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ABSTRACT: Dually fixed SnO2 nanoparticles (DF-SnO2 NPs) on graphene nanosheets by a
polyaniline (Pani) coating was successfully fabricated via two facile wet chemistry processes,
including anchoring SnO2 NPs onto graphene nanosheets via reducing graphene oxide by Sn2+

ion, followed by in situ surface sealing with the Pani coating. Such a configuration is very
appealing anode materials in LIBs due to several structural merits: (1) it prevents the
aggregation of SnO2 NPs, (2) accommodates the structural expanding of SnO2 NPs during
lithiation, (3) ensures the stable as-formed solid electrolyte interface films, and (4) effectively
enhances the electronic conductivity of the overall electrode. Therefore, the final DF-SnO2
anode exhibits stable cycle performance, such as a high capacity retention of over 90% for 400
cycles at a current density of 200 mA g−1 and a long cycle life up to 700 times at a higher current density of 1000 mA g−1.
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■ INTRODUCTION

Due to the advantages of high energy density and environ-
mental benignity, lithium-ion batteries (LIBs) are currently the
predominant power source for portable electronics and have
shown great promise in upcoming large-scale applications.1−4

The continuously surging demanding emerging large-scale
energy applications such as low-emission electric vehicles,
renewable power plants, and electric grids boost a great deal of
interest in seeking high-performance and long-life electrodes.2

Tin dioxide (SnO2) is one of the most extensively studied
anode materials for its relative abundance, safe lithiation
potential, and high theoretical specific capacity (782 mAh g−1),
which is more than twice that of graphite (370 mAh g−1).5,6

However, SnO2 suffers from large volume expansion (∼250%)
during full charge/discharge cycling, resulting in fracture and
loss of electrical contact, and an unstable solid electrolyte
interphase (SEI) growth on the SnO2 surface, which has been
confirmed by direct real-time visualization of the lithiation of
the SnO2 nanowire inside a transmission electron microscope.7

Macroscopically, rapid capacity decay and poor cycling stability
are obtained.5,8 Nanostructured SnO2 could have some positive
effect to overcome these shortcomings,8−10 such as nano-
sphere,11,12 nanotubes,13 nanosheets,14 and hollow nanostruc-
tures;8 however, few successes were done for a long-life (>300
cycles) pure SnO2 anode, due to its intrinsic low charge/ionic
conductivity and self-aggregation between nanoparticles.8,15

Building hybrid nanostructures has been regarded as one of
the most effective approaches toward high-performance anode
materials for LIBs. Graphene, one-atom-thick two-dimensional
layers of sp2-bonded carbon, shows great potentials for
compositing with SnO2 for LIBs, such as mesoporous SnO2/
graphene,16 SnO2 nanorods/graphene,

17 3D hierarchical SnO2/
graphene frameworks,18 and N-doped graphene/SnO2 sand-

wich paper.15 In these nanocomposites, the presence of the
graphene can effectively buffer the strain caused by structural
and volume changes of SnO2 NPs, prevent them from the
aggregation during cycling and form a highly flexible 2D/3D
electronic network to facilitate the charge transfer,18 improve
the conductivity of SnO2, and accommodate the volume
expansion upon Li insertion/extraction.18−20 Unfortunately,
most of SnO2/G electrodes, except for elaborately designed
ones,19,21 usually exhibit unsatisfied capacity and short cycle life
(<300 cycles);18,20,22,23 the reasons are mainly ascribed to
unstable SEI films and weak interactions between substrates
and SnO2. A heterogeneous coating is another effective strategy
to form stable SEI films and keep the structural integrity; thus,
the cycling stability of SnO2 composites is enhanced.4,5,24−28

