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Transition metal cobalt (Co) nanoparticle was designed as catalyst to promote the conversion reaction of
Sn to SnO2 during the delithiation process which is deemed as an irreversible reaction. The designed
nanocomposite, named as SnO2/Co3O4/reduced-graphene-oxide (rGO), was synthesized by a simple two-step
method composed of hydrothermal (1st step) and solvothermal (2nd step) synthesis processes. Compared to the
pristine SnO2/rGO and SnO2/Co3O4 electrodes, SnO2/Co3O4/rGO nanocomposites exhibit significantly
enhanced electrochemical performance as the anode material of lithium-ion batteries (LIBs). The SnO2/
Co3O4/rGO nanocomposites can deliver high specific capacities of 1038 and 712 mAh g21 at the current
densities of 100 and 1000 mA g21, respectively. In addition, the SnO2/Co3O4/rGO nanocomposites also
exhibit 641 mAh g21 at a high current density of 1000 mA g21 after 900 cycles, indicating an ultra-long cycling
stability under high current density. Through ex-situ TEM analysis, the excellent electrochemical performance
was attributed to the catalytic effect of Co nanoparticles to promote the conversion of Sn to SnO2 and the
decomposition of Li2O during the delithiation process. Based on the results, herein we propose a new method
in employing the catalyst to increase the capacity of alloying-dealloying type anode material to beyond its
theoretical value and enhance the electrochemical performance.

T
in oxide (SnO2) is deemed as one of the most promising anode materials of lithium ion batteries (LIBs) to
replace the commercial graphite anode due to its high theoretical capacity (,782 mAh g21), high abund-
ance, low cost and relative low charge-discharge plateau compared to other metal oxides1–3. However, SnO2

anodes suffer from three main limitations: (i) more than 200% volume change during the lithiation and delithia-
tion process, resulting in severe electrode pulverization and fast capacity fading during the cycle process; (ii) low
electrical conductivity reducing the electron transport, leading to relatively low rate capability; (iii) poor initial
Coulombic efficiency (CE) due to the irreversible conversion reaction during the initial lithiation process,
resulting in the additional cathode material consumption4–6. Many research efforts have been devoted in solving
issues (i) and (ii) through the use of unique morphological design and incorporation of carbon based materials7–18.
Various morphologies including zero dimensional (0D) nanoparticles, one dimensional (1D) nanorods/nano-
wires/nanotubes, two dimensional (2D) nanosheets and three dimensional (3D) nano-hollow structures have
been explored as different morphologies may affect the surface area and lithium ion kinetics10,11,15,19–21. For
example, Wang et al. designed SnO2 nanoboxes which can deliver a capacity of 570 mAh g21 at 0.2 C even after
40 cycles22. On the other hand, carbonaceous materials, which are ideal volume change buffers and good electron
conductors, have been widely employed to enhance the electrochemical performance of SnO2 nanocomposites.
SnO2/graphene nanosheets (SnO2/GNS) nanostructure synthesized by Paek et al. achieved a reversible capacity of
810 mAh g21 13. The improved performance was attributed to the reduced volume change and increased con-
ductivity with the assistance of graphene nanosheets13. In addition, graphene nanosheet was also found to be
useful in preventing the aggregation of SnO2 nanoparticles during the lithiation and delithiation process23.

However, issue (iii) is seldom solved due to the inherent irreversible conversion reaction of SnO2 to Sn
(equation 1) which is followed by the subsequent alloying reaction (equation 2, forward process) during the
initial lithiation process11,15:

SnO2z4Lizz4e{?Snz2Li2O ð1Þ
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In equation 1, 1 mole of SnO2 is reacted with 4 moles of Li-ions to
form 1 mole of Sn and 2 moles of Li2O. Subsequently, 1 mole of Sn
atom is able to form LixSn alloy with a maximum of 4.4 moles of Li-
ions during the alloying process shown in equation 2. In other words,
as much as total 8.4 Li-ions can be utilized during the first lithiation
process. However, due to irreversibility of the reaction in equation 1,
at least 4 moles Li-ions become inactivated in the following delithia-
tion/lithiation cycles, leading to a low initial CE (,40%)15. Therefore,
if the conversion reaction of equation 1 is reversible, the theoretical
specific capacity of SnO2 can be increased from 782 to 1493 mAh g21

(based on 8.4 Li ions), which is far beyond the theoretical capacity of
SnO2.

