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ABSTRACT: We report an rGO/Fe,03/SnO, ternary nanocomposite synthesized via homogeneous precipitation of Fe,O;
nanoparticles onto graphene oxide (GO) followed by reduction of GO with SnCl,. The reduction mechanism of GO with SnCl,
and the effects of reduction temperature and time were examined. Accompanying the reduction of GO, particles of SnO, were
deposited on the GO surface. In the graphene nanocomposite, Fe,O; nanoparticles with a size of ~20 nm were uniformly
dispersed surrounded by SnO, nanoparticles, as demonstrated by transmission electron microscopy analysis. Due to the different
lithium insertion/extraction potentials, the major role of SnO, nanoparticles is to prevent aggregation of Fe,O; during the
cycling. Graphene can serve as a matrix for Li" and electron transport and is capable of relieving the stress that would otherwise
accumulate in the Fe,O; nanoparticles during Li uptake/release. In turn, the dispersion of nanoparticles on graphene can mitigate
the restacking of graphene sheets. As a result, the electrochemical performance of rGO/Fe,0;/SnO, ternary nanocomposite as
an anode in Li ion batteries is significantly improved, showing high initial discharge and charge capacities of 1179 and 746
mAhg ™!, respectively. Importantly, nearly 100% discharge—charge efficiency is maintained during the subsequent 100 cycles with

a specific capacity above 700 mAhg™".
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B INTRODUCTION

Lithium ion batteries (LIBs) with high energy and power
densities are highly desirable for electric vehicle (EV)
applications. The anodes of LIBs constructed using layered
graphite materials are capable of storing ions in the material’s
bulk but suffer from low energy and power density. The
graphite anode can only intercalate one Li atom per six carbon
atoms (LiC4) with a theoretical capacity of 372 mAhg™.!
Strategies for developing new materials with fast electron
transport, large capacity, and efficient lithium ion diffusion will
lead to high-power and high-rate LIBs for transportation
applications.”> Thus, attention on the anode has been shifting
from traditional graphite to other advanced materials with an
aim to increase the number of lithiation sites and improve the
diffusivity of Li.5™

Among various anode materials for LIBs, transition metal
oxides, such as Co;0,, CuO, Fe,0;, and SnO,, have attracted
substantial attention due to their high theoretical specific

-4 ACS Publications  © 2013 American Chemical Society

8607

capacities. The lithium storage mechanism of these transition
metal oxides is based on the reversible formation/decom-
position of Li,O catalyzed by the transition metal nano-
grains,g’10 the so-called displacive redox reaction.’! In particular,
Fe,0; has great potential for commercial applications due to its
high capacity (1005 mAhg™'), low toxicity, and cost
effectiveness.>'>'® Another promising oxide anode material
is SnO, with high theoretical capacity and low working
potential (~0.6 V vs Li/Li*).>"”7*° The lithium storage
mechanism of SnO, is composed of an irreversible and a
reversible step:'’

SnO, + 4Li" + 4e” - Sn + 2Li,0 (1)
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On the basis of the second reversible alloying reaction, SnO,
exhibits an attractive theoretical capacity of 780 mAhg™'>!
However, Li-ion insertion/extraction cycling leads to significant
volume expansion/shrinkage of Fe,O; or SnO, materials,
resulting in particle fracture and battery capacity loss.*>>
Recent studies have suggested that cycling-induced strain could
be prevented through introduction of nanosized materials**~>°
or integration of effective structural buffers such as carbon
materials,”*" thereby improving cycle stability.