For example, a glucose-derived carbon layer has been coated on
SnO2 hierarchical tubes via a hydrothermal method; in contrast
to its counterpart without coating, the final hybrid shows stable
cycle ability and higher capacity in 50 cycles. Metal oxide layers
have been coated on nanostructured SnO2 via a hydrothermal
reaction and atomic layer deposition method.4,27,28 Unfortu-
nately, these coating layers are not elastic and cannot intimately
interact with active materials, so few of them could withstand
repeatedly charge/discharge cycles for a long time.
Notwithstanding these advances, the rational design and

controllable synthesis of SnO2-based electrodes with superior
lithium storage performance remain as a great challenge. Two-
dimensional graphene nanosheets may have potential to further
construct unique nanostructured SnO2-based hybrids. The ideal
nanoarchitecture is embedding SnO2 NPs into a conductive
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matrix. The feasibility of this concept has been demonstrated by
Feng’ works, in which phenol−formaldehyde resol derived
carbon and TiO2 layers were coated on SnO2/G nanosheets,
respectively.5,25 Nevertheless, toxic precursors or relatively low
electrical conductivity of TiO2 (10

−5−10−2 S cm−1) may hinder
their scalable manufacturing for practical applications to some
extent.29 Therefore, novel SnO2-based anodes are still highly
needed in view of both composite structure design and further
practical application in a scalable manner.
Herein, novel sandwich-like structured hybrids are hierarchi-

cally assembled, in which SnO2 NPs are dually fixed and
spatially isolated by graphene nanosheets and a Pani coating
layer. Specifically, SnO2 NPs are anchored on reduced graphene
oxide nanosheets, and then intimately coated with Pani with the
help of phytic acid. Pani is chose as a coating layer due to its
flexibility, good conductivity, and easy processing. More
importantly, it has been well- accepted that the SEI layer on
the conducting polymers surface is relative stable. Therefore,
the DF-SnO2 NPs in the conductive sandwich-like architecture
could solve the above-mentioned problems of pure SnO2
anodes. As a result, the as-prepared DF-SnO2/G@Pani hybrid
electrode exhibits a high capacity of 770 mAh g−1, an excellent
rate ability up to 2000 mA g−1, and stable cycle ability for 400
cycles at a current density of 200 mA g−1 and 700 times at 1000
mA g−1.

■ EXPRIMENTAL SECTION
Preparation of Anchored SnO2 NPs on Graphene Nano-

sheets (A-SnO2/G). GO was first synthesized from natural graphite
flakes based on the modified Hummers method.30 A GO aqueous
dispersion (3 mg mL−1, 10 mL) and SnCl2·2H2O (800 mg) were
mixed in DI water (200 mL). The mixture was magnetically stirred for
0.5 h at 90 °C. Ammonia was added to adjust the pH value of the
dispersion to neutral. After the dispersion was cooled down to room
temperature, the resultant precipitate was collected, washed several
times with DI water, and dried at 60 °C. To facilitate the following
Pani coating, the washed A-SnO2/G without drying was dispersed in
200 mL DI water, resulting in the uniform A-SnO2/G suspension.
Pure SnO2 nanoparticles were obtained using the above procedure in
the absence of GO according to the following reaction:5,25

+ + → ++ +4Sn 2H O O 2SnO 4H2
(aq) 2 2(g) 2(s) (aq) (1)

Preparation of Dually Fixed SnO2 NPs on Graphene by Pani
Coating (DF-SnO2/G@Pani). The DF-SnO2/G@Pani hybrid was
synthesized via the following solution processes. First, solution A,
which contains 286 mg of ammonium persulfate and 10 mL of H2O,
was added and mixed with solution B containing 100 mL of A-SnO2/G
suspension (mentioned above), 0.458 mL of aniline monomer, and
0.921 mL of phytic acid (PA), then bath sonicated for 2 min, and aged
for an hour; during this period, the solution changed color from brown
to dark green (Figure S1, Supporting Information), indicating the
polymerization of aniline monomer on A-SnO2/G.
Characterization of the Composites. All samples were

