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ABSTRACT: Three-dimensional (3D) graphene/carbon nano-
tube (CNT)/SnO2 (GCS) hybrid architectures were constructed
by a facile and cost-effective self-assembly method through
hydrothermal treatment of a mixture of Sn2+, CNTs, and
graphene oxide (GO). The resultant GCS displayed a 3D
hierarchically porous structure with large surface area and
excellent electrical conductivity, which could effectively prevent
the aggregation and volume variation of SnO2 and accelerate the
transport of ions and electrons through 3D pathways. Benefiting
from the unique structure and the synergistic effect of different
components in the hybrid architectures, the GCS exhibited a
remarkably improved reversible capacity of 842 mAh g−1 after
100 cycles at 0.2 A g−1 and excellent rate performance for lithium storage compared with that of graphene/SnO2 (GS) hybrid
architectures. Hence, the impressive results presented here could provide a universal platform for fabricating graphene/CNT-
based hybrid architectures with promising applications in various fields.
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1. INTRODUCTION

Lithium ion batteries (LIBs) have been intensively utilized in
electric vehicles and portable electronics because of their high
energy density, relatively low self-discharge, and environmental
friendliness.1−5 To meet the demands for LIBs with higher
energy density and excellent cycling performance, much effort
has been spent to design both anode and cathode materials
with new structures.6−10 Among various electrode materials,
SnO2 is generally considered as a promising anode material
candidate because of its high theoretical capacity (780 mAh
g−1), low toxicity, and widespread availability.11−13 However,
the huge volume changes in SnO2 upon extended Li insertion
and/or extraction could give rise to the pulverization and
aggregation of electrochemically active particles, which results
in low rate capability and poor cycling performance.14−16 To
address these issues, fabricating carbonaceous nanocomposites
based on porous carbons,17−19 carbon nanotubes (CNTs),20−22

and graphene23−26 has been demonstrated to be an effective
strategy and attracted considerable attention. Although
improved electrochemical performances have been achieved,
the preparation processes are generally complex, high-cost, and
time-consuming, which limit their wide application. Hence,
there is an urgent need to develop facile and cost-effective
approaches for fabricating high-performance SnO2-based anode
composites.
Graphene, with its huge surface area and high conductivity,

has been considered as a promising material for energy

storage.27,28 However, the inherent tendency for π−π stacking
interactions of graphene nanosheets greatly reduces their
accessible surface area and thereby deteriorates their electro-
chemical performance. To reduce stacking, graphene/CNT
composites, including two-dimensional (2D) hybrid films29−31

and three-dimensional (3D) hybrid architectures,32−35 have
been proposed and fabricated. The CNTs in the graphene/
CNT architectures not only bridge the defects for electron
transfer but also efficiently increase the basal spacing between
graphene nanosheets.31 Furthermore, the 3D graphene/CNT
architectures exhibit a large specific surface area as well as fast
electron and mass transport kinetics because of the
combination of porous structures and the excellent intrinsic
properties of graphene and CNTs.34 Therefore, the 3D
graphene/CNT architecture would be an ideal substrate to
support SnO2 for LIB applications.
Here, we present a facile and cost-effective one-pot

hydrothermal self-assembly approach for the fabrication of
3D graphene/CNT/SnO2 (GCS) hybrid architectures, where
ultrasmall SnO2 nanoparticles (NPs) were uniformly grown in
situ on the 3D graphene/CNT scaffold. Benefiting from the
synergistic effects of different components in the hierarchically
porous GCS, the resultant hybrid architectures exhibited a
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highly reversible capacity of 845 mAh g−1 after 100 cycles at 0.2
A g−1, with excellent rate capability compared with that of
graphene/SnO2 (GS) hybrid architectures, demonstrating a
great potential as anode materials in LIBs.

2. EXPERIMENTAL SECTION
2.1. Synthesis of GCS Hybrid Architectures. GO was prepared

through the modified Hummers method;36 10 mg of CNTs (>95%
pure, from XF NANO, Inc.) were gradually added to the 20 mL GO
aqueous dispersion (1 mg mL−1). Then, the mixture solution was
ultrasonicated for 30 min. Subsequently, 180 mg of tin dichloride
dihydrate (SnCl2·2H2O, analytical grade purity, from Sinopharm
Chemical Reagent Co. Ltd.) was slowly added to form a stable
complex solution while the mixture was stirred for 30 min. Then the
suspension was sealed in a 25 mL Teflon-lined autoclave and
maintained at 180 °C for 12 h. The 3D GS hybrid architectures were
fabricated using a similar procedure without the addition of CNTs.
2.2. Characterization. The morphology and structure of samples

