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We report here a study on the Li ion storage performance of binary phased SnO,/rGO and ternary
phased SnO,—Fe>O5/rGO composite nanostructures. The SnO,/rGO and SnO,-Fe,03/rGO were
prepared by a facile wet-chemical approach. The Li storage performances of these samples were
closely related to the weight ratio of SnO, : rGO or SnO; : Fe,03 : rGO. It was found that ternary
SnO,-Fe,03/rGO composite nanostructures (e.g. with a weight ratio of SnO; : Fe;03 : rGO =

11 :1: 13) showed significant enhancement of the specific capacities and cyclabilities as compared to
that of SnO,/rGO samples. For example, the SnO,-Fe,03/rGO electrode depicted a specific capacity of
958 mA h g' at a current density of 395 mA g~' (0.5 C) during the 100" cycle. Such Li storage
performances of the SnO,-Fe,03/rGO electrodes, especially at high current densities (e.g. 530 mA h g!
at 5 C rate), were also much better than those reported for either SnO,-based or Fe,Os-based
electrodes. Such a synergetic effect in the SnO,/Fe,O3/rGO composite nanostructures is promising for
the development of advanced electrode materials for rechargeable Li-ion batteries.

Introduction

The lithium ion battery, as an effective electrochemical energy
storage device, has attracted much interest recently. Great efforts
have been devoted to develop different types of materials with
high reversible capacity, long cycle life, and low cost.*” Elec-
trochemically active metal oxides such as SnO,, Fe,Os;, and
Co0304, MnO, have long been considered as promising anode
materials for lithium ion batteries because of their higher theo-
retical capacities and high energy densities than those of
conventional graphite anodes (372 mA h g~').3'2 However, these
materials suffer from poor stability due to the pulverization
process.>315 Although efforts have been taken to improve the
cyclability and specific capacity through nanostructuring tran-
sition metal oxides,® preservation of high capacities under high
current density remains an important challenge due to the
aggregation of the nanostructures and the collapse of their
crystal structures during the insertion and extraction of Li
ions.*1%* Combining metal oxides with conducting matrixes,
e.g. amorphous carbon shell, carbon nanotubes or graphene

“School of Materials Science and Engineering, Nanyang Technological
University, 50 Nanyang Avenue, Singapore, 639798, Singapore. E-mail:
alexyan@ntu.edu.sg

"Energy Research Institute@NTU, Nanyang Technological University,
Singapore, 637459, Singapore

‘TUM CREATE Centre for Electromobility, Nanyan Technological
University, Singapore, 637459, Singapore

1 Electronic supplementary information (ESI) available: Detailed
characterization data including Raman, TGA, SEM, elemental
mapping, XRD, EDX, TEM, charge-discharge voltage profiles and
Table S1. See DOI: 10.1039/c1jm12447a

sheets, to preserve their nanostructures has been reported to be
an effective route to overcome these problems.?*2¢ For
example, a high reversible capacity of 800 mA h g~! at a discharge
current density of 50 mA g' can be delivered through inducing
Co30, on graphene,! and a reversible specific capacity
approaching 1026 mA h g! at a discharge current density of
35 mA g ! can be retained after encapsulating Fe;O,4 in graphene
sheets; anatase TiO,/rGO composites give a capacity as high as
96 mA h g' at 30 C and the Mn3;O4 nanoparticles formed on
rGO show a high specific capacity up to 900 mA h g~!, near their
theoretical capacity, with good rate capability and cycling
stability.>*"?® Here, graphene or rGO served as either a flexible,
high conductive matrix to maintain the electrical contact from
the metal oxide nanoparticles to the current collectors or a buffer
to prevent the agglomeration of nanoparticles.?®

SnO.,, as one of the most promising anode electrode materials,
has attracted great interest. During the charge/discharge process,
there are two typical electrochemical processes taking place in
SnO;: (1) SnO, + 4Li* + 4e — Sn + 2Li,0; (2) Sn + xLi* +
xe- < LiSn (0 = x = 44)%3% Based on the second
reaction, SnO, exhibits an attractive theoretical capacity (e.g.
790 mA h g ') as compared to that of the current graphitic
material (e.g. 372 mA h g'). However, a large volume swing
(about 358%) occurs during the Li intercalation process in
Sn0,,3! leading to the pulverization of Sn particles and the rapid
capacity decay because of the loss of electrical contact with the
current collector, 3032734

