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ABSTRACT 
SnO2/graphene nanocomposites have been fabricated by a simple chemical method. In the fabrication process, 
the control of surface charge causes echinoid-like SnO2 nanoparticles to be formed and uniformly decorated on 
the graphene. The electrostatic attraction between a graphene nanosheet (GNS) and the echinoid-like SnO2 
particles under controlled pH creates a unique nanostructure in which extremely small SnO2 particles are 
uniformly dispersed on the GNS. The SnO2/graphene nanocomposite has been shown to perform as a high 
capacity anode with good cycling behavior in lithium rechargeable batteries. The anode retained a reversible 
capacity of 634 mA·h·g–1 with a coulombic efficiency of 98% after 50 cycles. The high reversibility can be attributed 
to the mechanical buffering by the GNS against the large volume change of SnO2 during delithiation/lithiation 
reactions. Furthermore, the power capability is significantly enhanced due to the nanostructure, which enables 
facile electron transport through the GNS and fast delithiation/lithiation reactions within the echinoid-like nano- 
SnO2. The route suggested here for the fabrication of SnO2/graphene hybrid materials is a simple economical route 
for the preparation of other graphene-based hybrid materials which can be employed in many different fields. 
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1. Introduction 

There is an intensive research effort aimed at 
developing new electrode materials for lithium rechar- 
geable batteries [1–3]. While graphite, which is used 
as an anode material in current lithium rechargeable 
batteries, has served as a reliable electrode due to its 
low operating voltage and good cyclability, its low 

specific capacity of about 372 mA·h·g–1 hinders the 
adoption of lithium batteries in new applications  
such as electric vehicles and large scale energy 
storage units, which demand higher levels of energy 
and power density. Therefore, many researchers have 
focused on exploring new anode materials with higher 
energy and power density than existing electrodes 
[4–8]. Of these, elements such as Si and Sn that alloy 
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with Li are attractive candidates for replacing graphite 
due to their exceptionally high theoretical capacities 
[9–12]. Because these materials can typically store more 
than one lithium ion per one metal atom through the 
alloying reaction [1, 13], they are capable of delivering 
high energy. For example, the theoretical capacity is 
about 4200 mA·h·g–1 for Si and about 994 mA·h·g–1 for 
Sn [9, 11]. However, these alloying reactions are often 
associated with a large volume change during the 
charge/discharge processes, and therefore, show a rapid  
fading of capacity during cycling [9].  

Several approaches have been suggested to deal 
with the problem of the large volume change. One 
approach involves the fabrication of an electrode based 
on nanostructures such as nanoparticles, nanowires, 
nanotubes or porous nanostructures [6, 14, 15]. Another 
approach involves the doping of an inactive element 
to reduce the volume change. A third approach 
involves making a nanocomposite with an inactive 
matrix and active components [16–18]. In the nano- 
composite, the inactive matrix serves as a mechanical 
buffer for the large volume change of the active 
materials; as a result, the composite exhibits better 
cycling behavior than the active materials alone [18]. 
Some compounds transform to a nanocomposite 
material during the initial battery cycle. For instance, 
SnO2 forms an Li2O matrix with metallic nano-Sn 
dispersed within it during the first discharge. On 
further lithiation, the Sn metal nanoparticles alloy 
with Li to form SnLix as the active component. The 
inactive Li2O matrix helps to buffer the volume change 
of the SnLix alloy and prevents Sn nanoparticles from 
being mechanically pulverized or disconnected in 
repeated charge/discharge processes [19–22]. However, 
the electrically insulating characteristics of the Li2O 
matrix formed in the first discharge can cause a 
problem of poor electronic conductivity in the 
electrode [10, 23], and this problem can cause a 
severe deterioration in the rate capability of the 
electrode and gives a low efficiency in energy storage  
due to the large polarization [24].  