Graphene materials, possessing high electron conductivity,
large specific surface area (up to 2600 m* g™'), and a broad
window of electrochemical stability, hold great promise as an
advanced material for energy storage technologies.”” ** The
specific capacity of graphene for Li can be substantially higher
than that of graphite, because graphene can adsorb lithium ions
on both sides. Furthermore, the single layer of graphene
provides a facile route for the diffusion of lithium ions, since the
space for lithium intercalation is much larger than that in
graphite interlayers.””*' > Despite these advantages, graphene
anodes experience significant irreversible capacity losses during
charge/discharge cycling, mainly due to the restacking of
graphene layers.** Recently, it was found that this problem can
be alleviated by incorporating solid nanoparticles in between
the sheets to reduce the restacking degree.*>>’

In this work, we propose a novel approach to designing and
synthesizing a graphene nanocomposite with Fe,O; and SnO,
particles, in which graphene, Fe,0;, and SnO, particles play
different but complementary roles. Graphene serves as a matrix
enabling both lithium ions and electrons to migrate to active
sites, thereby fully maximizing the energy density. The
graphene also is an effective elastic buffer to relieve the strain
that would otherwise accumulate in the agglomerated Fe,O;
particles during Li uptake/release. In turn, the dispersion of
Fe,0; and SnO, particles on graphene prevents the restacking
of graphene sheets, maintaining a high storage capacity of
lithium during cycling. It is worth noting that the graphene
used in this work is prepared via reduction of graphene oxide
(GO) by SnCl,, a nontoxic reducing agent, introducing SnO, in
the same step. However, both the lithium insertion and
extraction potentials of SnO, are below 0.7 V and just beyond
the active potential range of Fe,0; (0.7 to 2.0 V). Thus, due to
the discrepancy in electrochemical active potentials, SnO, is
expected to mainly serve as an inert matrix for Fe,O; particles
and keep them from agglomerating. This might be an
important reason for the high performance observed from the
graphene nanocomposite anode during the discharge—charge

cycling.

B EXPERIMENTAL SECTION

Materials Preparation. The rGO/Fe,0;/SnO, ternary nano-
composite was synthesized via an in situ precipitation of Fe,O;
nanoparticles using FeCl; precursor onto GO, followed by a
subsequent reduction with SnCl, to obtain highly conductive reduced
GO (rGO). Typically, GO aqueous solution was prepared through a
modified Hummer’s method by using natural graphite powder as a
precursor.’** In a typical synthesis procedure, FeCl;:6H,0 (0.8 g)
and urea (1.5 g) were added to 150 mL of GO solution (containing
about 0.12 g¢ GO) under constant stirring. After sonicating for 30 min,
the suspension was transferred to a Teflon-lined autoclave and
maintained at 120 °C for 4 h. Because the oxygen functional groups on
the GO sheets can chemically bond with the metals ions, Fe** ions
were likely anchored on the planes of the GO sheets.** Therefore, Fe**
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can be precipitated by OH™ on GO sheets when the urea decomposes
during the hydrothermal process. In order to realize the reduction of
GO, the suspension was adjusted to pH = 7.0 after cooling to room
temperature. Then, SnCl,-H,O (0.23 g) was introduced into the above
solution, and a temperature of 30 °C was maintained for 1.0 h with
continuous magnetic stirring to achieve a maximum reduction
efficiency. The resulting precipitation was washed with water and
ethanol several times during the centrifuge separation process. Finally,
the product was dried at 80 °C for 8 h, followed by an annealing
treatment at 400 °C for 1.0 h under an Ar atmosphere to enhance the
degree of crystallization of the Fe,O; and SnO, in the ternary
nanocomposite. For a comparison, traditional rGO was also prepared
via a reduction of GO using hydrazine.

Physical Characterization. The prepared rGO/Fe,0;/Sn0O,
ternary nanocomposites were studied using extensive characterization
to determine their morphology and structure. The crystallinity of
various samples was analyzed by X-ray diffraction (XRD) using a
Bruker AXS D8 Advance diffractometer with Cu Ka radiation. The
patterns were obtained at a scan rate of 5° min~" with a step of 0.02°.
X-ray photoelectron spectroscopy (XPS) was performed on an ESCA
210 and MICROLAB 310D spectrometer using an Mg Ka source.
High-resolution spectra were acquired with 20 eV pass energy. The
area of analysis was 700 X 300 ym in size, and each sample was
analyzed at a 90° takeoff angle with a depth of 3—4 nm. Materials
morphology was characterized by scanning electron microscopy
(SEM) on an FEI Quanta 400 ESEM. High-resolution transmission
electron microscopy (HR-TEM) images were taken on an FEI Titan
80-300 S/TEM. All Raman spectra were obtained using a Kaiser
Holospec Raman system at 514 nm excitation focused through a 100X
microscope objective for a total spot size of 1 ym. Excitation power
was held constant at 150 gW for all samples. Four individual 30 s
spectra were summed for a total integration time of 120 s. Fourier
transform infrared (FTIR) spectra were also obtained using a BIO-
RAD FTS 6000 system using the KBr pellet method. Thermogravi-
metric analysis (TGA) was performed on a Netzsch STA449C system.