To solve this issue, advanced preparation processes of SnO,
have been developed with controlled size, structure, composition
and shape.**-37 There are also efforts to mix SnO, with other
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metal oxides, e.g. In,Os, to induce synergistic effects.®3* High
reversible capacities, in particular at high C rates, are still desired
in these SnO, based anodes even though improved Li storage
performances have been demonstrated. To achieve high revers-
ible capacities at high current densities, the electrode material is
generally required to (1) remain as nanostructures without
significant agglomeration to facilitate the fast Li diffusion
process and (2) maintain electrical contact with the current
collectors. SnO, has been attached onto conductive materials,
e.g. amorphous carbon, carbon nanotubes and reduced graphene
oxide (rGO) sheets,>**#*** to help maintain the electrical
contact, and has shown enhanced reversible capacities at
reasonable C rates. Further improvement of this concept to
achieve high Li storage performance at higher C rates is
attractive.

Herein, we report a facile one-step route to prepare ternary
phased SnO,-Fe,03/rGO composite nanostructures with excel-
lent Li storage performances. It was revealed that adding a small
amount of amorphous Fe,O; NPs (e.g. 4 wt%) into the SnO,/
rGO composite nanostructures resulted in much improved
reversible capacities and cycling stabilities, especially at high
current densities. The Li storage performance of SnO,-Fe,Os/
rGO electrodes was much better than those reported for SnO,- or
Fe,O5-based anode materials, 26:31:45:46

The high resolution transmission electron microcopy
(HRTEM) observation indicated that there was no obvious
agglomeration of the SnO, nanoparticles (NPs) in the ternary
phased SnO,-Fe,03/rGO sample while agglomeration of the
SnO, NPs was noted in the binary SnO,/rGO sample. The
uniform mixing of amorphous Fe,O3; NPs with SnO, NPs on the
rGO sheets may effectively prevent the agglomeration of SnO,
during the charge—discharge process, as illustrated in Scheme 1.
The large specific surface area was maintained in the electrode to
facilitate fast Li ion diffusion and led to the enhanced Li storage
performance at high current densities. Such synergetic
approaches in the SnO,-Fe,03/rGO composite nanostructures
could be promising for the development of advanced electrodes
for the rechargeable Li ion battery.

@S0, *fe,0,

Scheme 1 Schematic diagram illustrates the possible mechanism for
preventing the agglomeration of SnO, nanoparticles (NPs) in the
SnO,—Fe,05/rGO composite during the discharging process. The Li
intercalation of Fe,Oj3 takes place at a higher voltage (e.g. ~0.8 V) than
that of SnO, (e.g. 0.2 V). Therefore, during the discharge process, the
Fe,O3 NPs were lithiated and expanded first, which might effectively limit
the SnO, NPs from being in contact with each other and prevent their
agglomeration.

Experimental
Synthesis of the graphite oxide

Graphite oxide was synthesized from natural graphite (SP-1) by
a modified Hummer’s method.*>**® In brief, 1.5 g graphite
powder was added into a mixture of 10 mL 98% H,SOy,,
1.25 g K,S,04, and 1.25 g P,Os, and the solution was maintained
at 80 °C for 4.5 h. The resulting pre-oxidized product was cleaned
using water and dried in a vacuum oven at 50 °C. After it was
mixed with 60 mL 98% H,SOy, 7.5 g KMnO,4 was slowly added
at a temperature below 20 °C, and then followed by 125 mL H,O.
After 2 h, additional 200 mL H,O and 10 mL 30% H,O, were
slowly added into the solution to completely react with the excess
KMnO,. After 10 minutes, a bright yellow solution was
obtained. The resulting mixture was washed with diluted HCl
aqueous (1/10 v/v) solution and H,O. The graphite oxide was
obtained after drying in a vacuum oven at 30 °C.