characterized by field-emission scanning electron microscopy (SEM,
QUANTA 450, 20KV), transmission electron microscopy (TEM, FEI
Tecnai G20, 200 kV), X-ray diffraction (XRD, D/Max 2400
diffractometer, Cu Kα, λ = 1.5406 Å), and nitrogen adsorption/
desorption (Micromeritics ASAP 2020 instrument). The surface
characteristics of the samples were investigated using a Nicolet-20DXB
Fourier transform infrared spectrometer (FTIR). The weight ratio of
SnO2 in the composites (A-SnO2/G and DF-SnO2/G@Pani) was
estimated by thermogravimetric analysis (TGA, TA-Q50).
Electrochemical Measurement. The electrochemical measure-

ments were conducted using CR2026 coin cells with pure lithium foil
as the counter and reference electrodes at room temperature. The
working electrode consists of a test material, carbon black, and

polyvinylidene difluoride (PVDF) in a weight ratio of 8:1:1. The
mixture was spread onto a copper foil and dried at 120 °C for 12 h in
vacuum. The electrolyte used was 1.0 M LiPF6 in a 50:50 (wt./wt.)
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC).
The electrodes were assembled into CR2016-type coin cells with pure
lithium foil as the counter and reference electrodes at room
temperature in a glovebox. The galvanostatic charge/discharge tests
were performed on a LAND CT2000 battery tester at different current
densities with a cutoff voltage window of 0.01−3.00 V. The calculation
of the specific capacity is based on the total mass of the composite.
The cyclic voltammograms (CVs) were conducted using a CHI660D
electrochemistry workstation between 0.01 and 3.0 V at a scan rate of
0.1 mV s−1. The electrochemical impedance spectroscopy (EIS)
measurements were carried out using a CHI660D workstation by
applying the AC amplitude of 5 mV over the frequency range of 100
kHz to 0.01 Hz.

■ RESULTS AND DISCUSSION
Scheme 1 illustrates that the synthesis of DF-SnO2/G@Pani
nanosheets consists of two main steps: (I) SnCl2·2H2O was

first mixed with GO and treated at 90 °C for 30 min. In the
reaction system, Sn2+ ions were first adsorbed by oxygen-
containing functional groups (such as carboxyl, hydroxyl, and
epoxyl) on the GO surface via electrostatic interactions.
Because of the reducibility of Sn2+ ions and the oxidability of
GO, Sn2+ ions adsorbed on the GO surface would be in situ
oxidized by GO to give birth to SnO2 NPs, while the graphene
oxide nanosheets were synchronously reduced to reduced
graphene oxide (rGO) nanosheets with the corresponding
color of the solution changing from brown yellow to black
(Figure S1b).31 After this reaction, there are still many oxygen-
containing functional groups left on rGO nanosheets due to the
weak reducibility of Sn2+ ions; thus, the fresh and ultrasmall
SnO2 NPs with polar surfaces would interact with those
functional groups via hydrogen bonding (Scheme 1).
Interactions reported in other metal oxide/rGO systems may
also exist, such as chemisorption and van der Waals interactions
in Ni(OH)2/rGO,

32 and interactions between TiO2 NPs and
rGO via electrons transferring.33 Most importantly, a high SnO2
loading of 89 wt % in A-SnO2/G could be achieved (Figure S2,
Supporting Information), which is favorable for subsequently
structural construction for lithium storage applications. In order
to avoid the formation of unstable SEI on SnO2 and enhance
the electronic conductivity of the hybrid, we took inspiration

