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1. INTRODUCTION

SnO2 has been considered as a promising anode
material for lithium�ion batteries (LIBs) due to its low
cost, safety and especially high theoretical capacity
compared with the carbon material (with a theoretical
capacity of 372 mA h g–1) [1–3]. Therefore SnO2�
based materials have attracted great interest as prom�
ising substitutes for the commercial graphite anodes.
Unfortunately, pure SnO2 surfers from a large volume
change during lithium alloying and de�alloying, and
this would induce huge internal stress in the electrode
material, which leads to disintegration and loss of
electric contact, and eventually results in quick capac�
ity fading upon extended cycling [4–10].

Different strategies have been proposed to resolve
the above mentioned problems of SnO2�based anodes.
One effective way is to create uniquely nanostructured
SnO2 and the other approach is to introduce carbon�
aceous materials into the SnO2 electrodes [11–15]. In
this regard, various SnO2 nanostructures, such as nan�
otubes [4], nanosheets [5], hollow nanospheres [6],
nanowire [7], nanobelts [8] and nanorods [9] have
been investigated as anode materials for LIBs. These
anode materials have been proved to minimize the
severe volume change and exhibit better electrochem�
ical performance, suggesting that structure modifica�
tion could be a good solution to the poor cyclic reten�
tion of SnO2�based anode materials [10].

On the other hand, Idoda et al. [3] first suggested
SnO2 as anode materials for LIBs in 1997. They
believed that lithium can be reversibly stored in SnO2

(SnO2 + xLi+ + xe = LixSnO2). Later Liu et al. [16]
showed that SnO2 is irreversibly reduced to Li2О and
metallic Sn in the initial discharge (SnO2 + 4Li+ + 4e 
Sn + 2Li2O). This explained the low initial coulombic
efficiency of SnO2, which is one of the major obstacles
to its commercial application. Courtney and Dahn
[17] further proved that the lithium storage in SnOx is
by LixSn alloying and de�alloying (Sn + xLi+ + xe 
LixSn, 0 ≤ x ≤ 4.4). They proposed that the theoretical
lithium storage capacity of Sn by the LixSn alloying is
991 mA h g–1, more than twice the theoretical capacity
of commercial graphite carbon. Both of the above reac�
tions have been well accepted and become the basis for
evaluating the electrochemical performances of SnO2

anodes [4, 6, 18–20]. Recently, the mechanism that the
theoretical capacity of Sn based compounds is voltage
controlled process was proposed [21–23]. As the
upper cut�off potential of <0.8 V vs. Li, the theoretical
capacity is 782 mA h g–1, which corresponds to the
alloying/de�alloying of Li4.4Sn. Upper cut�off poten�
tial of 0.8–1.65 V vs. Li, the corresponding theoretical
capacity is 1138 mA h g–1, (metallic Sn particles subse�
quently were oxidized to SnO, which uptakes of max�
imum 6.4 moles of Li); and at potential window
exceeding 1.65 V vs. Li, the consequent oxidation of Sn2+

(SnO) in to Sn4+ (SnO2) happened, which uptakes of
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maximum 8.4 moles of Li with corresponding theoretical
capacity of ~1494 mA h g–1) [21]. Above mechanism
was proposed based on the CV spectra and theoretical
analysis, and this interesting point waits further verify�
ing in SnO2 electrodes with novel nanostructure.

In this study, SnO2 nanoparticles with a new cuboid
morphology were synthesized by a simple precipitate
of SnCl2 with H2C2O4 ⋅ 2H2O following by tempera�
ture—controlled decomposition of Sn2C2O4 anneal�
ing in air. The electrochemical properties of the SnO2
nano�cuboids display superior lithium�ion storage
performance with very large initial discharge and
charge capacities and high coulombic efficiency,
excellent cyclic performance and good rate capability.
We verified the conversion reaction of Sn to SnO and
then SnO2 along with the LixSn alloying reaction
enables the higher charge/discharge capacity of SnO2
anode by cyclic voltammetry spectra and XRD deter�
mination of the anode materials after cycling.

2. EXPERIMENTAL SECTION

2.1. Synthesis of SnO2 Nano�Cuboids

The experimental procedure for the synthesis of
SnO2 nano�cuboids can be described as follows: 0.21 g
Н2C2O4 ⋅ 2Н2О was dissolved in 50 mL of de�ionized
water. After magnetic stirring for 5 min, a transparent
solution was obtained, then 0.4 g SnCl2 ⋅ 2H2O was
directly added into the above solution at once time
without stirring, and the white pine—tree branches
crystal precipitate generated immediately. Aging for
30 min, the white precipitates were separated by cen�
trifugation at 4500 rpm for 20 min and dried at 60°С
for 20 h in air. The dried precursors were shifted into a
muffle furnace, which was controlled at the heating
rate of 3°С min–1 and annealed at 350°С for 2 h, and
then naturally cooled down to room temperature.
Finally, the light�gray product was obtained.