Synthesis of SnO,/rGO composite nanostructures

In a typical procedure, 50 mg graphite oxide was dispersed in
70 mL 99.9% ethanol by sonication to get graphene oxide (GO)
sheets. Then, x mg SnCl, (where x is 55, 182 and 364 to get SnO,/
rGO with Ispo,r60 = 0.39:1,0.96 : 1 and 1.78 : 1, respectively)
was added into the solution. The mixture was sealed in a Teflon-
lined autoclave and maintained at 170 °C for 4 h. After it was
cooled down to room temperature, the precipitate, e.g. SnO,/
rGO, was collected and washed with ethanol. The weight ratio of
SnO, to rGO was calculated from TGA analysis results.

Synthesis of SnO,—Fe,O3/rGO composite nanostructures

In a typical procedure, 50 mg graphite oxide was dispersed in
70 mL 99.9% ethanol by sonication to get graphene oxide (GO)
sheets. Then, x mg SnCl, and y mg FeCl, were added into the
solution (detailed x and y are listed in Table S17). The mixture
was sealed in a Teflon-lined autoclave and maintained at 170 °C
for 4 h. After it was cooled down to room temperature, the
precipitate, e.g. SnO,—Fe,O5/rGO, was collected and washed
with ethanol. The weight ratios of precursors and resultant
samples were calculated from TGA analysis and EDX results,
and the results are presented in ESI, Table S17.

Material characterization

The morphology of the as-synthesized samples was investigated
by using a field emission SEM (JEOL JSM-7600F). For TEM
observation, the suspension was dropped onto carbon coated
copper grids and dried at room temperature. A TEM (JEOL JEM-
2100) operating at 200 kV was used to characterize the nano-
structures. Crystal phases were identified using a Scintag PAD-V
X-ray diffractometer with Cu Ka irradiation. Raman spectra
were obtained with a WITec CRM200 confocal Raman micros-
copy system with a laser wavelength of 488 nm and a laser spot size
of 0.5 mm. The Si peak at 520 cm~' was used as a reference for
wavenumber calibration. Thermogravimetry analysis (TGA,
Q500) was carried out in the temperature range of 25 to 700 °C at
a heating rate of 10 °C min~' in air. X-Ray Photoelectron Spec-
troscopy (XPS) of the resulting composites was performed with an
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X-ray photoelectron spectrometer (Kratos AXIS Ultra) using
monochromatic Al Ko (1486.71 eV) X-ray radiation (15 kV and
10 mA); 160 eV pass energy was used for survey scan, whereas
40 eV was used for the high-resolution scan.

Electrochemical measurements

The metal oxide/rGO (MO/rGO) composite nanostructures were
annealed at 150 °C for 30 min under Ar atmosphere. Then, 80 wt
% active material (SnO,/rGO or SnO,-Fe,03/rGO), 10 wt%
acetylene black (Super-P), and 10 wt% polyvinylidene fluoride
(PVDF) binder were mixed into N-methyl-2-pyrrolidinone
(NMP). The obtained slurry was coated onto Cu foil and
a stainless steel blade was then used to achieve a uniform film,
which was finally dried in vacuum at 50 °C for 12 h to remove the
solvent, and finally used as working electrode. Electrochemical
measurements were carried out on CR2032 (3 V) coin-type cells
with lithium metal as the counter/reference electrode, Celgard
2400 membrane as the separator, and the electrolyte solution
obtained by dissolving 1 M LiPFy into a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (EC/DMC,
50:50 w/w). The coin cells were assembled in an Ar-filled
glovebox with concentrations of moisture and oxygen below
1.0 ppm. The charge/discharge tests were performed with
a NEWARE battery tester at a voltage window of 0.001-3.0 V
for SnO,/rGO and SnO,-Fe,05/rGO samples. Cyclic voltam-
metry (0.001-3 V, 0.5 mV s') was performed with an electro-
chemical workstation (CHI 660C).