Scheme 1. Schematic Illustration of Synthesis Route of DF-
SnO2/G@Pani and Intimate Interactions between Phytic
Acid Doped Pani and SnO2 NPs
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from our daily life, in particular the structure of packaging
boxes, in which fragile objects are spatially separated by an
elastic sponge and sealed by coverage during transportation;
thus, the dually fixed objects would be prevented from
mechanical crushing and pollution by impurities. In following
step (II), the purified A-SnO2/G suspension was mixing with
phytic acid (PA) and aniline in the presence of ammonium
persulfate (APS); after polymerization and cross-linking of
aniline on A-SnO2/G nanosheets (Scheme 1), DF-SnO2/G@
Pani nanosheets could be collected as precipitates. PA plays
unique roles in our system: (i) PA works as a dopant to react
with the aniline monomer by protonating the nitrogen groups
on Pani. (ii) PA serves as a cross-linker to achieve branched
Pani during polymerization because each phytic acid molecule
can interact with more than one Pani chain, which would
benefit the following heterocoating. (iii) The phosphoric acid
groups in PA molecules can potentially bind with the SnO2
surfaces via hydrogen bonding.34,35 Meanwhile, the negatively
charged surface oxide may electrostatically interact with the
positively charged Pani doped by PA. All of these roles ensure
the subsequent Pani coating on SnO2 NPs intimately. The
content of Pani in the final hybrid could be easily and precisely
controlled by adjusting either the amount of input precursor or
the polymerization time. Notably, the synthesis of DF-SnO2/
G@Pani here can easily scale up to dozens of grams via our
approach (Figure S1).
The morphologies of SnO2 NPs, A-SnO2/G, and DF-SnO2/

G@Pani are compared by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). As shown in
Figure 1a, A-SnO2/G inherits the two-dimensional shape of

GO (Figure 1a,b and Figure S3a, Supporting Information), and
SnO2 NPs are uniformly distributed on it. The enlarged photo
confirms the presence of mesopores between nanoparticles
(Figure 1b). Notably, even after 5 min of ultrasonic treatment,
few of NPs fall off from GNs (Figure 1b, Figure S3a),
suggesting that SnO2 NPs are strongly anchored. In contrast,
pure SnO2 nanoparticles tend to severely agglomerate (Figure
1a and Figure S4, Supporting Information). After Pani coating,

DF-SnO2/G@Pani still keeps the 2D morphology of A-SnO2/
G nanosheets, and no free Pani particles could be recognized
(Figure 1c,d). Compared with the transparent GNs under the
electron irradiation in Figure 1b, an obscure sheet is shown in
Figure 1d, indicating the existing of Pani. High-resolution TEM
(HRTEM) also reveals that all the inorganic species on the
graphene nanosheets have clear lattice fringes; specifically, the
marked d-spacing with the red arrow in Figure S3c is about 0.33
nm, corresponding to the (110) planes of tetragonal rutile
phase SnO2. Elemental mapping results directly disclose that
element Sn corresponding to SnO2, and element P and N
corresponding to PA doped Pani uniformly distribute in the
observed zone (Figure 2), strongly suggesting a homogeneous

Pani coating via the mentioned interactions between PA doped
Pani and SnO2 NPs (Scheme 1). Additionally, the P and N
atomic percent in the phytic acid doped Pani is about 4.9% and
9.39% based on elemental analysis (Figure S5, Supporting
Information), respectively.
The crystallographic structure and phase purity of the DF-

SnO2/G@Pani hybrid is determined by X-ray powder
diffraction (XRD), as shown in Figure 3. The GO exhibit
only one peak centered at ca. 11°, corresponding to a basal
spacing of ≈0.8 nm. Owing to the introduction of various
oxygen-containing functionalities (e.g., carboxyl, hydroxyl, or
epoxy) between layers, the basal spacing was greatly expanded

Figure 1. Typical SEM images of mesoporous A-SnO2/G nanosheets
(a) and DF-SnO2/G@Pani hybrids (c), and TEM images of A-SnO2/
G nanosheets (b) and DF-SnO2/G@Pani hybrids (d), where the
insets schematically show cross-sectional views of the samples.

Figure 2. Elemental mapping images of DF-SnO2/G@Pani hybrid.

