups on carbon nanosheets, the d-spacing of GO

calculated from the (001) peak is approximately 0.74 nm (2q ¼
11.4�), which is larger than that of graphite (0.34 nm). After 24 h

of hydrothermal treatment, a broad peak at �25� appeared,

indicating the further reduction of GO as shown in Fig. 1a. The

XRD patterns of the composites clearly show the good
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (a) Characterization of SnO2/GS composites. (a) XRD curves of

the as synthesized GS and SnO2/GS composite. (b) SEM image of SnO2/

GS composites. (c) TEM image of SnO2/GS composites. (d) High-reso-

lution TEM image of SnO2 nanorods on GS.
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crystallization of tetragonal SnO2 (t-SnO2, JCPDS card no. 41–

1445; red curve in Fig. 1a). The diffraction peak at 25� of GS

overlapped with the (110) peak of SnO2. As shown in SEM and

TEM images (Fig. 1b–d and Fig. S3), the SnO2 nanorods were

uniformly decorated on the surface of GS with the sizes of 10–20

nm in diameter and 100–200 nm in length. The high-resolution

TEM image (Fig. 1d) shows that the crystal lattice fringe is 0.33

nm, corresponding to the (110) face of t-SnO2. Fig. 2 exhibits the

thermal stability of SnO2/GS using thermogravimetric (TG)

analysis. The weight loss of 7.2 wt% around 100 �C was ascribed

to the absorbed water of the SnO2/GS composites. And the

weight loss of 51.94 wt% between 200–650 �C was ascribed to

decomposition of labile oxygen groups (carboxyl, anhydride or

lactone groups) and the removal of more stable oxygen groups

(phenol, carbonyl or quinone) on GS, respectively. The high

exothermal peak, in agreement with previous reports,50,51 is
Fig. 2 TG-DTA curves of SnO2/GS composites. There is �7.2% weight

loss attributed to dehydration of SnO2/GS composites.

This journal is ª The Royal Society of Chemistry 2012
attributed to C–C bonds and the most stable functionalities that

cannot be removed even after a prolonged hydrothermal reduc-

tion process. The mass loading of SnO2 calculated was 44 wt% in

the SnO2/GS composites.

Fig. 3 shows the Fourier transformation infrared (FT-IR) and

Raman spectra of SnO2/GS composites. A red shifts was

observed in the FT-IR spectra of SnO2/GS composites with

respect to that of pure SnO2 nanorods (Fig. 3a), which was

attributed to the electron-donating effect of GS (n-type doping

effect). As shown in Fig. 3b, the G bands in the Raman spectrum

of the SnO2/GS composites exhibit blue shifts compared with

GO and GS, which revealed the p-type doping effect on GS

(electron-withdrawing effect). The G band is usually assigned to

the E2g phonon of C sp2 atoms, while the D band is the breathing

mode of k-point phonons of A1g symmetry. A prominent D band

is an indication of a disordered carbon structure in GO, origi-

nated from defects associated with vacancies, grain boundaries

and amorphous carbon species. The intensity ratio (ID/IG) of D

band to G band is related to the extent of p-conjugation and

concentration of defects, which are 1.23, 1.32 and 1.39, respec-

tively, for GO, GS and SnO2/GS. The red shift of the FT-IR of

SnO2, blue shifts of the G bands of GS and the different ID/IG
revealed the electronic interactions between SnO2 nanorods and

GS, which is beneficial for electron transportation between SnO2

and GS and the formation of the three-dimensional electron

networks is desirable for lithium storage.

Fig. 4a shows the cyclic voltammetry (CV) curves of the SnO2/

GS electrode at the constant scan rate of 0.5 mV s�1 in the 1st,

2nd, 3rd, 4th and 5th cycle with voltage window between 3.0 and

0.0 V (vs. Li+/Li). In the first cycle, the cathodic peak at �0.7 V

can be attributed to the formation of the solid electrolyte inter-

phase (SEI) layer (4Li+ + SnO2 + 4e� ¼ Sn + 2Li2O).37 The

lithium reaction with SnO2 and GS occurred at�0.12 and 0.01 V

(xLi+ + Sn + xe� ¼ LixSn; xLi
+ + C(GS) + xe� ¼ LixC).

43 Three

oxidation peaks appear around 0.15, 0.55 and 1.25 V, respec-

tively. The anodic peak at 0.15 V corresponds to lithium

extraction from GS; the 0.55 V oxidation peak can be assigned to

the de-alloying of LixSn, while the weak oxidation peak at 1.25 V

could be partially reversible reaction of formation of SEI layer.

The 2nd, 3rd, 4th and 5th cycles stack together which clearly

elucidate the reversible electrochemical reactions between

lithium ions and the SnO2/GS hybrid materials.