2.2. Characterization of the Synthesized Materials

Structural characterization of the prepared sample
was performed by means of X�ray diffraction (XRD,
Model Y2000, China) with CuKα radiation (λ =
1.5406 Å), at 30 kV and 20 mA. The structure and mor�
phology of the products were observed using a scanning
electron microscope (SEM, Model ZEISS Ultra 55,
Germany) and transmission electron microscope
(TEM, Model JEM�2100HR, Japan).

2.3. Electrochemical Characterization 
of SnO2 Nano�Cuboids as Anode of LIBs

Electrochemical characterization was performed
in the form of CR2025 coin�type lithium half cells, in
which the prepared SnO2 as the working electrode
(anode) and the lithium (Li) foil was used as a counter
(cathode) and reference electrode. The working elec�

trode was prepared by mixing the active material
(SnO2 1.5 mg), acetylene black and polyvinylidene
fluoride (PVDF) with a weight ratio of 80 : 10 : 10, and
pasted on a copper foil with 18 μm thickness as a cur�
rent collector. Then the electrode was dried at 100°С
for 15 h in a vacuum oven. The electrolyte was pre�
pared by dissolving 1 M LiPF6 in ethylene carbonate
(EC) and dimethyl carbonate (DMC) with a volumet�
ric ratio of 1 : 1. A layer of Celgard 2025 (Celgard, Inc.,
USA) porous membrane was used as a separator. The
cell was assembled in a glove box under argon atmo�
sphere where both the moisture and oxygen contents
were below 1 ppm. The cells were galvanostatically
charge–discharged in the voltage range 0–2.5 V vs.
Li/Li+ at different current rates between 0.1 and 2 C
(1 C rate corresponds to the current density of
782 mA g–1) via a Battery Testing System (Neware Tech�
nology Limited, CT�3008W�5V1mA�S4, China). The
cyclic voltammetry (CV) measurements were recorded
between 0 and 3 V (vs. Li/Li+) at scan rate of 0.1 mV s–1

using a CHI 660A electrochemical workstation.

3. RESULTS AND DISCUSSION

3.1. Microstructure and Morphology 
of Synthesized SnO2 Sample

XRD patterns of as�prepared SnO2 sample after
annealing at 350°С in air for 2 h are showed in Fig. 1a.
All the diffraction peaks in XRD patterns can be well
indexed with the tetragonal rutile phase of SnO2,
which is confirmed by a comparison with the standard
diffraction peaks (JCPDS 41�1445) in Fig. 1b. It can
be seen that no impurity peaks are observed indicating
the high purity of the prepared products. The peak
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Fig. 1. XRD patterns of (a) as�prepared SnO2 samples after
annealing at 350°С in air for 2 h; (b) standard diffraction
patterns of SnO2.
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intensities of (110), (101) and (211) planes are sharper
than the peaks of other crystal planes, which means
nano�cuboid of SnO2 crystals mainly grow along the
three planes at 350°С. The average crystalline size of
the SnO2 is calculated to be about 15 nm according to
the Debye–Scherrer formula.

Figure 2 shows the morphology of the synthesized
SnO2 by SEM and TEM images, respectively. The
SEM image in Fig. 2a reveals that SnO2 presented as
regular cuboid with about 40 nm in width and 100 nm
in length and with a little aggregation. It can be seen
from TEM image in Fig. 2b, the cuboid particles show
about 10 nm in height, and there are some irregular
shapes of SnO2. The size of the nano�cuboid is differ�
ent from that calculated from the XRD patterns,
which is attributed to the calculated size based on
Debye–Scherrer formula is an average of each crystal
plane.