Electrochemical and Battery Measurements. The anode
electrode was prepared by mixing the rGO/Fe,O;/SnO, nano-
composite with acetylene black and polyvinylidene fluoride (PVDF) at
a mass ratio of 80:10:10. The average coating thickness for the active
materials is 16 y#m with a diameter of 14 mm, when loading is 1.5 mg.
A piece of Li metal foil was used as a combined counter and reference
electrode. CR202S type coin cell cases were assembled in a glovebox
under Ar atmosphere, where both O, and H,0O levels were controlled
below S ppm. The electrolyte was 1.0 M LiPF in ethylene carbonate
(EC) and dimethyl carbonate (DEC) with 1:1 volumetric ratio. The
cyclic voltammograms (CV) were recorded on a CHI 750D
electrochemical workstation from 0.02 to 3.0 V (vs. Li/Li") at a
scan rate of 0.5 mVs™". Electrochemical impedance spectroscopy (EIS)
was employed to measure the assembled coin cell on an Autolab
electrochemical workstation. The frequency range is from 10° to 10~
Hz with amplitude of 5 mV. The galvanostatic charge—discharge tests
were carried out in a potential range from 0.04 to 3.0 V (vs. Li/Li*) on
an Arbin BT-2000 battery station.

B RESULTS AND DISCUSSION
GO Reduction Using SnCl, as a Reducing Agent.

Currently, the reduction mechanism of GO with Sn** remains
unclear. Our investigation on the reduction of GO using SnCl,
is discussed here. Upon the addition of Sn**, the carboxyl group
on GO is able to chelate the Sn** ions, leading to formation of
interlinked GO complexes as shown in Figure 1. As a result, the
aggregation and precipitation of GO sheets occur. However, the
interactions between Sn** and GO sheets are weak and can be
broken by sonication.

As shown in Figure 2, we studied the GO reduction process
as a function of solution temperature and reaction time by
monitoring the solution color. With the removal of oxygen-
containing functional groups on GO, the dark yellow GO
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Figure 1. Schematic diagram for the interaction between Sn** and GO.
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Figure 2. Reduction process of GO using SnCl, as functions of
temperature and reduced time.

solution gradually changes to black, indicating a reduction of
GO.* In the meantime, it was found that the reduction rate of
GO is greatly dependent on the temperature when Sn** is used
as a reducing agent. Below 0 °C, the reduction is sluggish and it
takes more than one month. The precipitation formed can be
easily recovered using sonication. At 30 °C, the irreversible
formation of precipitation appears after 5 min and becomes
significant at 30 min. A dark black solution was observed after 4
h, indicating a complete reduction process. Furthermore, at 60
°C, the precipitation appears after 5 min, followed by a
complete reduction in 15 min. When temperature increases to
90 °C, GO reduction is completed in 1 min. Thus, the
reduction rate can be improved by increasing the solution
temperature.

However, it was found that higher reduction temperatures
usually lead to incomplete reduction as demonstrated by XPS
analysis (Table S1 and Figure S1, Supporting Information).
Higher content of C(O)O was detected on reduced GO at 60
and 90 °C, relative to the GO reduced at 30 °C. In good
agreement with the XPS analysis, Raman spectra of rGO
prepared at different temperatures indicate that more defects
and oxygen containing groups are present on rGO reduced at
higher temperatures (Figure S2, Supporting Information).