were characterized with a field-emission scanning electron microscope
(GSM6510LV, JEOL) and transmission electron microscope (FEI,
Tecnai G2 F30). X-ray photoelectron spectroscopy (XPS) measure-
ments were taken on a VG ESCALAB 250 spectrometer with an Al Kα
X-ray source (1486 eV), X-ray radiation (15 kV and 10 mA), and
hemispherical electron energy analyzer. X-ray powder diffraction
(XRD) measurements were performed on a diffractometer (X’Pert
PRO, Panalytical B.V.) with a Cu Kα radiation source. Thermogravi-
metic analysis (TGA) was conducted at a heating rate of 10 °C min−1

in air. Nitrogen adsorption/desorption isotherms were measured on
an accelerated surface area and porosimetry system (ASAP 2020) at 77
K to calculate the surface area of the films by the Brunauer−Emmett−
Teller (BET) method.
2.3. Electrochemical Measurements. Electrochemical experi-

ments were conducted in 2032 coin cells. To prepare working
electrodes, the samples, carbon black (Super-P), and poly(vinyl
difluoride) (PVDF) at a weight ratio of 80:10:10 were mixed into a
homogeneous slurry and pasted onto pure Cu foil. Pure Li foil was
used as the counter electrode. The electrolyte was 1 M LiPF6 in an
ethylene carbonate/dimethyl carbonate [EC/DMC, 1:1 (v:v)]
mixture. Cell assembly was performed in an argon-filled glovebox.
Cyclic voltammetry (CV) was conducted on a CHI 760E electro-
chemical workstation over a voltage range of 0.005−3.0 V with a scan
rate of 0.1 mV s−1. The electrochemical impedance spectroscopy (EIS)
measurements were also performed on a CHI 760E electrochemical
workstation over a frequency range from 100 kHz to 0.1 Hz.

3. RESULTS AND DISCUSSION

The synthetic procedure for GCS hybrid architectures is
illustrated in Scheme 1. First, the homogeneous GO/CNTs
dispersion was obtained by sonication treatment, where the
CNTs were well dispersed by an amphiphilic GO solution
through π−π attractions (see Figure S1 of the Supporting
Information).37 Then SnCl2·2H2O was dissolved in a GO/
CNT dispersion to form a stable mixture. During this process,
Sn2+ was selectively bonded with the oxygenated groups by
electrostatic forces.38 Subsequently, the mixture was hydro-
thermally assembled at 180 °C for 12 h to form a 3D black
hydrogel. In this way, SnO2 NPs could spontaneously nucleate
and grow on the surface of graphene and CNTs. This
phenomenon can illustrate that the reduction potential of
Sn2+ is ∼0.15 V versus the standard hydrogen electrode
(SHE),39 which is much lower than the oxidation potential of
GO (0.72 V vs SHE)40 or CNT (0.5 V vs SHE).41 Therefore,
the spontaneous oxidation and reduction of GO/Sn2+ and
CNTs/Sn2+ could occur during the hydrothermal assembly
process, leading to the formation of desired GCS hybrid
architectures.
The morphology of the resultant GCS was characterized by

scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Figure 1). SEM images revealed a well-
defined and interconnected 3D porous graphene framework
with continuous macropores of micrometer size (Figure 1a,b).
Panels c and d of Figure 1 show the TEM images of GCS. It
could be seen that ultrasmall SnO2 NPs, with an average size of
4 nm (Figure S2), were uniformly monodispersed on the
surfaces of graphene nanosheets and CNTs. However, as for
the GS, the SnO2 NPs anchored densely on the graphene
nanosheets and almost covered their entire surface (Figure S3),
which exhibited serious aggregation for SnO2 NPs in the GS
hybrid architectures. The high-resolution TEM (HRTEM)
image of GCS (Figure 1e) demonstrates that the crystal lattice
fringes of SnO2 NPs were 0.33 and 0.26 nm, which
corresponded to the (110) and (101) planes, respectively, of
the rutile phase of SnO2. The selected area electron diffraction
(SAED) pattern (Figure 1f) further confirmed the presence of
both graphene/CNTs (concentric circles) and polycrystalline
SnO2 species (broad diffuse rings).
To confirm the chemical compositions of GCS, XPS

measurements were performed in the range of 0−800 eV

Scheme 1. Fabrication of GCS Hybrid Architecture

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04673
ACS Appl. Mater. Interfaces 2015, 7, 17963−17968