Here, we demonstrate that the incorporation of 
graphene with its large surface area, superior 
electronic conductivity, and mechanical flexibility can 
significantly improve the electrochemical activity of 
SnO2 [25, 26]. A composite with SnO2 nanoparticles 

uniformly dispersed on the graphene is expected to 
have three main benefits. Firstly, the high surface 
area of graphene can effectively provide a percolating 
network throughout the electrode, ensuring facile 
electron transport. Secondly, the high mechanical 
flexibility of graphene helps to accommodate the 
volume change induced by SnLix and the Li2O matrix. 
And, finally, the close contact between the SnO2 
nanoparticles and the graphene can minimize the 
electrical isolation of nanoparticles during battery 
cycles. In this study, we introduce a simple and new 
synthetic route for fabricating an SnO2/graphene 
composite of nanoscale echinoid-like SnO2 particles 
and graphene. The uniform dispersion of SnO2 on the 
graphene surface is ensured by controlling the zeta 
potential of each component. The diverse functional 
groups of chemically reduced graphene make it easy 
for the surface of graphene nanosheets (GNSs) to 
become negatively charged [27]. Because the SnO2 
particles can have a positive surface charge in a specific 
pH range, the SnO2 particles can electrostatically attach 
themselves on the GNS. The resulting nanocomposite 
is demonstrated to be an excellent anode material  
with high energy and power, and good cyclability. 

2. Methods 

The hybrid SnO2/graphene composite was fabricated 
in three steps. The first step involved the production 
of graphite oxide from graphite powder. The graphite 
oxide was synthesized by means of a modified 
Hummers’ method [28]. 1 g of graphite, 1 g of NaNO3, 
and 46 mL of concentrated H2SO4 were stirred together 
in an ice bath for 30 min, followed by the slow addition 
of 5 g of KMnO4. The mixture was stirred for 2 h at 
35 °C. 100 mL of de-ionized (DI) water was slowly 
added to this mixture and stirred for 15 min after 
which 8 mL of H2O2 (30%) was added. The solution 
was filtered and washed with 150 mL of HCl (10%) 
and 100 mL of DI water [29]. The resulting solution 
was subjected to centrifugation (4000 r/min, 5 min) to 
retrieve the graphite oxide. In the second step, 0.1 g of 
the retrieved graphite oxide was added to 400 mL of DI 
water. The mixture was sonicated for 90 min. Graphene 
oxide (GO) layers were exfoliated from the graphite 
oxide through this sonication process. In the last step, 
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50 mg of Sn metal powder (150 nm) and 400 mL of  
DI water were added to the GO solution. 3800 μL of 
NH4OH and 250 μL of hydrazine (NH2NH2, 35 wt.%) 
were also added to reduce GO [30, 31]. During this 
last step, tin particles were etched and oxidized to tin 
oxide (SnO2). The solution was stirred for 8 h at 80 °C 
and then filtered. The pH of the solution was con- 
trolled in the range of 4 to 5 by means of addition of 
HCl to ensure the uniform dispersion of SnO2 particles 
on the GNS. Figure 1 shows a schematic illustration   
of the process of fabrication of the SnO2/graphene  
nanocomposite. 

In order to improve the crystallinity of the SnO2 and 
remove the residual water molecules and functional 
groups from the GNS, the product was heated at 500 °C  
for 4 h under an argon atmosphere.  

The structure of the product was characterized by 
X-ray diffraction (XRD) using a Rigaku D/MAX-RC 
(12 kW) diffractometer with Cu Kα radiation (λ = 
1.518 Å), with a scan range of 20–60°. The SnO2/ 
graphene composite was analyzed with the aid of a 
high resolution dispersive Raman microscope 
(HORIBA Jobin Yvon LabRAM HR UV/Vis/NIR) with 
Raman shifts measured from 1200 cm–1 to 1800 cm–1. 
The morphology of the composite was analyzed with 
a scanning electron microscope (SEM, Philips XL- 
30S-FEG) and a transmission electron microscope 
(TEM, JEOL JEM 2100F). The amount of carbon in the 
composite was determined by elemental analysis  
(Fisons EA 1110 elemental analyzer). 