Recently, SnO2 anodes with higher specific capacity than the
theoretical value have also been reported, the increased capacity
was mainly attributed to partial reversible conversion of Sn to
SnO2 coupled with a synergistic effect with carbonaceous material
or other nanoparticles24,25. Chen et al. reported SnO2-SiC coated by
graphene layer core-shell structure can deliver a reversible capacity of
810 mAh g21 and retain ,83% initial capacity after 150 cycles26. The
improved performance was attributed to the reversible conversion
reaction of Sn to SnO2

26. However, up to now the detailed mech-
anism of this reversible conversion reaction still remains unclear. In a
similar case, it has been reported that transition metal particles can
play a critical role for the reoxidation of metallic germanium during
its delithiation process for the MGeO3 (M 5 Cu, Fe and Co) nano-
composites27,28. This phenomena was attributed to the presence of
metallic nanoparticles which are able to promote the decomposition
of Li2O and also form a conductive network to accelerate the reox-
idation of Ge28. Therefore, we believe that transition metal nanopar-
ticles can also be used to enhance the electrochemical performance of
SnO2 nanocomposites.

Herein, Cobalt (Co) nanoparticle catalyst is used to promote the
reoxidization of Sn to SnO2 and the decomposition of Li2O during
the delithiation process. Since nano-sized Co is easily oxidized,
Co3O4 nanoparticle is synthesized in the nanocomposites instead
of Co. At the same time, reduced graphene oxide (rGO) is used in
the nanocomposites system to increase the conductivity and reduce
the volume change during the lithiation/delithiation process. The
designed SnO2/Co3O4/rGO nanocomposites exhibit an excellent

electrochemical performance, in terms of large specific capacity, high
rate capability and long cycling stability. The detailed mechanism is
also proposed based on detailed ex-situ transmission electron micro-
scopy (TEM) investigations.

Results
The morphology of the SnO2/rGO and SnO2/Co3O4/rGO nanocom-
posites is shown in Figure 1. GO was reduced into rGO after the
synthesis of SnO2 nanoparticles by thermal reduction and reductant
(NH4H2PO4)29,30. The synthesized nanocomposites exhibit typical
morphology of metal oxide nanoparticles grown on folded rGO sheet
(Figure 1a)31. It is widely accepted, and evident in these images, that
the usage of rGO can effectively prevent the aggregation of metal
oxide nanoparticles which often results in the peeling off from the
current collector. Moreover, the folded rGO creates a porous struc-
ture which facilitates the penetration of electrolyte into the hybrid
structure to enhance Li ions accessibility. In order to show detailed
structure morphology, TEM characterization was carried out and the
images are shown in Figure 1b and 1c. It is clearly observed that the
edge of rGO sheet (indicated by black arrows) and SnO2 nanoparti-
cles, with the diameter ranging from 5 to 10 nm, are uniformly
anchored on the rGO sheet as indicated in Figure 1b. There are 4
graphene layers (between two black dot lines) with interplanar spaces
of 0.34 nm for graphene sheet as shown in Figure 1c. The interplanar
spaces of the nanoparticles are 0.33 and 0.27 nm, corresponding to
the (110) and (101) crystal planes of the tetragonal rutile-like SnO2,
respectively, as shown by the high-resolution TEM (HRTEM) image
of Figure 1c26. The diffraction dots in the selected area electron dif-
fraction (SAED) pattern (insert in Figure 1c) indicate that the nano-
particle is nanocrystalline. The morphology of SnO2/Co3O4/rGO
nanocomposites is shown in Figure 1d to 1f. It is apparent that the
overall morphology of SnO2/Co3O4/rGO is almost the same as that
of SnO2/rGO (Figure 1d) where the metal oxide nanoparticles are
also uniformly grown on top of rGO sheet (Figure 1e). In order to
distinguish SnO2 and Co3O4 nanoparticles, HRTEM was employed
to identify the detailed structure as shown in Figure 1f. The inter-
planar spaces of the nanoparticles sheets are 0.33 and 0.28 nm, cor-
responding to the (110) crystal planes of the tetragonal rutile-like
SnO2 and (220) crystal planes of Co3O4, respectively32,33. Moreover,
energy dispersive x-ray (EDX) analysis was carried out to investigate
various elements distribution shown in Figure S1 (see Supporting

Figure 1 | Morphology of SnO2/rGO and SnO2/Co3O4/rGO hybrid nanocomposites. (a) SEM, (b) low- and (c) high-resolution TEM images of SnO2/

rGO nanocomposites. Inset in (c) is the SAED pattern of SnO2 nanoparticles of SnO2/rGO nanocomposites. (d) SEM, (e) low- and (f) high-resolution