17964

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04673/suppl_file/am5b04673_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04673/suppl_file/am5b04673_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04673/suppl_file/am5b04673_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04673


(Figure 2a). The peaks located at the C, O, and Sn core level
regions could be assigned to C 1s, O 1s, and Sn 3d, Sn 3p, and
Sn 4d, respectively. The deconvoluted C 1s spectrum of GCS
(Figure 2b) reveals four types of carbon bonds: CC/C−C
(284.7 eV), C−O (hydroxyl and epoxy, 286.6 eV), CO
(carbonyl, 287.5 eV), and O−CO (carboxyl, 288.7 eV). In
contrast to the C 1s spectrum of GO (Figure S4), the sharp
decreases of the signal for oxygen-containing groups in GCS
demonstrated a high degree of deoxygenation and successful
reduction of GO during the hydrothermal process.42 Figure 2c
shows the high-resolution Sn 3d spectrum. Two peaks centered
at 496.4 and 487.9 eV correspond to Sn 3d3/2 and Sn 3d5/2,

respectively, which was in good agreement with previously
reported data for the SnO2 phase.

43

The obtained GCS and GS were then characterized by XRD
(Figure 3a). Both hybrids exhibited similar XRD patterns, in
which the major diffraction peaks of SnO2 could be well
indentified as a tetragonal rutile-like SnO2 (JCPDS Card No.
41-1445, space group P42/mnm, a0 = b0 = 4.738 Å, c0 = 3.187
Å),44 confirming the HRTEM and SAED observations.
However, the (002) diffraction peak for graphene was not
observed in the XRD pattern of the GCS, which demonstrated
the lack of layer stacking after reduction of GO, because the
graphene nanosheets were efficiently assembled into 3D
networks and most of the graphene nanosheets were separated
by CNTs and SnO2 NPs. TGA of GCS and GS was performed
at a heating rate of 10 °C min−1 in air to confirm the content by
weighting SnO2 in the hybrid architectures. As shown in Figure
3b, the SnO2 contents of GCS and GS were calculated to be
∼83.5%. This result indicates that the introduction of CNTs
did not influence the component ratio of hybrid materials. The
3D porous structures of GCS and GS were further probed by
nitrogen isothermal adsorption/desorption measurements
(Figure 3c,d). Obviously, the BET surface area of GCS was
322.5 m2 g−1, which was larger than that of GS (234.9 m2 g−1).
This result highlights that the introduction of CNTs into
graphene-based materials was an effective approach to achieving
hybrid materials with a large surface area. Furthermore, on the
basis of the Barrett−Joyner−Halenda (BJH) model, the pore
size of GCS was centered at ∼3.7 nm (the inset in Figure 3c).
Consequently, the large surface areas of GCS associated with its
meso- and macroporous structures are favorable for electrolyte
accessibility and rapid Li+ diffusion.
To evaluate the electrochemical performance of the GCS

hybrid architectures in LIBs, coin cells with a Li counter
electrode were assembled. Figure 4a shows the CV curves for
the first two cycles of the GCS electrode at a scan rate of 0.1
mV s−1 and cycled between 0.005 and 3 V. The CV behavior is
generally consistent with the literature,45 demonstrating the
similar electrochemical process. As observed in the first cycle,
the characteristic pair (cathodic and anodic) of current peaks at
potentials of 0.27 and 0.61 V should be attributed to the
alloying and dealloying of LixSn (0 ≤ x ≤ 4.4) during charge/
discharge processes, respectively. Two peaks observed at
cathodic and anodic potentials of 1.1 and 1.3 V were ascribed
to the reduction and oxidation processes, respectively,
suggesting partial reversibility of the reduction of SnO2 to Sn
and the synchronous production of Li2O. To probe the
advantages of GCS structured architectures with respect to Li
storage behavior, the charge/discharge voltage profiles of GCS
and GS electrodes at current densities of 0.2 A g−1 were

Figure 1. (a and b) SEM, (c and d) TEM, and (e) HRTEM images of
GCS. (f) Corresponding SAED pattern.