Synthesis of rGO/Fe,0;/SnO, Nanocomposite. After
optimizing the GO reduction process with SnCl, reducing
agent, the synthesis of rGO/Fe,0;/SnO, ternary nano-
composite is carried out at 30 °C for 1.0 h as shown in Figure
3. It is believed that epoxy and alcohol groups are the dominant
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Figure 3. Scheme of preparation of ternary rGO/Fe,0;/Sn0O,
nanocomposite.

oxygen-containing functionalities on the plane of GO, which
can be easily reduced. However, a complete reduction of GO
flakes requires use of a very strong reducing agent and high
temperature thermal annealing, which also introduces a number
of defects.*” In this work, using the relatively weak reducing
agent SnCl,, the reduction of GO is mainly aimed to eliminate
the epoxy and hydroxyl groups from the basal planes.
Structure and Morphology. Further insights into the
structural changes in the carbon lattice of rGO after
incorporating oxide particles were explored using Raman
spectroscopy (Figure 4). These spectra are dominated by

D band
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Figure 4. Raman spectra for rGO, rGO/SnO,, and rGO/Fe,0;/Sn0,.

characteristic carbon resonances around 1600 cm™' (G band)
and 1350 cm™ (D band), which correspond to the planar
motion of sp>hybridized carbon atoms in an ideal graphene
layer and to the carbon atoms close to the edge of graphene
sheets, respectively. The D-band/G-band ratios (Ip/Ig) of
these peaks provide an indication of the degree of ordering of
the rGO flakes. The calculated ratios for rGO and rGO/SnO,
are 1.2 and 1.1, respectively. This indicates a higher disorder of
rGO reduced by hydrazine, relative to rGO reduced by SnClL,.
This disorder is likely due to the doping of nitrogen atoms into
graphene planes, when hydrazine was used as a reducing
agent.** Compared to rGO/Sn0O,, the Ip/I; of the ternary
rGO/Fe,0;/Sn0, is 1.3, suggesting a lower proportion of
carbon atoms with hexagonal symmetry, i.e., in the interior of
graphene sheets. The larger full-width-at-half-maximum
(fwhm) of the D band observed with the rGO/Fe,0,/Sn0O,
also indicates a higher degree of disorder relative to the other
two samples.

The XRD pattern for rGO/Fe,0;/SnO, shown in Figure Sa
indicates that the main peaks observed with the nanocomposite
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Figure S. (a) XRD pattern and (b) TGA curve for the rGO/Fe,05/
SnO, nanocomposite.

match well with those of standard rhombohedral Fe,O,
(JCPDEF: 33—0664) and tetragonal rutile SnO, (JCPDF: 41—
144S). In addition, the diffraction peaks marked with asterisks
can be ascribable to Fe;O,, indicating that some Fe** ions were
reduced to Fe*" during the GO reduction using SnCl, as a

reducing agent. As Fe;O, is also an active component in LIB
anodes capable of accommodating Li*,** it is not considered
as an “impurity” here. The weight percentages of rGO in the
rGO/Fe,0;/Sn0, ternary composite was determined to be 18
wt % by calculating the TGA curve as shown in Figure Sb.

The C 1s XPS spectrum of rGO/Fe,0;/SnO, composite
(Figure 6a) presents a dominant C—C peak in graphene planes,
accompanied by two minor peaks corresponding to C—OH and
C(0)O groups,"® respectively. The results are indicative of a
successful reduction of GO when SnCl, is used as the reducing
agent. The Sn 3d binding energies at 486.9 and 495.4 eV shown
in Figure 6b are ascribed to Sn(II). In Figure 6c, the peaks at
712.2 and 725.6 €V are attributed to Fe 2p3/2 and Fe 2p1/2,
respectively, attesting to the presence of Fe(Ill). The shoulder
peak at around 710 eV provides further evidence of Fe;0O,, in
good agreement with XRD analysis indicating a partial
reduction of Fe*" into Fe** by SnCl,. The FTIR spectrum of
the ternary composite is shown in Figure 6d. The strongest
peak at 626 cm ™" is assigned to Sn—0O, and two sharp bands at
576 and 478 cm™" can be attributed to the stretching vibrations
of the Fe**—0?" bond in the FeO4 octahedron and FeO,
tetrahedron structures,*® respectively. In addition, three weak
bands at 1712, 1575, and 1207 cm™" correspond to COOH,
C—C, and C—OH stretching. Thus, the FTIR results clearly
verify the formation of SnO, and Fe,O; incorporated into the
rGO during the synthesis.