Figure 3. XRD patterns of GO, rGO, SnO2 NPs, A-SnO2/G, and DF-
SnO2/G@Pani hybrid.
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from 0.335 nm (pristine graphite) to 0.779 nm (GO).
Interestingly, in contrast to the broad peak around 26° of the
rGO pattern, the graphene-based SnO2 composites, either A-
SnO2/G or DF-SnO2/G@Pani, have similar XRD patterns
corresponding to the SnO2 structure without the appearance of
the 11° peak for GO, suggesting the transformation of GO into
graphene by Sn2+ reduction.31 All the XRD peaks for A-SnO2/
G and DF-SnO2/G@Pani are indexable to the tetragonal SnO2
structure (JCPDS 41-1445), indicating the formation of pure
SnO2 crystals. The conventional stacking peak of nanosheets,
usually located at ca. 26°, is also absent in the patterns. This
implies that the formation of SnO2 nanoparticles on the
surfaces of graphene nanosheets prevents the graphene
nanosheets from restacking. There are no obvious pattern
changes after Pani coating compared with that of the initial A-
SnO2/G, indicating that the Pani coating just forms on the
surface of A-SnO2/G and does not change the phase of SnO2.
Nitrogen physisorption measurements were carried out to

trace the change of pore structure before and after Pani coating.
The Brunauer−Emmett−Teller (BET) surface area for A-
SnO2/G is calculated to be 295 m2 g−1, and the pore size
distribution is centered on 3 nm (Figure 4). Furthermore, the

adsorption−desorption isotherm of A-SnO2/G exhibits the
typical type IV nitrogen adsorption branch with an H2
hysteresis loop, indicating the mesoporous structure, which
should originate from the interval spaces among SnO2 NPs
based on the above TEM observations. In other words, SnO2
NPs are anchored and spatially isolated. During the following
Pani coating, SnO2 NPs are fully embedded in the Pani layer,
due to the unique roles of PA (Scheme 1),34−36 as indicated,
the low SSA of 15 m2 g−1 with rarely porous structures of DF-
SnO2/G@Pani hybrid (Figure 1d, Scheme 1). Therefore,
spatially isolated SnO2 NPs are dually fixed by the graphene
substrate and flexible Pani coating layer, which are applauded
for further lithium-ion battery applications.
The variation of surface characteristics from GO to DF-

SnO2/G@Pani are recorded by FTIR measurements. In the
spectrum of GO (Figure 5), the absorption peaks at 1723,
1380, 1061, and 1615 cm−1 can be ascribed to stretching
vibrations of CO, −OH, epoxy C−O bonds, and C−C
aromatic ring modes, respectively.37 In the spectrum of the A-
SnO2/G sample, the intensity of the peaks from oxygen-
containing groups is greatly suppressed due to the removal of
oxygen-containing groups, while new apparent peaks arise at
600 cm−1, which could be ascribed to the terminal oxygen
vibration (Sn−OH).31,38 After Pani coating, no apparent peaks
related to SnO2 or graphene signals could be detected, and
there are two characteristic peaks located at 1570 and 1480
cm−1 corresponding to the stretching vibration of the quinoid

ring and benzenoid ring,35 respectively, which indicates the
formation of emeraldine salt from PA doped Pani. This
information strongly suggests the complete coverage of a Pani
shell on A-SnO2/G and demonstrates our designed route
(Scheme 1); thus, the direct contact between SnO2 and
electrolyte can be efficiently avoided when used as electrode
materials, preventing the formation of unstable SEI films.
Thermogravimetric analysis (TGA) analysis shows the overall
contents of SnO2, Pani, and G in the DF-SnO2/G@Pani hybrid
are ca. 65, 8, and 27 wt % (Figure S2).
The presence of a delicate Pani coating in the DF-SnO2/G@

Pani hybrid is capable of serving as the structural buffering layer
to allow the volume variation upon lithium storage reaction and
protecting SnO2 nanoparticles from severe structural degrada-
tion. In addition, the ultrasmall SnO2 nanoparticles also offer
several structural advantages to facilitate the lithium storage,
including the large surface area, extremely reduced diffusion
path, and enhanced channel for electron transport.1 Motivated
by the great potential of conductive polymer-coated nanostruc-
tures in LIBs, the electrochemical properties of the DF-SnO2/
G@Pani hybrid are investigated. In general, the electrochemical
process of SnO2-based electrodes can be described by the
following principal reactions:

+ + → ++ −SnO 4Li 4e Sn 2Li O2 2 (2)

+ + ↔ ≤ ≤+ −x x xSn Li e Li Sn (0 4.4)x (3)