Figure 2. (a) XPS survey spectra of GCS. (b) Deconvoluted C 1s spectra of GCS. (c) XPS survey of Sn 3d spectra for GCS.
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measured, as shown in Figure S5. Notably, the GCS electrode
delivered a high capacity of approximately 1806 mAh g−1 in the
first cycle, which was higher than that of the GS electrode
(1582 mAh g−1), and even the contents of SnO2 were the same
in the two electrodes. The capacities of the GCS and GS
dropped rapidly after the first cycle because of the irreversible
formation of a solid electrolyte interface layer (SEI) and
amorphous lithium oxide. Figure 4b shows the cycling
performances of GCS and GS electrodes under a current
density of 0.2 A g−1. The GCS exhibited an excellent reversible

capacity of 842 mAh g−1 after 40 cycles, which was higher than
those of many other reported SnO2-based nanocomposites with
different structures.46−48 However, the GS delievered a stable
capacity of only 570 mAh g−1 after 50 cycles. The SEM image
of GS after cycling (Figure S6a) suggests that SnO2 NPs in GS
exhibited obvious pulverization and aggregation after 100
cycles. In contrast, the primary dispersibility of SnO2 NPs in
GCS was preserved, demonstrating a good restraint for the
aggregation of SnO2 upon cycling (Figure S6b).

Figure 3. (a) XRD patterns and (b) TGA curves of GCS and GS. N2 adsorption−desorption isotherms of (c) GCS and (d) GS. The insets are the
corresponding pore size distribution diagrams.

Figure 4. (a) CV curves for the first two cycles of the GCS electrode. (b) Cycling performance of GCS and GS electrodes at a current density of 0.2
A g−1. (c) Rate performance of GCS and GS electrodes at different current densities. (d) Nyquist plots of GCS and GS electrodes.
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The rate capability is also vital for evaluating the electro-
chemical performance of LIBs. Figure 4c demonstrates the rate
performance of GCS and GS at different current densities (0.1,
0.2, 0.5, 1, and 2 A g−1). As the current density increased from
0.1 to 2 A g−1, the GCS electrode preserved 40% of its initial
capacity (from 1040 to 414 mAh g−1). In comparison, the
reversible capacity of the GS electrode decreased quickly from
688 to 124 mAh g−1; only 18% of the initial capacity was
maintained. When the current density was returned to 0.1 A
g−1, the stable high capacity of GCS (923 mAh g−1, 89% of the
initial capacity) was retained. To further demonstrate the
superior electrochemical performance of GSC compared with
that of the GS electrode, AC impedance tests were performed.
The Nyquist plots (Figure 4d) show that the diameter of the
semicircle for GCS was much smaller than that of GS,
suggesting lower contact and charge-transfer resistances of GCS
compared with those of GS. The kinetic differences of the GCS
and GS electrodes were further surveyed by a simulated
Randles equivalent circuit (Figure S7 and Table S1). The values
for the surface film resistance (Rf) and the charge-transfer
resistance (Rct) for the GCS electrode were 2.1 and 4.8 Ω,
respectively, which were lower than those for the GS electrode
(4.3 and 13.5 Ω, respectively). On the basis of the results
described above, the introduction of CNTs not only greatly
improved the electrochemical activity of the hybrid architecture
but also enhanced the electrical conductivity of the electrode.
The enhanced electrochemical performance of GCS as an

anode material for Li storage can be attributed to the following
factors. First, the construction of the 3D hierarchically porous
graphene/CNT architecture creates a large surface area for the
in situ growth of the ultrasmall SnO2 NPs in the structure,
preventing the serious aggregation of the SnO2 NPs on the bare
graphene nanosheets. Second, the elastic graphene/CNT
networks that act as a buffer could accommodate the volume
changes of SnO2 NPs during the charge/discharge process.
Third, the 3D conductive frameworks with macro- and
mesoporous features and a large surface area could provide
efficient pathways to facilitate the transport of electrons,
improve the adsorption of Li+, and shorten the diffusion paths
for rapid Li+ insertion and extraction in the bulk electrode.

4. CONCLUSION

In summary, a facile and cost-effective strategy has been
successfully developed for the fabrication of GCS hybrid
architectures with a 3D hierarchically porous conducting
network structure through the hydrothermal treatment of a
mixture of Sn2+, CNTs, and GO. Such a unique architecture
established by graphene nanosheets and CNTs exhibited a
meso- and macroporous structure with a large surface area and
excellent electrical conductivity, which could work effectively
against the volume changes and aggregation of SnO2 and
ensures favorable transport kinetics for both Li+ and electrons.
As a result, the GCS displays a remarkably enhanced capacity of
842 mAh g−1 at 0.2 A g−1 after 40 cycles, as well as excellent
rate performance compared with that of GS, indicating a great
potential as an anode material in LIBs. We believe the proposed
facile synthesis route will be a universal platform for fabricating
graphene/CNT-based hybrid architectures that can be used in a
wide range of sensing, catalysis, supercapacitors, and fuel cells.
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