3.2. Electrochemical Properties 
of the SnO2 Nano�Cuboids

To better determine the electrochemical reaction
and reversibility of SnO2 electrode, cyclic voltammetry
(CV) measurements are carried out. Figure 3 shows
the CV curves of SnO2 in the first three scanning cycles at
0.1 mV s–1 in the range of 0–3.0 V. In the first cycle, there
is a strong cathodic peak around 0.75 V (vs. Li+/Li) that
occurs from the reduction of SnO2 to Sn and formed
Li2O by consuming Li+ in electrolyte as given by
Eq. (1) and the formation of a solid electrolyte inter�
phase (SEI) film by Eq. (2) [19–23]. SEI formation is
caused by the decomposition of the electrolyte and the
lithium salt at the surface of the electrode, and this
peak (0.75 V vs. Li+/Li) disappears after the first cycle.
Whether the SEI film can be formed in the next cycles
is related to the surface of the anode material. Kili�
barda et al reported that the reduction peak was
repeated in the second and third cycles because during
lithiation and delithiation some parts of this film may
break off that resulted the fresh surface of active mate�
rial gets into contact with the electrolyte, new SEI for�
mation takes place as long as required additives in the
electrolyte are not completely consumed [24–27].

SnO2 + 4Li+ + 4e  Sn + 2Li2O. (1)

Electrolyte + xLi+ + xe  SEI layer. (2)

(3)

(4)

(5)

The other intensive cathodic peak is around 0.13 V
(vs. Li+/Li), corresponds to the formation of LixSn

Sn xLi
+ xe LixSn+ +

0 x 4.4≤ ≤( ) <0.8 V vs. Li( ).

2Sn Li2O 2SnO 2Li+ 2e+ ++

>0.8 V vs. Li( ).

SnO Li2O SnO2 2Li+ 2e+ ++

>1.65 V vs. Li( ).

50 nm100 nm
(a) (b)

Fig. 2. (a) SEM image and (b) TEM image of the synthesized SnO2 nanoparticles.
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alloys (Li2Sn5, LiSn, Li7Sn3, Li5Sn2 and Li22Sn5) as
described in Eq. (3). In the anodic curve, the peak at
0.54 V (vs. Li+/Li) can be attributed to Li de�alloying
from LixSn and formed metallic Sn according to
Eq. (3). There is a weak oxidation peak of 1.3 V, and
the attribution of this peak has two views, one is the
traditional understanding of partly reversible reaction
(Eq. (1)) from Sn into SnO2 [28–30] as described in
Eq. (1), and another one is the oxidation of metallic
Sn to SnO, based on Eq. (4) (maximum uptake of
6.4 moles of Li with corresponding theoretical capac�
ity of ~1138 mA h g–1) [21–23]. According to the later
view, potential window exceeding 1.65 V vs. Li enables
the consequent oxidation of Sn2+ (SnO) in to Sn4+

(SnO2, maximum uptake of 8.4 moles of Li with cor�
responding theoretical capacity of ~1494 mA h g–1) as
shown in Eq. (5). But no oxidation peaks exceeds
1.65 V vs. Li were observed in this study, which maybe
due to the faster scan rate of 0.1 mV s–1 in this study
and 50 μV s–1 in reference [21] in CV measurements.
Many literatures did not study the mechanism of
Eqs. (4) and (5) because the CV scan rate was too fast and
could not determine these oxidation peaks in CV curves
[28–31].

In the second and third cycles, the reduction peak
at 0.75 V (vs. Li+/Li) disappeared and showed the
broad reduction peak at about 1.2 V (vs. Li+/Li).
According to the traditional view [31], the broad
reduction peak of 1.20 V, together with the oxidation
peak about 1.3 V, suggesting partial reversibility of the
reduction of SnO2 to Sn (Eq. (1)). Another view indi�
cated that the reduction peak at 1.2 V should attribute
to the reduction of SnO to metallic Sn based on Eq.
(4), while the oxidation peak at 1.3 V attribute to the
reversible reaction from Sn to SnO. The fact that SnO

phase exists in the anode materials after cycling con�
firmed the later view is reasonable [21–23]. The
reversible extent of Eq. (4) in the second and third
cycles is much higher than that in the first cycle (the
ratio of current peak is near to 1 at redox�couple at 1.2
and 1.3 V). The other reduction peaks located between
0.75 and 0 V, together with the oxidation peak at
0.54 V correspond to the alloying and de�alloying of
LixSn [28] as described in Eq. (3). But no oxidation
peaks exceeds 1.65 V vs. Li were observed yet in the
second and third cycles. What’s more, the CV profiles
of the second and the third cycle almost overlap, in
support of the reversibility of the electrochemical
reaction in the anode of Li�ion batteries as well.