TEM images of SnO2/Co3O4/rGO nanocomposites. Inset in (f) is the SAED patterns of Co3O4 and SnO2 nanoparticles of SnO2/Co3O4/rGO

nanocomposites.
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Information). Four elements of Sn, Co, C, and O are uniformly dis-
tributed in the nanocomposites, indicating that SnO2 and Co3O4

nanoparticles were homogeneously grown on rGO nanosheets.
The control sample of SnO2/Co3O4 nanocomposites without rGO
sheet was also prepared at the same time (see Supporting
Information, Figure S2). The SEM image shows that SnO2/Co3O4

nanoparticles with an average diameter of 5–10 nm aggregate
together forming a large cluster without rGO sheets. Information
from the elements distribution from the EDX analysis in Figure
S2b shows that two metal nanoparticles are uniformly distributed
in the composites.

The crystal structure of SnO2/rGO, SnO2/Co3O4/rGO and SnO2/
Co3O4 nanocomposites was examined by X-ray diffraction (XRD)
patterns, as shown in Figure 2a. The common peaks of the three
samples, located at 26.6u, 33.9u and 51.8u, can be indexed as the
(110), (101) and (211) planes of the tetragonal structure of SnO2

(JCPDS No. 41-1445) respectively14. The small peaks (indicated by
stars) found in SnO2/Co3O4/rGO and SnO2/Co3O4 nanocomposites
can be attributed to the pure face centered cubic (fcc) crystal struc-
ture of Co3O4 (JCPDS No. 42-1467)34. As Co nanoparticles only
serve as catalyst in the nanocomposites, they were prepared with a
low loading content of Co3O4 as compared to SnO2, leading to a
weaker intensity for peaks corresponding to Co3O4. Raman spectra
of SnO2/rGO, SnO2/Co3O4/rGO and SnO2/Co3O4 nanocomposites
are shown in Figure 2b. The peaks located at 480, 525 and 684 cm21

in SnO2/Co3O4/rGO and SnO2/Co3O4 nanocomposites are typical
Raman peaks of Co3O4

35. The very weak peak located at 630 cm21 for
SnO2/Co3O4/rGO sample is attributed A1g vibration mode of SnO2

36.
On the other hand, the peaks located at 1384 and 1592 cm21 for the
SnO2/rGO, SnO2/Co3O4/rGO nanocomposites are attributed to the
D- and G-peaks corresponding to the defects and disorder in the
graphite layer, and the vibration of sp2-bonded carbon atoms in
the hexagonal graphitic lattice, respectively37–40. The surface area of
the pristine GO, SnO2/Co3O4 and SnO2/Co3O4/rGO were also
performed by Brunauer–Emmett–Teller (BET) analysis shown in
Figure S3 (see Supporting Information). The surface area of the
synthesized SnO2/Co3O4/rGO (i.e., 244.5 m2 g21) is more than three
times higher than that of pure SnO2/Co3O4 (i.e., 60.9 m2 g21) and GO
(i.e., 76.8 m2 g21), indicating that GO and metal oxides can effectively
to prevent the restacking and agglomeration between each other
resulting in greatly improving the surface area of SnO2/Co3O4/
rGO nanocomposites. The same phenomenon has been observed
in metal oxides with rGO nanocomposites31.

The content of metal oxide (SnO2, or SnO2/Co3O4) in the synthe-
sized nanocomposites was measured by thermal gravimetric analyses
(TGA) measurements conducted under air atmosphere and the
corresponding curves are shown in Figure S4 (see Supporting
Information). When the temperature is less than 100uC, a small
weight 8% loss is observed due to the evaporation of moisture

adsorbed on the surface of nanocomposites. At higher temperature,
a further weight loss of 16% between 100 and 520uC is attributed to
the oxidation of functional groups on rGO sheets and carbon in
air41,42. Therefore, SnO2/rGO nanocomposites contain 82.6 wt% of
SnO2 and 17.4 wt% of rGO. On the other hand, SnO2/Co3O4/rGO
nanocomposites contain 83.6 wt% of SnO2/Co3O4 and 15 wt% of
rGO. Therefore, the SnO2/Co3O4/rGO nanocomposites can be
expressed as SnO2(Co3O4)0.174/rGO (see Supporting Information for
detail calculation of Co3O4 content in the nanocomposites in the
explanation of Figure S4). It is worth mentioning that the temperature
for the weight loss owing to the oxidization of rGO for SnO2/Co3O4/
rGO nanocomposites is lower than 380uC, which is much lower than
that of SnO2/rGO nanocomposites. The possible reason may be attrib-
uted to the catalytic role of Co3O4 nanoparticles to reduce the oxida-
tion temperature of rGO. The same phenomenon was also reported in
Co3O4/GO and Co3O4/CNT hybrid nanostructure43,44.