The electrodes were prepared without further 

addition of conductive carbon sources by simply 
mixing the SnO2/graphene nanocomposite (90 wt.%) 
with polyvinylidene fluoride (10 wt.%) in N-methyl-2- 
pyrrolidone as a solvent for an electrochemical 
characterization. The resultant slurry was uniformly 
pasted on Cu foil. The electrodes were dried at 120 °C 
for 2 h and then roll-pressed. In a glove box, the test 
cells were assembled into two-electrode cells with an 
Li metal counter electrode, a separator (Celgard 2400), 
and an electrolyte of 1 mol/L lithium hexafluoro- 
phosphate in a 1:1 mixture of ethylene carbonate and 
dimethyl carbonate (Techno Semichem). A multi- 
channel potentiogalvanostat (WonATech, WBCS3000) 
was used to obtain electrochemical profiles in the 
voltage range 0.001 V to 3.0 V at various current  
densities.  

For comparison, a bare graphene electrode and a 
commercial SnO2 (approximately 100 nm) electrode 
mixed with graphite (6:4) were prepared under the  
same conditions. 

3. Results and discussion 

The fabrication process of the SnO2/graphene 
nanocomposite is schematically illustrated in Fig. 1. 
The GO was obtained from graphite by using strong 
oxidation agents. The subsequent GO reduction process 
involved the addition of Sn metal (approximately 
150 nm). During the GO reduction process, the 
added Sn metal was etched and oxidized to SnO2. 
Initially, the pH of the mixture was not controlled. 

 

Figure 1 Schematic illustration of the fabrication of the SnO2/graphene composite 
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The resulting nanocomposite was analyzed by XRD, 
(Fig. 2(a)). The major diffraction peaks can be indexed 
to those of SnO2 (JCPDS card No. 41-1445). Further- 
more, the characteristic diffraction peak of the GNS 
confirms the presence of graphene in the composite. 
There are no observable impurity peaks, not even those 
of Sn or SnO. A calculation using the Scherrer equation 
gives a particle size of 4.5 nm (as shown in the inset  
of Fig. 2(a)) [32, 33].  

TEM analysis of the composite (Fig. 2(b)) shows 
that the primary particle size of the SnO2 was about 
4 nm, which is consistent with the average crystallite 
size calculated from the XRD pattern. We found that 
these small primary particles were aggregated into 
large echinoid-like secondary particles (of about 14 nm 
in size). The spacing between the lattice fringes in the 
high resolution TEM image was about 0.35 nm (as 
shown in the inset of Fig. 2(b), which agrees with the 
(110) spacing of SnO2). In addition, the crystalline 
structure of the SnO2 was confirmed by means of 
selected area electron diffraction (Fig. 2(c)). The ring 
patterns and the corresponding lattice spacings are  
consistent with the XRD analysis.  

The morphology of the SnO2/graphene composite 
was further analyzed by low magnification TEM 
(Fig. 2(d)). Although small echinoid-like particles can 
be easily observed on the GNS, there were many 
regions where these particles are severely agglomerated 
or even separated from the GNS. To ensure a uniform 
dispersion of the SnO2 nanoparticles on the graphene, 
we investigated the surface charges of the SnO2 and 
graphene as a function of pH. Figure 2(e) shows the 
measured zeta potentials of the graphene and SnO2 
with varying pH. The zeta potential results indicate that 
the graphene and SnO2 are both negatively charged 
under our initial experimental reduction conditions, 
involving a typical pH of about 7 (as illustrated by 
the dotted line in Fig. 2(e)). This suggests that a more 
uniform mixture of SnO2 on the graphene can be 
achieved if we ensure that the SnO2 and graphene have 
opposite surface charges. The plot of zeta potential 
against pH indicates that SnO2 has a positive charge 
and graphene has a negative charge in a pH range of 
2 to 5 (the shaded region in Fig. 2(e)). Accordingly, 
we added HCl to keep the pH of the solution between 

4 and 5. Figure 2(f) shows the morphology of the 
SnO2/graphene composite prepared with control of pH 
which confirms that the SnO2 nanoparticles are more 
uniformly dispersed on the graphene without any  
severe aggregation. 