The morphology of the rGO/Fe,0;/SnO, nanocomposite
was characterized using SEM images (Figure S3, Supporting
Information). It can be seen that metal oxides particles are
adsorbed on both sides of the graphene sheet and the obtained
graphene has multiple layers. The contents of SnO,, Fe,03, and
C are calculated to be 54.7, 29.9, and 154 wt % from EDS,
respectively. The total content of metal oxides is in good
agreement with the TGA result. The particles in Figure S3,
Supporting Information, exhibit an irregular shape, with particle
size ranging from 20 to 50 nm.

TEM images in Figure 7a,b also indicate that the metal oxide
particles are well dispersed on the graphene flakes with an
average size of about 20 nm. Such fine particle morphology can
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Figure 6. XPS spectra of (a) C s, (b) Sn 3d, (c) Fe 2p, and (d) FTIR spectrum of rGO/Fe,0;/Sn0O, nanocomposites.
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Figure 7. Morphology and structure of the rGO/Fe,0;/Sn0,/ nanocomposites: (a, b) TEM images under different magnifications (the inset is the
EDS spectra), (c) Fe,O; and SnO, nanoparticles on rGO, and (d) HR-TEM image of rGO planes (the inset is the SAED pattern of rGO).
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Figure 8. (a) CV curves up to four cycles for the rGO/Fe,05/Sn0,/ nanocomposites as well as the CV profiles for individual SnO, (red dashed
line) and rGO (blue solid line); (b) the Nyquist plots for EIS of the rGO/Fe,0,/Sn0O,/ nanocomposites after and before cycling.

shorten the diffusion pathway of Li* ions and accelerate
electron transport, thus greatly improving the lithium storage
ability and rate performance of the anode. Two lattice interlayer
distances of 0.250 and 0.343 nm are also observed in the HR-
TEM images (Figure 7c) and could most likely be assigned to
the (110) crystal planes of Fe,O; crystals (JCPDS 33—0664)
and the (110) planes of SnO, (JCPDS 41—144S), respectively.
Importantly, well separated Fe,O; and SnO, nanoparticles are
demonstrated in Figure 7c¢, suggesting a promotional role of
SnO, capable of preventing Fe,O; particle aggregation. Figure
7d exhibits the TEM image of rGO having a multilayered
structure. The measured lattice interlayer distance of 0.359 nm
is larger than that of standard graphite (0.335 nm), due to an
expansion effect induced by the remaining oxygen-containing
species on the rGO. The inserted selected area electron
diffraction (SAED) image of graphene in Figure 7d shows a
typical hexagonal pattern of graphene, further indicating that
the reduction of GO using SnCl, in this work results in an
effective restoration of the n-conjugated structure, thereby
yielding highly electronic conductive graphene materials.**
Electrochemical Properties. The CV curves shown in
Figure 8a clearly illustrate the different lithium insertion/
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extraction potentials of Fe,O; SnO,, and rGO. In the first
discharge process of rGO/Fe,0;/Sn0O,/ nanocomposite, a
couple of minor cathodic peaks observed at potentials of 1.2
and 0.7 V are related to the possible reduction from Fe,O; to
Fe as shown below*’

Fe,0; + 2Li" + 2e” — Li,(Fe,0,) (3)
Li,(Fe,0,) + 4Li" + 4e~ — Fe’ + 3Li,0 (4)
2Fe’ + 2Li,0 < 2Fe"O + 4Li* + 4e” ()

The large irreversible cathodic peak appearing at 0.3 V is
associated with the formation of solid electrolyte interphase
(SEI).* In addition, reduction of SnO, to metallic Sn is also
likely according to*