Results and discussion

Reacting SnCl, with GOs in the solvothermal process led to the
formation of composite nanostructures with NPs decorated onto

thin GO sheets as revealed by TEM observations (see Fig. 1).
Fine particles with the size of 2-4 nm were uniformly attached
onto the surface of the GO nanosheets (see Fig. 1a and b). This
was induced by the heterogeneous nucleation process of NPs on
the graphene oxide sheets. The reduction of the GOs to reduced
graphene oxide (rGO) was confirmed by Raman spectroscopy
(see ESI, Fig. S11). The Raman spectroscopy results showed an
increase in the intensity ratio (Ip.g) between the D band (located
at 1350 cm ') and G band (located at 1580 cm™!), e.g. Ip.g = 0.98
for GO sheets increased to Ip.g = 1.02 for the SnO,/rGO sample.
This confirmed the reduction of GOs through the solvothermal
process, which agreed well with previous reports.** The ring
patterns (see Fig. lc) obtained in the selected area electron
diffraction (SAED) measurements revealed that the NPs on the
rGO sheets were tetragonal SnO, (JCPDF77-0452), which was
consistent with the HRTEM observation (see Fig. 1d). The mass
loading of the SnO, on the rGO sheets (defined as the weight
ratio of SnO, and rGO, Isn0,rGo) could be tailored by changing
the weight ratio between SnCl, and GOs in the solvothermal
process as indicated by the TGA results (see ESI, Fig. S21). For
example, Isy0,:6o could be tuned from 0.39:1 to 1.78 : 1 by
changing the weight ratio of SnCl, : GOs from 1.10: 1 t0 7.28 : 1
as revealed by the TGA measurements. Increasing the mass
loading of the SnO, on rGO sheets led to the partial agglomer-
ation of the NPs (see ESI, Fig. S3a—ct). Here, it is worth pointing
out that the mass loading of the metal oxide NPs on rGO sheets
may affect their energy storage performance as indicated in
a previous report.*

Adding FeCl, to the solvothermal process resulted in samples
with similar morphology as that of SnO,/rGO composite nano-
structures (see Fig. le and f). It was observed that nanoparticles
with the size of 2-4 nm were uniformly attached onto the surface
of rGO sheets. The EDX elemental mapping results of Sn and Fe

Fig. 1 (a) Low and (b) high magnification TEM images of the SnO,/rGO composite nanostructures prepared with a precursor weight ratio of
SnCl, : GOs = 1.10 : 1; (c) SAED pattern and (d) HRTEM of SnO, NPs in SnO,/rGO sample; (¢) low magnification TEM image, (f) high magnification
TEM image, (g) SAED pattern and (h) HRTEM image of the composite nanostructures prepared with a precursor weight ratio of SnCl, : FeCl, : GOs =

3.64:2:1.
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(see ESI Fig. S4F) indicated the homogeneous distribution of Fe
and Sn elements on the rGO sheets. The well-crystallized SnO,
lattice could be identified in the HRTEM image (see Fig. 1g).
However, the ring pattern (see Fig. 1g) obtained in the selected
area electron diffraction (SAED) measurements (see Fig. lh)
corresponds to only tetragonal SnO, (JCPDF77-0452) without
detectable Fe containing phases. This was also confirmed by the
XRD measurements (see ESI, Fig. S5t). The XRD patterns of Fe
containing SnO,/rGO samples showed only peaks corresponding
to the tetragonal SnO, phase. The crystal size of SnO, was esti-
mated to be 2-3 nm from the width of peaks in the XRD patterns
using Scherrer’s equation, which was consistent with the
HRTEM observations (see Fig. 1h).

In order to obtain insights into the Fe compound formation,
we acquired core-level XPS spectra (see Fig. 2) from samples
prepared with a precursor weight ratio of SnCl, : FeCl, : GOs =
3.64 :2: 1. The C Is sub-band (Fig. 2a) showed a strong peak of
sp? carbon and a weak peak of carbonyl groups, which corre-
spond well with those reported for rGO sheets.5**' The forma-
tion of SnO, was revealed by Sn 3ds,, and 3ds;, bands at 494.0
and 485.5 eV, which agreed with the SAED and XRD results.
Both the Fe 2p bands (e.g. the Fe 2p;/; at 711 eV and Fe 2py; at
724 eV, see Fig. 2¢) and Fe 3p band at 56.06 eV (see Fig. 2d)
indicated the formation of Fe,03.313%52 Here, it was noted that
there was no detectable chlorine element in the EDX spectra of
the annealed Fe containing SnO,/rGO samples (see ESI,
Fig. S61), which excluded the possible formation of FeCl; on the
rGO sheets.