Figure 6a displays the cyclic voltammetry curves (CVs) for
the first 3 cycles, which were obtained between 0.01 and 3.0 V
at a scan rate of 0.1 mV s−1. In the first cycle, a pronounced
cathodic peak is observed at about 0.8 V that disappears in the
subsequent cycles. It can be ascribed to the irreversible
reactions during lithium storage reaction such as the formation
of solid electrolyte interface (SEI) film and the formation of
Li2O by the reduction of SnO2 to metallic Sn. The subsequent
CV curves show good reproducibility with several cathodic and
anodic peak pairs, suggesting a very high degree of reversibility
of the multistep conversion that involves the alloying and
dealloying process of LixSn. Figure 6b shows the representative
discharge/charge voltage profiles of the DF-SnO2/G@Pani
hybrid at a current density of 100 mA g−1 within a cutoff
window of 0.01−3.0 V in the 1st, 2nd, 20th, and 50th cycles;
the discharge/charge behaviors are well consistent with CV
results. Apparently, the Pani coating does not change the
lithium storage behavior of SnO2. In contrast to the obvious
capacity fade in Figure 6c, there is a slight capacity increase,
which may be ascribed to the formation of SEI films and

Figure 4. Nitrogen adsorption−desorption isotherms (a) and pore
size distribution (b) of the A-SnO2/G and DF-SnO2/G@Pani hybrids.

Figure 5. FTIR spectra of GO, SnO2 NPs, A-SnO2/G, and DF-SnO2/
G@Pani hybrids.
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activation of the electrochemical active materials during
lithiation.
Figure 7a shows the cycling performance of DF-SnO2/G@

Pani hybrids at a current density of 100 mA g−1 within a cutoff
window of 0.01−3.0 V. The initial discharge and charge

capacities are found to be 1032 and 605 mAh g−1, respectively.
The large capacity loss in the first cycle is mainly attributed to
the initial irreversible formation of Li2O, and other irreversible
processes such as trapping of some lithium in the lattice,
inevitable formation of SEI layer, and electrolyte decom-
position, which are common for most anode materials.39,40 In
the initial 25 cycles, it exhibits a capacity of over 710 mAh g−1.
From the 26th to 30th cycles, there is a slight capacity rise
(about 60 mAh g−1); such a capacity increase is relatively
common for nanostructured metal oxide based anodes. One
possible reason is the reversible formation of an organic
polymeric/gel-like layer due to the electrolyte decomposition to
deliver excess capacity through a ‘‘pseudocapacitance-type
behavior’’.2,41,42 Furthermore, the activation of the active
materials could also contribute to the capacity rise in metal
oxide anodes.43 From the 30th cycle onward, the DF-SnO2/
G@Pani anode delivers a stable capacity over 100 cycles. For
the A-SnO2/G hybrid and SnO2 NPs, the capacities decay
much faster to less than 400 mAh g−1 within 60 cycles. Pani is
electrochemically inactive in the voltage window tested and
does not contribute to the observed capacity; thus, the
appropriate amount of Pani is important to the final
electrochemical performance. Too less or more Pani contents
may lead to an imperfect coating or excess electrochemical
inactive materials in the final hybrids, resulting in inferior
electrochemical performance (Figure S6, Supporting Informa-
tion). Furthermore, the SnO2/G@Pani anode without PA
exhibits poor cycling stability (Figure S7, Supporting
Information), demonstrating the unique roles of PA mentioned
above. Apparently, the DF-SnO2/G@Pani hybrid exhibits
superior electrochemical performance to that of SnO2 and A-
SnO2/G hybrid, further indicating our rational design of
nanoengineering strategy. Nanostructures electrode in combi-
nation with poor crystalline may be responsible for the high
capacity1,24,42,44

Generally, SnO2-based anodes are observed to suffer from
the disadvantages of sluggish kinetics and poor conductivity;
however, the DF-SnO2/G@Pani hybrid shows excellent cycling
response to continuously varying current densities despite this.
Even cycled at high current densities of 500−2000 mA g−1,

Figure 6. (a) CV curves up to three cycles for the DF-SnO2/G@Pani
hybrid, and discharge/charge profiles of the DF-SnO2/G@Pani (b)
and A-SnO2/G hybrid (c).