The composition mapping of the TEM image of the 
composite indicates that the echinoid-like particles are 
composed of tin and oxygen (Fig. 3). The oxidation of 
Sn to SnO2 during the reduction process is attributed 
mainly to the presence of an ammonia solution. 
Figures S-1 and S-2 in the Electronic Supplementary 
Material (ESM) illustrate the results of oxidation of 
Sn in different environments: firstly, in a mixture of 
hydrazine and ammonia solution; secondly, in an 
ammonia solution alone; thirdly, in a solution of 
hydrazine alone. Significant oxidation of Sn occurs 
only when the ammonia solution is added. Further- 
more, in the absence of graphene, a small amount of 
Sn metal was detected after the reaction. This implies 
that the functional groups of graphene also, to some 
extent, contribute to the oxidation of Sn metal during  
the reduction process. 

SEM images of the SnO2/graphene composite 
(Fig. 4) show that the SnO2 particles are uniformly 
distributed on a wrinkled GNS. The energy dispersive 
spectrum of this region confirms the presence of Sn 
and O (as shown in the inset of Fig. 4(a)). Figure 4(b) 
shows a cross-sectional SEM image of the composite. 
The SnO2 particles are well inserted between the 
entangled graphene layers. The graphene layers in 
the composite were investigated by means of Raman 
spectroscopy (Fig. 5). The broad peaks at 1355 cm–1 

and 1605 cm–1, which are assigned to the D and G 
peaks of the graphene, respectively, confirm the 
presence of the graphene in the composite [34–36]. 
Elemental analysis revealed that the content by mass 
of carbon, mostly graphene, was about 38%. Therefore 
the complete electrode used for electrochemical tests 
consists of 56 wt.% of SnO2, 34 wt.% of graphene and  
10 wt.% of binder. 

The electrochemical properties of the SnO2/graphene 
composite were measured by means of galvanostatic 
charge/discharge cycling at a current density of 
0.1 A·g–1 in the voltage range 0.001 V to 3.0 V. The 
specific capacities given below are based on the 
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Figure 2 XRD pattern and TEM images of the SnO2/graphene composite: (a) XRD pattern of the SnO2/graphene composite (the inset
gives the full width at half-maximum of the (211) reflection and the particle size calculated from the Scherrer equation); (b) high 
magnification TEM image of the SnO2/graphene composite in which small SnO2 primary particles (~4 nm) form larger secondary particles
as large as 14 nm; (c) the selected area electron diffraction pattern of the SnO2/graphene composite; (d) TEM image of the SnO2/graphene
composite prepared without pH control; (e) zeta-potentials of graphene and SnO2 as a function of pH; (f) the SnO2/graphene composite 
prepared with control of pH 
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Figure 5 Raman spectrum of the SnO2/graphene composite 

mass of the composite. Figure 6(a) shows the typical 
charge/discharge profiles of the composite in the 2nd, 
5th, and 10th cycles. The shape of the profiles did not 
change significantly during cycling, which shows the 
stability of the composite as an anode. The first dis- 
charge capacity was 1719 mA·h·g–1, and the reversible 
charge capacity was about 852 mA·h·g–1. The irreversible 

capacity may be caused by the formation of a solid 
electrolyte interphase or Li-ion reaction with unreduced 
functional groups on the GNS. However, after the 
first cycle, the SnO2/graphene anode showed highly 
reversible behavior. The anode retained a reversible 
capacity of 634 mA·h·g–1 with a coulombic efficiency 
of 98% after 50 cycles (Fig. 6(b)). As shown in Fig. 6(c), 
the reversibility of the SnO2/graphene anode is higher 
than that of anodes prepared from either bare gra- 
phene or SnO2 mixed with conductive graphite. Fur- 
thermroe, the bare graphene and SnO2 anodes rapidly 
lost their capacity, whereas the hybrid SnO2/graphene 
delivered a high capacity over an extended number of 
cycles. The high reversible capacity was well retained 
even at elevated current densities. Figure 6(d) shows 
the power capability of the electrode at various rates. 
The reversible capacity of the SnO2/graphene composite 
at 2 A·g–1 was 389 mA·h·g–1, which is even higher than 
the theoretical capacity of a conventional commercial  
graphite anode (372 mA·h·g–1). 