Based on the above results, it was concluded that amorphous
Fe,O; nanoparticles were formed in the samples prepared from
SnCl,, FeCl, and GOs. The morphologies of the resultant sample
had no obvious change (see ESI, Fig. S71) as compared to those
of SnO,/rGO samples. The weight ratios of SnO,, Fe,O3 and
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Fig. 2 XPS spectra for composite nanostructure prepared with
a precursor weight ratio of SnCl, : FeCl, : GOs = 3.64:2: 1, which
show core-level (a) C 1s, (b) Sn 3d, (c¢) Sn 3p and Fe 2p, (d) Fe 3p bands.
The bold black curves are experimental data; the thinner coloured curves
are deconvoluted sub-band components.

rGO, Isn0,Fe,0,rGo» In the final samples were characterized by
TGA and EDX (see ESI, Fig. S6 and S8 summarized in Table
S17), which closely related to the weight ratios of the precursors.
For example, samples with Isn0,Fe,0,060 = 11:1:13 were
obtained with a precursor weight ratio of SnCl, : FeCl, : GOs =
3.64:2: 1. Changing the precursor weight ratio to SnCl, :
FeCl, : GOs = 0.78 : 4 : 1 led to the formation of samples with
ISHOZZFCZO3SIGO =1.32:1:1.68.

To study the Li-ion storage performance of these SnO,/rGO
and SnO,-Fe,03/rGO composite nanostructures, a series of
electrochemical measurements were carried out based on the
half-cell configuration.*>5®* The cyclic voltammetry (CV) curves
of these samples (see Fig. 3) were obtained at a scanning rate of
0.5 mV s7!' over the voltage range of 0.001-3.0 V. The first
cathodic scans of the SnO,/rGO composite nanostructures with
Isno,rco = 0.96 : 1 showed four reduction peaks (see Fig. 3a),
which were consistent with previous reports.*"3* The peaks at
around 2.27 V and 1.39 V were ascribed to the formation of the
solid electrolyte interface (SEI) while the peak at 0.76 V was
attributed to the reduction of SnO, to Sn and Li,O.3! The
reduction peak in the range of 0 to 0.7 V was mainly associated
with the insertion of Li into metallic Sn and carbon materials*->*
corresponding to the following reactions: (1) Sn + xLi* + xe~ <
Li,Sn (0 = x = 4.4) and (2) xLi* + C (graphene) + xe~ < Li,C.
For SnO,-Fe,03/rGO composite nanostructures, new reduction
peaks were observed (see Fig. 3b—d). The peaks at 1.67, 1.27 and
0.84 V were attributed to the insertion of Li* into Fe,03.3 The
broad reduction peak at around 0.17 V was ascribed to the
formation of Li,Sn.3*5%

The charge—discharge cycling performances of the SnO,/rGO
and SnO,-Fe,03/rGO composite nanostructures were investi-
gated at a high current density of 395 mA g~' (0.5 C) within the
voltage range of 0.001 to 3.0 V (see Fig. 4). For SnO,/rGO
composite nanostructures with different Ig,0,rGo values, the
cycling performance varied (see Fig. 4a). For example, SnO,/
rGO composite nanostructures with Ig,0,.rgo = 0.96 : 1 showed
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Fig. 3 Cyclic voltammetry (CV) curves of (a) SnO,/rGO and (b-d)
Sn0,-Fe,053/rGO samples at a scanning rate of 0.5 mV s~! in the voltage
range of 0.001-3.0 V.
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a discharge capacity of 816 mA h g~' at 0.5 C during the 12
cycle. The capacities of the sample with Ig,0,:Go = 0.96: 1 at
0.5 C decreased gradually and reached 420 mA h g' during the
100™ cycle. Samples with a lower Igy0,+Go value, e.g. 0.39: 1,
showed a lower discharge capacity of 445 mA h g' at 0.5 C
during the 12™ cycle, which remained relatively stable at
270 mA h g~! during the 100" cycle. For SnO,/rGO samples with
a higher Ig,0,rco value (e.g. 1.78 : 1), the specific capacity at
0.5 C was 833 mA h g!' during the 12" cycle, which dropped
rapidly and reached 274 mA h g=' during the 100" cycle. The
relatively stable cycling performance for samples with lower
Isno,ro values (e.g. 0.39 : 1 or 0.96 : 1) was mainly attributed to
less agglomeration of the SnO, NPs during the charge—discharge
cycling process, which maintained the large surface area of the
SnO, NPs to facilitate the effective Liion diffusion. However, the
low mass loading of SnO, in the samples with In0,.r:Go = 0.39 : 1
led to low effective specific capacities®**° because the theoretical
capacity of SnO; is much higher than that of rGO sheets. On the
other hand, high mass loading of SnO, in samples with
Isno,rgo = 1.78 : 1 could result in a high effective specific
capacity. But the high density of SnO, NPs on rGO sheets tend to
agglomerate during the charge—discharge cycling process and led
to the rapid drop in the reversible capacities. Samples with the
proper Isno,rGo ratio (e.g. 0.96:1) showed better Li storage
performance than the other two samples with either higher or
lower Isno,rGo values. However, further improvement is still
desired.