Figure 7. (a) Cycling performance of the pure Pani, SnO2 NPs, A-SnO2, and DF-SnO2/G@Pani electrodes. (b) Rate performance of SnO2 NPs, A-
SnO2, and DF-SnO2/G@Pani electrodes. (c) Long life cycling performance of the DF-SnO2/G@Pani electrode.
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comparable capacities of 240−530 mAh g−1 can still be
maintained, as shown in Figure 7b. After deep cycling at 2000
mA g−1, a stable high capacity could be largely restored for
repeated cycles after abruptly switching the current density
back to 200 mA g−1, indicating the excellent robustness and
stability of the hybrids. As a comparison, the rate performance
of DF-SnO2/G@Pani, A-SnO2/G hybrid, and SnO2 NPs is also
shown in Figure 7b. These materials exhibit fast capacity fading
with current density increasing, and most of the capacities are
lost at high current densities of 1000−2000 mA g−1. The long-
term cycling tests show that the DF-SnO2/G@Pani hybrid
could exhibit high capacity retention of over 90% for 400 cycles
with a high capacity of ca. 700 mAh g−1 at a current density of
200 mA g−1 (Figure 7c). The TEM image of a cycled electrode
suggested that the two-dimensional nanostructure of the DF-
SnO2/G@Pani hybrid kept well without Pani degradation and
SnO2 NPs falling off the nanosheets (Figure S8, Supporting
Information), indicating the successful construction of dually
fixed SnO2 NPs via our reasonably designed route. When
cycled at a higher current density of 1000 mA g−1, because the
active material SnO2 NPs were sandwiched between Pani and
graphene sheets, the utilization of them increases, correspond-
ing to the initial capacity rise with cycles. The hybrid can deliver
stable cycling ability with only 0.28 mAh g−1 per cycle capacity
fading from the 50th to the 700th cycle. Such a remarkable
electrochemical performance is superior to most of SnO2-based
anode materials.16,18,20,45,46

The superior electrochemical performance of DF-SnO2/G@
Pani should be ascribed to several structural merits. (1) The
SnO2 NPs uniformly anchored on graphene nanosheets and
spatially separated by Pani with the help of phytic acid would
not cause serious aggregation during repeatedly discharge/
charge cycles; meanwhile, the swelling nature of Pani and
flexible graphene nanosheets would accommodate SnO2 NPs
volume expansion during lithiation (Scheme 2), keeping the

structural integrity of the overall electrode. (2) The 2D
sandwich-like structure may ensure the short path for
electrolyte and ions; meanwhile, conductive Pani and graphene
nanosheets would facilitate electron transport, as evidenced by
the drastically reduced diameter of the semicircle of DF-SnO2/
G@Pani at the high-frequency region in the electrochemical
impedance spectroscopy (EIS) patterns (Figure S9, Supporting
Information). (3) The Pani shell can prevent the encapsulated
SnO2 NPs from directly contacting with the electrolyte and
form the unstable SEI films (Scheme 2). Therefore, the lithium

storage properties of our DF-SnO2/G@Pani hybrid are thus
remarkably improved.

■ CONCLUSIONS
In summary, we have developed a two-step wet chemistry route
to achieve spatially separated and dually fixed SnO2 nano-
particles by a graphene nanosheet anchoring substrate and a
polyaniline coating layer. During the repeated charge/discharge
cycles, such a sandwich-like structure would enhance the
conductivity of SnO2 NPs, accommodate the volume variation,
and form stable SEI films; therefore, the final DF-SnO2/G@
Pani electrode exhibits high capacity comparative with the
theoretical capacity of pure SnO2, excellent rate ability, and
long cycle life up to 700 times. The present nanoengineering
strategy can be further extended to build up various 2D core−
shell nanomaterials for energy storage and conversion in the
low-cost and scale manner.
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