The electrochemical performance of the nanocomposites was
evaluated by integrating into a half-cell battery testing configuration
composed of the synthesized active material as the working electrode
and a lithium foil as the counter electrode separated by a membrane.
Figure 3a shows cyclic voltammetry (CV) curves of the first three
cycles of SnO2/Co3O4/rGO electrode within the potential range of
0.01–3 V vs Li/Li1. In the first cathodic cycle, there are two peaks
centered at 0.65 and 0.07 V. The peak at 0.65 V corresponds to the
conversion reaction of SnO2 and Co3O4 with Li1 ions into Sn and Co
nanoparticles embedded in Li2O, and formation of solid-electrolyte
interface (SEI) gel-like film at the interface of electrolyte and elec-
trode, as it is no longer present in subsequent cycles45. The formation
of SEI film is commonly observed in the initial cycle of anode mate-
rials16,17,46–49. The peak located at 0.07 V originates from the alloying
process of Li with Sn to form Li-Sn alloy, as shown by equation
212,50,51. We also have noted that the peak located at 0.89 V in the
first cycle of CV curves of SnO2/rGO electrode (see Supporting
Information, Figure S5a) is shifted slightly compared to that of
SnO2/Co3O4/rGO electrode. It is generally accepted that this peak
is related to the conversion reaction of SnO2 with Li ions into Sn
metal nanoparticles and the observed shift is due to the introduction
of Co3O4. This shift is more noticeable in the first cycle of CV curves
of SnO2/Co3O4 electrode (see Supporting Information, Figure S6a).
In the first anodic cycle, the peak at 0.56 V can be attributed to the
dealloying process to form Sn and Li; and the peaks at 1.28 and
2.17 V might be due to the partial conversion reaction of Sn into
SnO2 and conversion reaction of Co into Co3O4 with the decomposi-
tion of Li2O7,14,52. In the following cathodic cycle, the peaks located at
1 and 0.1 V are ascribed to the conversion reaction of SnO2 into Sn
and Co3O4 into Co metal nanoparticles, and the process of Sn alloyed
with lithium, respectively.

The galvanostatic discharging/charging curves of the first 50 cycles
of SnO2/Co3O4/rGO electrode are shown in the Figure 3b. The SnO2/

Figure 2 | (a) XRD patterns and (b) Raman curves of SnO2/rGO and SnO2/Co3O4/rGO hybrid nanocomposites. The XRD peaks of SnO2 (indicated by

triangles) in all samples are indexed to the tetragonal crystal structure of SnO2 (JCPDS No. 41-1445, black line in (a)) and the Co3O4 peaks (indicated by

stars) in the samples are indexed to pure face centered cubic (fcc) crystal structure of Co3O4 (JCPDS No. 42-1467, red line in (a)).
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Co3O4/rGO electrode deliver capacities of 1725 and 1152 mAh g21

for the 1st discharge and charge cycle, with an initial CE about 66.8%.
The capacity loss of 33.2% during the first cycle is generally attributed
to the irreversible formation of the SEI layer on the surface of the
nanocomposites and a small portion of irreversible conversion reac-
tion of SnO2 into Sn during the first discharge process. The CE was
further increased to almost 100% for subsequent cycles, indicating
the excellent reversibility of the nanocomposites electrode. There are
two plateaus located at 1.0–0.5 and 0.25–0.01 V in the initial dis-
charge curve. The first plateau can be ascribed to the conversion
reaction of SnO2 into Sn and partial Co3O4 into Co as well as the
formation of SEI film12,52. The second plateau can be attributed to
alloying process of Sn with Li1 ions. In the following charge cycle,
there are three plateaus located at 0.4–0.7, 1.2–1.6 and 2.3–2.7 V. The
first one is corresponding to the dealloy process of LixSn into Li and
Sn19,23. The latter two plateaus are the partial conversion of Sn into
SnO2 and Co into Co3O4

23,33. All of these peaks are in good agree-
ment with the CV curves.