The charge—discharge cycling performance of SnO,—Fe,Os/
rGO samples was also investigated. It was found that incorpo-
rating only small amounts of amorphous Fe,O; NPs into the
composite nanostructures led to much improved Li storage
performance. For example, SnO,-Fe,O03/rGO samples with
I$10,:Fe,0,.Go = 11 :1: 13 showed a high reversible capacity of
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Fig. 4 (a) Cycling performance of the SnO,/rGO electrodes at a current
density of 0.5 C (395 mA g™') within a voltage window of 0.001-3.0 V; (b)
cycling performance of the SnO,-Fe,O5/rGO electrodes at a current
density of 0.5 C (395 mA g~') within a voltage window of 0.001-3.0 V; (¢)
charge-discharge voltage profiles of the SnO,-Fe,O3/rGO with
Isno,:Fe,0,1G0 = 11 : 1 : 13 for the first three cycles at a current density of
0.5C (395 mA g™'); (d) cycling performance of the SnO,~Fe,05/rGO with
Isno,Fe,0,060 = 11:1:13 at various C rates. Here, 1 C is equal to
790 mA g

976 mA h g!' (Fig. 4b) during the second cycle at 0.5 C
(395 mA g'), which also showed excellent cycling stability and
maintained at 958 mA h g ! during the 100" cycle. Such
performance was much better than our measured data for SnO,/
rGO electrodes as well as those reported for SnO, based elec-
trodes3'-3+55:5¢ at relatively high current densities, e.g. 395 mA g~!
(0.5 ©). It is also worth pointing out that such Li ion storage
properties were also better than those reported for Fe,O3; based
Li ion battery anodes.****=° When increasing the amount of
amorphous Fe,O; in the sample, we found that the reversible
capacities of the SnO,—Fe,03/rGO electrodes decreased. For
example, samples with Ig,0,Fc,0,160 = 2.82:1:5.27 and
1.32:1:1.68 depicted specific capacities of 825 mA h g~' and
797 mA h g7!, respectively, during the second charge-discharge
cycle at 0.5 C (395 mA g "). Here, the decreased specific capac-
ities measured in these samples with a higher weight percentage
of amorphous Fe,O; were mainly due to the low specific
capacities of amorphous Fe,O;. Although specific capacities
decreased, the samples with an increased amount of Fe,Oj still
showed excellent cyclability during the charge—discharge process,
e.g. samples with [sno0,Fe,0,060 = 2.82:1:527 and
1.32:1:1.68 depicted specific capacities of 801 and 758 mA h
g ' at 0.5 C during the 100" cycle, respectively. These perfor-
mances were still much better than those measured for SnO,/
rGO samples with different Ig,0,.rGo values. The capacity curve
showed an upward trend, which indicated an activation process
in the electrode material.*

Fig. 4c showed the charge-discharge voltage profiles of the
SnO,-Fe,03/rGO electrodes with Ispo,Fe,0,.r60 = 11 : 1 : 13 for
the first three cycles at a current rate of 0.5 C, which was similar
to that of other SnO,-Fe,O3/rGO electrodes with different
ISnOz:FeZO3:1'GO values (SCC ESI, Flg S9T), e.g. ISnOz:FeZO3:rGO =
2.82:1:527and 1.32: 1: 1.68. The potential plateaus observed
in the discharge curves were consistent with the CV results. The
insertion process gave a first discharge capacity of 1509 mA h g~!
and a subsequent charge capacity of 941 mA h g~!, showing
a Coulombic efficiency of 62.4%. During the second cycle, the
discharge capacity decreased to 976 mA h g=' with a corre-
sponding charge capacity of 896 mA h g!, leading to a much
higher Coulombic efficiency of 91.8%.