SnO, + 4Li" + 4e” - Sn + 2Li,0 (6)

The peak close to 0.0 V is related to the insertion of Li into
metallic Sn and graphene. In the subsequent cycles, a pair of
peaks observed at potentials of 0.02/0.59 V (cathodic/anodic)
can be assigned to the reversible alloying/dealloying processes
of Li,Sn (0 < x < 4.4). Another pair of peaks located at

dx.doi.org/10.1021/am402124r | ACS Appl. Mater. Interfaces 2013, 5, 8607—8614
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Figure 9. Lithium storage properties of the tGO/Fe,05/Sn0O, nanocomposites: (a) initial discharge—charge voltage profiles; (b) discharge capacity
and efficiency as a function of cycle numbers at a current density of 400 mAg™".

potentials of 0.87/1.86 V (cathodic/anodic) results from the
reversible displacive redox reactions of Fe,03.*'* In the
meantime, the CV profile of individual SnO, as shown in
Figure 8a only exhibits one couple of notable reversible peaks at
potentials of 0.02/0.59 V, corresponding to alloying and
dealloying of Li,Sn. In addition, a pair of weak peaks at 1.0/1.2
V is thought to be related to the reversible decomposition of
Li,O. No obvious peak can be observed in the CV profile of the
pure rGO electrode. Thus, lithiation and delithiation of Fe,O4
nanoparticles occur at higher potentials than those of SnO, and
rGO. Thus, the SnO, and rGO components in the ternary
composite may serve as inert matrices to prevent Fe,O;
nanoparticles from aggregation during discharge—charge
cycling. As a result, the unique composite structure can sustain
a large specific surface area of Fe,O; for Li intercalation and
extraction.

As shown in the Nyquist plots (Figure 8b), the charge
transfer resistance (RP) of the rGO/Fe,0,;/Sn0O, composite
anode was found to be significantly reduced after the first cycle,
mainly due to the reduction of SnO, to metallic Sn. As the
lithium insertion and extraction reaction rates in the anode are
governed by Li diffusivity and electron conductivity, the
improved electronic conductivity resulting from formation of
metallic Sn during the first cycle would be beneficial for
reducing the charge transfer resistance. It is also likely that the
volume expansion of SnO, and Fe,O; particles during the first
discharge will help increase the interspace between rGO sheets,
providing larger spaces for Li diffusion and thus facilitating
charge transfer.

Lithium lon Battery Tests. Battery tests show that the
prepared rGO/Fe,0;/Sn0, ternary composite anode exhibits a
good activity for Li insertion/extraction and cycling stability. In
particular, at a charge/discharge current density of 400 mAg™"
(Figure 9a), the first discharge (Li insertion) and charge (Li
extraction) capacities were 1179 and 746 mAhg ™, respectively.
During the subsequent 100 cycles (Figure 9b), the discharge
capacity was maintained above 700 mAhg™'. During the cyclic
testing, an average columbic efficiency of 98% was achieved
(right Y axis in Figure 9b) except for a few cycles at the initial
stage, indicating a good capacity retention during the
discharge—charge tests.

The rate performance of the ternary rGO/Fe,0;/Sn0O,
graphene anode was studied at each discharge—charge rate
for 10 cycles, as shown in Figure 10. The theoretical capacities
for SnO, and Fe,05 are 780 and 1000 mAhg ™", respectively. As
Li ions are able to adsorb on both sides of a graphene sheet
(Li,Cg),"** the capacity calculated for rGO is about 744
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Figure 10. Rate performance of the rGO/Fe,O;/Sn0O, composite
anode determined at different current densities.

mAhg ™. Thus, the theoretical specific capacity of 841 mAhg™

for the ternary composite was determined by
CrGO/Sn/Fe/ = CrGO X 15.4% + CFe X 29.9%