The rate capability of the three electrodes tested under various
current densities is shown in Figure 3c. The SnO2/Co3O4/rGO elec-
trode exhibit reversible capacities of 1038, 966, 836, 712 and
524 mAh g21 at the current densities of 100, 200, 500, 1000 and
2000 mA g21, respectively. Remarkably, the specific capacity was
recovered to 1059 mAh g21 when the current density was reduced
from 2000 to 100 mA g21. Although the specific capacity of SnO2/
rGO at low current density (100 mA g21) is comparable to that of
SnO2/Co3O4/rGO electrode, the capacity of SnO2/Co3O4/rGO elec-
trode at high current density (2000 mA g21) is much higher than that
of SnO2/rGO electrode, indicating the excellent rate capability of the
designed SnO2/Co3O4/rGO electrode. The cycling performance of
the three nanocomposites electrodes was conducted at a current
density of 200 mA g21, as shown in Figure 3d. The synthesized
SnO2/Co3O4/rGO nanocomposites exhibit the best stability, with a
relative high discharge capacity of 1023 mAh g21 and charge capacity
cycle retention of 106% after 100 cycles. In contrast, the SnO2/rGO
and SnO2/Co3O4 nanocomposites can only deliver lower capacities
of 738 and 115 mAh g21 after 100 cycles, respectively. It is also noted
that the specific capacity of SnO2/Co3O4/rGO electrode is increased
slightly with the increase of cycles. However, it is decreased for the

SnO2/rGO and SnO2/Co3O4 electrodes. It is worth mentioning that
the initial CE of SnO2/Co3O4/rGO is 66.8%, which is also higher than
that of SnO2/rGO (60.4%) and SnO2/Co3O4 (51.0%) electrodes as
shown in Figure S5c and S6c (see Supporting Information),
respectively.

Discussion
In order to further investigate the effects of rGO and additional
Co3O4 on the electrochemical behaviors of the nanocomposites,
electrochemical impedance spectroscopy (EIS) was performed after
three and fifty cycles. Figure S7 (see Supporting Information) shows
the Nyquist plots of the SnO2/Co3O4, SnO2/rGO, and SnO2/Co3O4/
rGO electrodes, and fitting results are summarized in table S2 by the
equivalent circuit model shown in the inset of Figure S7a. In the
circuit, Rs is the series or Ohmic resistance; Rf and CPE1 are the
SEI layer resistance and the constant phase element (CPE), respect-
ively; Rct and CPE2 are attributed to the charge transfer resistance
and related double layer capacitance, respectively; and Zw is Warburg
impedance related to the lithium-diffusion resistance45,53. Rct of
SnO2/Co3O4/rGO is reduced from 501.3 V (SnO2/Co3O4) to
19.19 V with the assistance of rGO. It is also interesting to find that
Rct of SnO2/rGO (27.34 V) is reduced by incorporation of Co3O4.
This is may be due to the further reduction of GO functional groups
during the synthesis process of Co3O4 on SnO2/rGO. With the
increase of cycles, Rct of SnO2/Co3O4/rGO is increased slightly from
19.19 V to 22.34 V. However, Rct of SnO2/rGO is increased greatly
from 27.34 V to 41.19 V, which is a possible reason for the capacity
reduction slightly with cycles. At the same time, the resistance assoc-
iated with the SEI layer Rf is increased from 22.47 V to 33.04 V for
SnO2/Co3O4/rGO electrode, may be the result of an increase in the
SEI layer thickness/resistance due to more inner active materials
involved in the lithiation/delithiation process over cycles54.

The performance of the SnO2/Co3O4/rGO is one of the best those
previously reported SnO2 based anode materials, in terms of specific
capacity, initial CE and cycle stability. The reversible specific capacity
of SnO2/Co3O4/rGO (1038 mAh g21 @ 100 mA g21) is higher than
that of SnO2/GNS (810 mAh g21)13, SnO2:Fe2O3:rGO (958 mAh g21

@ 395 mA g21)24, and comparable to SnO2/rGO (1027 mAh g21 @
100 mA g21)54. The initial CE (66.8%) is higher than that of SnO2/

Figure 3 | (a) CV curves of SnO2/Co3O4/rGO nanocomposites electrode of the first 4 cycles at a scan rate of 0.1 mV s21 in a potential range of 0.01–3 V vs.

Li/Li1. (b) Galvanostatic discharge/charge curves of SnO2/Co3O4/rGO nanocomposites electrode at a current density of 200 mA g21 for the first 50 cycles.