 
Figure 3 Energy dispersive spectroscopic mapping of the SnO2/graphene composite which reveals that the echinoid-like particles are
composed of Sn and O 

 
Figure 4 (a) SEM image of the SnO2/graphene in which SnO2 particles are uniformly distributed on the graphene with the energy
dispersive spectrum in the inset; (b) cross-sectional SEM image of the composite 
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The high reversibility and power capability of the 
SnO2/graphene composite can be attributed to the 
unique structure of the composite, in which extremely 
small echinoid-like SnO2 particles are uniformly 
dispersed on an electrically conductive GNS. In the 
composite, the Li2O matrix which is formed during 
the initial discharge, and the GNS which has excellent 
mechanical flexibility can both work as mechanical 
buffers to mitigate the huge volume change of the 
SnLix alloy during the charge/discharge processes 
[25, 26]. Furthermore, the use of extremely small 
echinoid-like SnO2 nanoparticles can help reduce the 
intrinsically large volume change [37]. The problem 
of poor electronic conductivity and low rate capability 
associated with the insulating Li2O can also be 
mitigated by the use of an electrically conductive GNS 
network and extremely small SnO2 nanoparticles. 
Because of the nanoscale SnO2, the insulating layer  
of the Li2O matrix is extremely thin, and therefore, 
electron transport through the insulating Li2O matrix 
is higher than for thicker layers. The GNS network 

has good electrical conductivity, and furthermore, the 
three-dimensional nature of the network provides a 
useful mechanical and electronic framework for the 
dispersion of nanoparticles in the electrode. Because 
the GNS makes a network throughout the electrode, 
the contact loss of the entire electrode is significantly 
reduced. Therefore, the electron transfer during the 
charge/discharge processes is greatly improved by 
the percolating electronic path of the GNS network 
[38, 39]. However, there is a possibility that the nano- 
sized particles become aggregated after a prolonged 
number of battery cycles resulting in a slight capacity 
decay. We are currently investigating ways to overcome  
this problem. 

This study clearly demonstrates that an intelligent 
nanostructure can drastically enhance the electro- 
chemical performance of an electrode, especially one 
involving alloying reactions which generally suffer 
from a huge volume change and low electronic 
conductivity. Nanostructures that use a graphene 
framework should also be capable of being more 

 

Figure 6 Galvanostatic analysis of the SnO2/graphene composite: (a) charge/discharge profiles; (b) cyclability of the SnO2/graphene
composite with a current density of 0.1 A·g–1; (c) cyclability of the SnO2/graphene, SnO2–graphite composite, and bare graphene; (d) rate
capability of the SnO2/graphene 
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widely applied to other promising alloying reaction 
electrodes in order to enhance their electrochemical  
activities.  

4. Summary 

We have demonstrated a simple and straightforward 
fabrication route for a SnO2/graphene hybrid com- 
posite. Under a controlled surface charge, echinoid- 
like nano SnO2 was produced and formed a composite 
in which SnO2 particles are uniformly dispersed on 
the GNS. The resulting SnO2/graphene electrode 
exhibits a high reversible capacity that reaches levels 
as high as 634 mA·h·g–1 at the 50th cycle. A high rate 
capability was also achieved. The composite can 
deliver 389 mA·h·g–1 at a rate of 2 A·g–1. This promising 
electrochemical performance was achieved as a result 
of the unique nanostructure of the composite, which 
means that the GNS works as a mechanical buffer and 
a conductive network as well as an active electrode 
material. Our hybrid assembly principle can be 
further utilized to create a variety of functional hybrid  
nanomaterials. 
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