+ Cg, X 54.7% 7)

where C.go/sa/rey Cigor Cee and Cg, correspond to the
theoretical capacities of rGO/Fe,0;/Sn0,, rGO, Fe,0;, and
SnO,, respectively. The mass percentages for individual
components were determined by EDS. During the rate
performance tests, the charge—discharge cycles were started
with a low current rate of 0.2C (1 C = 841 mAg™") in the first S
cycles, and then, the rates were gradually increased up to 10C.
The reversible capacities were measured to be 623 mAhg™" at
0.5C, 493 mAhg™" at 1C, 307 mAhg™" at 2C, 154 mAhg ™" at
SC, and 139 mAhg_1 at 10C. The decreased capacity at a higher
current rate can be explained by an increasing resistance at the
interface between the electrolyte and the active materials as well
as insufficient Li diffusivity at high rates.>"> It is worth noting
that a reversible capacity of 782 mAhg™" was recovered after
decreasing the charge rate from 10C to 0.2C, indicating an
excellent capacity reversibility and cycle stability.

As shown in Figure 11, the ternary anode material studied in
this work is superior to rGO and binary rGO/SnO, materials,
showing improved cycle stability and specific capacity. The
rGO anode exhibits a reversible capacity of S50 mAhg ™' at a
current density of 400 mAg™' after 100 cycles, indicating a
capacity loss of 18%. Although the resistance of the rGO/
Fe,0,/Sn0, nanocomposite revealed in the EIS (Figure S4,
Supporting Information) is higher than that of SnO,/rGO due
to the low electronic conductivity of Fe,O; the charge
capacities measured with the rGO/Fe,0;/SnO, composite
during 100 cycles is significantly larger, relative to those of

dx.doi.org/10.1021/am402124r | ACS Appl. Mater. Interfaces 2013, 5, 8607—8614
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Figure 11. Comparison of discharge—charge capacity measured with
rGO, rGO/Sn0,, and rGO/Fe,0;/Sn0O, anodes up to 100 cycles.

rGO/Sn0,. In particular, in the absence of Fe,O;, the rGO/
SnO, anode shows worse performance with a capacity of 600
mAhg™' at the first discharge—charge cycle, followed by
approximately 30% capacity loss after 100 cycles. While initial
performance loss was also observed with the ternary graphene
composite anode, a specific capacity of above 700 mAhg ™" can
be retained during the subsequent 100 cycles, demonstrating
much improved cyclic stability.

The enhanced cycle stability and capacity observed with the
rGO/Fe,0,;/Sn0, anode can be attributed to the comple-
mentary roles among Fe,O; SnO,, and rGO structures. In
addition, a higher degree of disorder in the rGO/Fe,05/Sn0O,
composite, as demonstrated by Raman analysis (Figure S4,
Supporting Information), may facilitate the Li adsorption/
desorption on graphene planes.> Thus, on the basis of all of
these advantages observed in the ternary composite, the lithium
storage ability and cycle stability of rGO/Fe,0;/Sn0,
nanocomposite anode are significantly improved relative to
rGO and rGO/SnO, materials.

B CONCLUSIONS

In this work, we developed an rGO/Fe,0;/SnO, ternary
nanocomposite via an in situ precipitation of Fe,O; nano-
particles on GO, followed by a subsequent chemical reduction
of GO with SnCl,. The ternary anode exhibits a highly stable
capacity during discharge—charge cyclic testing in lithium ion
batteries. The graphene component provides for a conductive
matrix facilitating transfer of lithium ions and electrons and also
serves as an effective elastic buffer to relieve the stress that
would otherwise accumulate in the Fe,O; particles during Li
uptake/release. The dispersion of Fe,0; and SnO, particles on
graphene mitigates the degree of stacking of graphene sheets. In
addition, SnO, particles hinder the agglomeration of Fe,0;
nanoparticles. As a result, the novel nanocomposite exhibits
initial discharge and charge capacities of 1179 and 746 mAhg ™/,
respectively, at a current density of 400 mAg ™. Furthermore,
the discharge and charge capacities during 100 cycles were
maintained above 700 mAhg™'. The results of this study
indicate that the rGO/Fe,0;/SnO, ternary nanocomposite
holds great promise as a high performance anode material in Li
ion batteries.
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