(c) Rate capabilities of SnO2/Co3O4, SnO2/rGO, SnO2/Co3O4/rGO nanocomposites. (d) Cycling performance of three types of nanocomposites

electrodes, and CE of SnO2/Co3O4/rGO electrode.
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rGO (,63.6%)54, SnO2:Fe2O3:rGO (62.4%)24, carbon encapsulated
SnO2 nanoparticles (57.1%)14, SnO2 nanoboxes (46.4%)22, and SnO2

nanowires (46.9%)50. And SnO2/Co3O4/rGO nanocomposites have
the highest cycle retention (106% @ 100 cycles based on charge
capacity) compared to that of SnO2 nanorod (81.9% after 20
cycles)55, nanorod array (57.5% after 100 cycles)56, SnO2/GNS
(70% after 30 cycles)13. It is generally accepted that the electrochem-
ical performance of SnO2 nanocomposites can be improved by
incorporation of carbonaceous materials (e.g. rGO, CNT, amorph-
ous carbon coating) due to the increased conductivity, reduced
volume change during the lithiation and delithiation process,
improved adhesion with the current collector, and the prevention
of aggregation of metal oxide nanoparticles13,21,57–59. It was also
reported that SnO2 performance can be improved by incorporation
of metal oxide nanoparticles. Zhu et al. developed SnO2/Fe2O3/rGO
nanocomposites with improved cycling stability and enhanced spe-
cific capacity of 958 mAh g21 at a current density of 395 mA g21 24. In
this work, the improved performance is mainly attributed to the
effective inhibition of the aggregation of SnO2 nanoparticles by the
metal oxide (Fe2O3) nanoparticles during the lithiation and delithia-
tion process24. However, there has yet to be clear explanations and
investigations to uncover the fundamental reasons behind the
observed higher than theoretical capacity.

With incorporation of other metal oxides, the improved electro-
chemical performance can be attributed to several possible reasons:
(1) Metal oxide nanoparticles effectively prevent the volume changes
of SnO2 during the lithiation and delithation process as the lithiation/
delithiation process of the metal oxides nanoparticles does not occur
at the same time; (2) these nanoparticles also prevents the aggrega-
tion of SnO2 nanoparticles during cycling; (3) reduced charge
transfer resistance; and (4) conversion of Sn to SnO2 and the decom-
position of Li2O during the delithiation process24. It is easy to under-
stand the first three reasons for the improved cycling performance
and rate capability. However, the increased capacity is still contro-
versial. Although it is commonly believed that the conversion of Sn to
SnO2 is an irreversible reaction, there are some reports which
attempted to probe the presence of partial conversion reaction dur-
ing delithiation process. For example, Chen et al. employed X-ray
photoelectron spectroscopy (XPS) to demonstrate the disappearance
of SnO2 when the battery was discharged to 0.01 V and exhibited
again when it was charged to 3 V26.

The key to understand the improved electrochemical performance
is the conversion reaction from Sn to SnO2 during the delithiation
process. In order to investigate the lithiation/delithiation behavior of
SnO2 with the effect of Co nanoparticles, two SnO2/Co3O4/rGO
electrodes were disassembled separately. One cell was discharged
to 0.01 V and another one was charged to 3 V after 20 cycles. The
ex-situ HRTEM images of the electrodes are shown in Figure 4. As
shown in Figure 4a, Co and Sn nanoparticles are found when the cell
discharged to 0.01 V (lithiation process). When the cell is charged

to 3.0 V (delithiation process), Co3O4 and SnO2 nanoparticles are
clearly observed in Figure 4b. In other words, SnO2 nanoparticles is
found after battery charging to 3 V, demonstrating the existence of
SnO2 converted from Sn. This implies the reversible (backwards)
reaction of equation (1). In addition, a-Sn is also found in the
delithiation process, this phenomenon was also reported in SnO2/
C study14.