Fig. 4b–c show the discharge/charge curves of the SnO2/GS

hybrid materials at a current density of 100 and 200 mA g�1,

respectively. The capacity corresponding to voltage range of

�1.0 to 0.5 V of the first Li+ charge curve can be attributed to the
Fig. 3 (a) FT-IR spectra of SnO2/GS composites and pure SnO2

nanorods; (b) Raman spectra of GO, GS and SnO2/GS composites.

J. Mater. Chem., 2012, 22, 975–979 | 977

http://dx.doi.org/10.1039/c1jm14099j


Fig. 4 Electrochemical characterizations of GS/SnO2 composites. (a)

Cyclic voltammograms of SnO2/GS composites, the scan rate is 0.5 mV

s�1. (b–c) The discharge/charge profiles of GS/SnO2 composites at current

densities of 100 and 200 mA g�1, respectively. (d) The discharge/charge

capacity profiles of GS/SnO2 composites and pure SnO2 nanorods in 5

mV–3 V (vs. Li+/Li) voltage window at current densities of 100 and 200

mA g�1, respectively.
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irreversible reaction of the formation of SEI layer.19 The Li+

discharge curves show a sloping plateau at �1.25 V due to the

partially reversible reaction of formation of SEI layer. It is very

consistent with the CV curves in Fig. 4a. The initial discharge

capacities are 1147 and 928 mAh g�1 at current densities of 100

and 200 mA g�1, respectively. After several discharge/charge

cycles, the coulombic efficiency of the hybrid electrodes increases

to greater than 98% (Fig. 4b and c), and indicating good

reversibility of the above electrochemical reactions.

Fig. 4d show cyclic performance and coulombic efficiency of

the hybrid electrode. The second discharge capacities are 907 and

659 mAh g�1 at current densities of 100 and 200 mA g�1,

respectively, which retained about 79 and 71% of the initial

capacities. After 50 cycles, the capacities are 710 and 574.6 mAh

g�1 with a capacity loss of �0.3% per cycle with the current

density of 100 and 200 mA g�1, which are superior to that of

SnO2 nanoparticles coated on carbon nanotubes or encapsulated

in carbon spheres.37,39,40,43 Comparisons of the cyclic perfor-

mance of the composite structures with that of bare SnO2

nanorods are shown in Fig. 4d and Fig. S4. After 50 cycles, the

specific capacities are 237 and 105 mAh g�1, which are much

lower than the initial specific capacities (1610 and 1027 mAh g�1

at current densities of 100 and 200 mA g�1, respectively). The

capacity, rate capability and cycling stability of GS/SnO2 hybrid

materials are superior to the bare SnO2 nanorods, which can be

attributed to the interaction between the SnO2 nanorods and the

GS. The strong interaction between them makes SnO2 more

stable and electrochemically active during the discharge/charge

process.51 The lithium storage properties of the hybrid electrodes

are superior to the SnO2/GS nanoporous composites prepared by

reassembled process and ternary self-assembly of ordered SnO2/

GS composites which show discharge capacities only 570 and 625

mAh g�1 at current densities of 50 and 10 mA g�1, respective-

ly.7a,20 These were attributed to the intimate interactions between

GS substrates and the SnO2 nanorods directly grown on them,
978 | J. Mater. Chem., 2012, 22, 975–979
which could effectively and rapidly transport electrons between

SnO2 and GS to the current collector through the highly con-

ducting three-dimensional GS network.45,52

In order to understand the excellent electrochemical perfor-

mance of the SnO2/GS composites, their microstructure and

morphology after 50 discharge/charge cycles was examined by

TEM. As shown in Fig. S5, the SnO2 nanoparticles were still

decorated on GS, which indicated the role of GS to prevent the

agglomeration of SnO2 nanoparticles during cycling. As

mentioned above, ions of Sn4+ were firstly anchored covalently to

the functional groups on GS such as hydroxy, carboxyl and

carbonyl via electrostatic attraction force. Then, after hydro-

thermal treatment, the SnO2 nanorods attached firmly on the GS

sheets by covalent bonds (such as Sn–O bonds). This connection

has been verified by the FT-IR and Raman shifts. However,

SnO2 nanorods were partially pulverized due to the volume

change in the discharge/charge process, which is responsible for

the capacity loss with cycling.
Conclusions

In summary, we have developed a facile one-step hydrothermal

procedure to prepare hybrid materials of SnO2 nanorods on GS,

in which the SnO2 are nanorods uniformly decorated on or

encapsulated in GS. The hybrid materials showed a high specific

capacity and cycling stability, owing to the synergistic effect

between the GS and the SnO2 nanorods. Accordingly, the SnO2/

GS hybrids are potential electrode materials for LIBs. This one-

step hydrothermal procedure provides a facile technique for the

design and morphology control of nanocrystals on GS and will

be a versatile route to prepare well controlled metal oxide/GS

composites.
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