The cycling responses of the SnO,—Fe,O5/rGO electrodes with
Isno,:Fe,0,060 = 11:1:13 were also evaluated at different C
rates as shown in Fig. 4d. The sample showed a high capacity of
1000 mA h g~! at 0.2 C, which changed to 900 and 770 mA h g~!
at 1 and 2 C, respectively. It could also depict a capacity as high
as 540 mA h g~!' even at 5 C (3950 mA g~') rate. These perfor-
mances at high C rates, especially at 5 C, were better than those
reported for either SnO,- or Fe,Ojz-based anode mate-
rials.?®314%% For example, the SnO,/rGO composites obtained
by a microwave route depicted a discharge capacity of
600 mA h g' after 50 charge-discharge cycles and decreased to
550 mA h g ' after 100 charge—discharge cycles. Iron oxide-based
nanotube arrays were prepared by a template route and delivered
a capacity of 659 mA h g' after 150 charge-discharge cycles.
These Li storage performances were lower than those of the
SnO,-Fe,05/rGO electrodes.

Here, the excellent Li storage properties of the SnO,—Fe,O5/
rGO electrodes at high C rates are proposed to be due to the
following factors. In general, Li storage performance requires (1)
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a fast and effective Li ion diffusion path in the electrodes; and (2)
a reliable electrical contact between individual active material
components (e.g. each SnO, particle) and the current collectors;
in order to achieve high specific capacitance and stable cycling
performance at high current densities. The rGO sheets in the
SnO,-Fe,;03/rGO composite nanostructures could serve as the
conductive scaffolds’ to maintain the reliable electrical contacts
between SnO,/Fe,O5 with the current collectors. On the other
hand, the amorphous Fe,O3; may prevent SnO, NPs on the rGO
sheets from agglomerating during the charge—discharge process
to maintain a large specific surface area for Li ion intercalation.
As indicated by the above EDS results (see ESI, Fig. S47), the
amorphous Fe,O; and SnO, were homogeneously mixed with
each other on the rGO surface. The Li intercalation of Fe,O3
occurs at a higher voltage (e.g. ~0.8 V) than that of SnO, (e.g. 0.2
V). Therefore, during the discharge process, the Fe,O; NPs were
lithiated and expanded first. This may favor the formation of
barriers to prevent the agglomeration of SnO, NPs as illustrated
in Scheme 1. Otherwise, the agglomeration of SnO, NPs may
hinder the effective diffusion of Li ions and result in decreased
reversible capacities, which was observed in the SnO,/rGO
samples. Our HRTEM measurements showed that the SnO, in
the SnO,-Fe,03/rGO remained as 5-8 nm particles (see ESI,
Fig. S10at) after the 100 charge—discharge cycles while obvious
agglomeration of the SnO, was observed in SnO,/rGO electrodes
after 100 charge—discharge cycles (see ESI, Fig. S10b¥).

Conclusions

In summary, binary phased (e.g. SnO,/rGO) and ternary phased
(e.g.  SnO,-Fe,03/rGO) composite nanostructures with
a controlled phase ratio were prepared by a facile environment-
friendly approach. The Li ion storage properties of the
SnO,/rGO could be adjusted by changing the weight ratio of
SnO, : rGO. Significant improvements in the Li storage perfor-
mances, especially at high current densities (e.g. 5 C), were ach-
ieved by adding a small amount of amorphous Fe,O; NPs into
the SnO,/rGO. Although the amorphous Fe,O; NPs were not
expected to contribute much to the total specific capacity of the
Sn0,-Fe,03/rGO electrode, they may help to effectively prevent
the agglomeration of SnO, NPs on the rGO sheets as indicated
by our HRTEM observation. Such a synergetic approach can be
extended to other material systems and lead to promising routes
to develop advanced electrode materials for rechargeable Li-ion
batteries.
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