The whole reaction mechanism of SnO2/Co3O4/rGO electrode
lithiation/delithiation cycle can be explained in Figure 5. During
the 1st lithiation process (step 1), SnO2 nanoparticles are converted
into Sn covered with Li2O matrix (equation 1). With the lithiation
process (step 2), Sn nanoparticles are reacted with Li ions to form
LixSn alloy (0 # x # 4.4) (equation 3), and Co3O4 nanoparticles are
converted into Co nanoparticles until the end of lithiation process
(equation 4 and Figure 4a)60. It is worth mentioning that Sn nano-
particles are also observed when the cell is discharged to 0.01 V,
indicating an incomplete lithiation process. Sn nanoparticles are also
found in the Sn nanowire lithiation process61. The absence of LixSn
nanoparticles in the HRTEM images may be due to the non-crystal-
linity nature/amorphous phase of LixSn alloy without distinguished
lattices61,62. During the lithiation process, the SEI film is formed at
the interface of nanoparticles/alloy-compound and electrolyte. It is
worth mentioning that the formation of SEI film guarantees the cycle
stability of the electrode63. All particles are still held by the rGO sheet
through the tight van der Waals force and chemical bonds31. In the
delithiation process (step 3), when the cell potential is increased to
1 V, the alloyed LixSn is decomposed into Li ions and Sn metal
nanoparticles (equation 5). When the potential is higher than 1 V,
Co nanoparticles are began to convert into Co3O4 nanoparticles with
the decomposition of Li2O64. During this stage, the decomposed Li2O
partially oxidizes Sn into SnO2. With the process of delithiation (step
4), more Co nanoparticles promote the decomposition of Li2O
(equation 6) and more Sn is converted into SnO2 (equation 7). As
a result, the conversion of Sn to SnO2 is a partially reversible reaction
with the assistance of Co nanoparticles during the delithiation pro-
cess. In other words, Co nanoparticle acts as a catalyst to promote the
conversion of Sn to SnO2 with the decomposition of Li2O.

SnzxLizzxe{?LixSn 0ƒxƒ4:4ð Þ ð3Þ

Co3O4z8Lizz8e{?4Li2Oz3Co ð4Þ

LixSn?SnzxLizzxe{ 0ƒxƒ4:4ð Þ ð5Þ

3Coz4Li2O?Co3O4z8Lizz8e{ ð6Þ

Snz2Li2O?SnO2z4Lizz4e{ ð7Þ

The lithium storage is determined by several factors, such as theor-
etical capacity of active material, specific charge storage mechanism,

Figure 4 | HRTEM images of SnO2/Co3O4/rGO electrode (a) discharged to 0.01 V and (b) charged to 3 V after 20 cycles.
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surface kinetics of electrochemically active materials, and transport
of lithium ions and electrons at the electrode and electrolyte inter-
face45,65. It is always a target to design new material system to achieve
high electrochemical performance, including large specific capacity,
high power density and energy density, as well as long cycle stability.
The designed SnO2/Co3O4/rGO hybrid nanostructure was tested
under a large current density (1000 mA g21), and the result is shown
in Figure 6. The SnO2/Co3O4/rGO electrode still can deliver a capa-
city of 614 mAh g21 at a large current density of 1000 mA g21 even
after 900 cycles with a specific capacity retention of 99%. The extra-
ordinary cycle stability at large current density can be attributed the
catalytic effect promoted outstanding electrochemical performance.
In addition, the specific capacity for SnO2/Co3O4/rGO nanocompo-
sites is increased slightly after several cycles as shown in Figure 3d
and Figure 6. The increased specific capacity may be due to three
reasons: (i) more active materials activated during the cycles as the
electrolyte does not fully penetrate the deeper regions of active mate-
rials in the initial several cycles as the discharge current is not small
enough for fully lithiation54; (ii) more available active sites for lithium
ion reaction due to the volume change of the SnO2/Co3O4/rGO66;
and (iii) more Sn converted into SnO2 during the delithiation process
with the assistance of Co catalyst. The application of catalyst in the
field of anode material of LIBs is therefore believed to bring innova-
tion of this area.

In summary, SnO2/Co3O4/rGO nanocomposites were synthesized
via a simple, two-step hydrothermal/solvethermal method and
employed as anode materials for LIBs. The synthesized SnO2/
Co3O4/rGO nanocomposites exhibit excellent electrochemical per-
formance, in terms of high specific capacity, good rate capability and
long cycle stability. The improved performance is attributed to the
catalytic effect of Co to promote the decomposition of Li2O and the
conversion of Sn to SnO2 during the delithiation process. The cata-
lytic role of Co is investigated by ex-situ TEM study. The addition Co
catalyst explores a way to make SnO2 alloying-dealloying type anode
material beyond its theoretical specific capacity and improve the rate
capability and cycling performance at large current density. The
demonstrated idea and synthesized nanostructure may open up a
new route to develop high capacity, large power density and long
cycling life LIBs for the future energy storage devices.

Methods
Materials synthesis. Graphene oxide (GO) was synthesized via a modified Hummer’s
method67. The SnO2/Co3O4/rGO nanocomposites were synthesized by two steps. For
the first step of synthesis of SnO2/rGO, 303 mg SnCl2 and 6.6 mg NH4H2PO4 was
added into the as-prepared 60 ml GO solution (1 mg/ml) with sonication for about
30 mins and continuous magnetic stirring at 50uC for 5 h. Then the mixture was
transferred to a 100 mL Teflon-lined stainless steel autoclave and heated in a normal
lab oven at 220uC for 24 h. After cooling down naturally, black precipitate was
collected by centrifugation and washed with deionized (DI) water and ethanol for
several times to remove the unreacted chemicals and residue, followed by freeze
drying in a freeze dryer with vacuum at 270uC for 48 h. The collected black powder is
named as SnO2/rGO. After synthesis of SnO2/rGO nanocomposites, Co3O4

nanoparticles were incorporated into SnO2/rGO nanocomposites by a solvothermal
method32. In detail, 1.44 ml Co(CH3COO)2 (0.1 mol/l) and 0.8 ml NH4OH solution
were added into 48 ml ethanol with 100 mg SnO2/rGO powder prepared in
advanced. The precursor was heated at 80uC with continuous magnetic stirring for 10
hours, followed by transferred the mixture into a 100 ml Teflon-lined stainless steel
autoclave for hydrothermal growth at 150uC for 2 hours. The final powder collection
procedure was same as that of SnO2/rGO nanocomposites. For the control samples,
SnO2/Co3O4 nanocomposites were prepared by the same method without the
addition of GO.

Materials characterization. The morphologies and structures of the nanocomposites
were checked by field-emission scanning electron microscopy (FESEM, JSM-7600)
and transmission electron microscopy (TEM, JEM-2100F). Crystal structure of the
synthesized nanocomposites were performed by X-ray diffraction (XRD, Bruker D8)
with Cu Ka (l5 0.154 nm) radiation under the accelerating voltage of 40 kV. Raman
spectra were carried out by a confocal Raman system with the 532 nm laser excitation
(WITec Instruments Corp, Germany). Specific surface area testing was performed by
N2 physisorption at 77 K using the Brunauer–Emmett–Teller (BET, TriStar II 3020,
Micromeritics) method. The content of metal oxide in the nanocomposites was
measured by thermogravimetric analysis (TGA, Shimadzu, DTG-60).

Battery assemble process and Electrochemical measurements. The electrode slurry
was prepared by mixing 80 wt% active material (SnO2/rGO, SnO2/Co3O4/rGO and

Figure 5 | Schematic diagram of the catalytic mechanism of Co nanoparticles during the lithiation and delithiation process of SnO2/Co3O4/rGO
nanocomposites electrode. Nano-sized Co particles promote the conversion reaction from Sn to SnO2 nanoparticles and the decomposition of Li2O

during the delithiation process.

Figure 6 | Cycling performance of SnO2/Co3O4/rGO electrode at a large
current density of 1000 mA g21. The electrode exhibits super-stable

cycling performance even after 900 cycles with a nearly 100% CE,

indicating excellent reversibility. The electrode was measured after 10 low

current density activation process cycles.
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SnO2/Co3O4 nanocomposites), 10 wt% conductive carbon black and 10 wt%
polyvinyldifluoride (PVDF) binder with several drops of N-methylpyrrolidone
(NMP) in a mortar agate. The slurry was then painted onto nickel foam, followed by
dried overnight in a vacuum oven at 120uC and pressed into a thin slice for electrode
preparation. The prepared electrode was assembled into a standard CR2032 button
cell with lithium foil as counter electrode and Celgard 2400 membrane as a separator
and filled with 1 M LiPF6 solution dissolved in a mixture of ethylene-carbonate–
ethyl-methyl-carbonate (EC–DMC, 151) as the electrolyte in an argon-filled glove
box. Electrochemical measurements were performed after 24 hours of the battery
assembly. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were tested by an electrochemical workstation (VMP3, Bio-
logic, France). The galvanostatic charge/discharge test was carried out in the voltage
window of 0.01–3 V at various current densities ranging from 100 to 2000 mA g21

using a battery analyzer (Neware, Shenzhen, China). The capacity of all
nanocomposites is measured and calculated based on the whole mass of the
nanocomposites.

In order to investigate morphology changes and detailed electrochemical behavior
of the prepared SnO2/Co3O4/rGO nanocomposites at various lithiation/delithiation
stages, two coin cells were cycled at a current density of 200 mA g21 for 20 cycles and
then stopped one cell at charged voltage of 3.0 V and another one at discharged
voltage of 0.01 V. After that, the coin cells were disassembled in the Ar filled glove
box. The electrodes were washed by NMP for several times, followed by dispersing the
active material into ethanol in a small vial. After that, the active material was dropped
onto a TEM sample grid for further TEM characterization. The whole process was
finished in the glove box to avoid the oxidization of the sample.
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