It can be seen that the alloying/de�alloying reac�
tion of LixSn seems to be partially—reversible resulted
from that the ratio of peak current of cathodic and
anodic is not equal to 1 involved in the charging and
discharging process (redox�couple at ~0.13 and
0.54 V), and the Eq. (4) is partly reversible too for the
ratio of peak current of cathodic and anodic is not
equal to 1 (redox�couple at 1.2 and 1.3 V). The unbal�
anced behavior of discharge and charge resulted in
irreversible capacity loss in the following cycles.

To further investigate the SnO2 anode undergoes
the conversion reaction along with alloying reaction
mechanism mentioned above, the SnO2 working elec�
trode after 16 cycles was analyzed by XRD, and as a
comparison, the new working electrode composed of
SnO2 material coated on Cu foil with PVDF, NMP
and acetylene black was analyzed by XRD too, and the
results are showed in Fig. 4. In Fig. 4a, one can see
three strong peaks of SnO2 of (110), (101) and (211)
crystal planes, besides, there are three strong peaks at
2θ = 43.25°, 50.4°, 74.05°, belong to the diffraction of
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Fig. 4. XRD patterns of (a) working electrode composed of SnO2 materials coated on Cu foil with PVDF, NMP and acetylene
black; (b) standard diffraction peaks of SnO2; (c) the 16 times—cycled SnO2 nanoparticles disassembled in a glove box, washed
in acetone and dried in vacuum; (d) standard diffraction peaks of Sn.
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copper foil of (111), (200) and (220) crystal planes,
which is confirmed by a comparison with the standard
values (JCPDS 04�0836) presented in Fig. 4b. The
other peaks of SnO2 were not shown due to the strong
diffraction of copper covering the peaks of SnO2. The
results showed that the organic substance didn’t influ�
ence the structure of SnO2. The sample in Fig. 4c was
obtained by disassembled the anode after 16 cycles in
a glove box, washed in acetone and dried in vacuum for
6 h. The XRD patterns in Fig. 4c show that the tin is
the main components of the material, and most of tet�
ragonal rutile SnO2 essentially disappeared and turned
to metallic Sn. The diffraction peaks in XRD patterns
can be well indexed with the tetragonal phase of Sn,
which is confirmed by a comparison with the standard
values (JCPDS 65�0296) in Fig. 4d. In addition, the
small peaks marked (*) of 2θ = 29.9°, 33.4°, 37.2°,
57.4° belong to tetragonal SnO (JCPDS 85�0423) and
weak peaks marked (�) of 2θ = 26.6°, 33.9°, 37.9°,
51.8° belong to tetragonal SnO2 (JCPDS 41�1445),
which are derived from the reactions Eqs. (4), (5) and
the reversible reaction Eq. (1). There are some amor�
phous peaks between 2θ = 10°–30°, which are attrib�
uted to the SEI components and amorphous LixSn
alloys. While, in the XRD patterns, Li2O was not
observed, which maybe because the content is very
little.

Galvanostatic discharge–charge tests have been
carried out in the potential window of 0–2.5 V at a rate
of 0.1 C for 30 cycles to evaluate the electrochemical
performance of cuboid SnO2 nanoparticles. Figure 5a
shows the discharge/charge curves for the 1st, 2nd,
10th, 20th and 30th cycles of the SnO2 nano�cuboids
at 0.1 C rate; and Fig. 5b shows the cycle performance
of the SnO2 nano�cuboids tested at 0.1 C. In the first
discharge profile, there is a voltage plateau at around
0.95 V due to the irreversible SEI formation, which
disappears after the second charge–discharge cycle.
The first discharge and charge capacities were 2410

and 1468 mA h g–1, respectively, with coulombic effi�
ciency of 60.9%. Obviously, the initial higher capacity
is attributed to the conversion reaction (SnO2–Sn)
along with the alloy (LixSn) reaction of SnO2 anode.
The values are much higher than previously reported
that 1520 and 742 mA h g–1 with coulombic efficiency
of 48.8% for porous SnO2 nano�spheres [32], 1673 and
815 mA h g–1 with coulombic efficiency about 48.7%
for flowerlikeSnO2 nanorod bundles [33], and 1790
and 750 mA h g–1 with coulombic efficiency of 41.8%
for porous SnO2 micro�tubes [34], 2105 and
1029 mA h g–1 for SnO2 hollow nanospheres [35].
Generally accepted point is the formation of metallic
Sn by the partially irreversible Eq. (1) and the forma�
tion of SEI film (Eq. (2)) by decomposition of solvent
molecules and electrolyte solution, which in turn leads
to consumption of excess amount of lithium and
should be responsible for the first charge and discharge
mismatch [4–6, 19–23]. That is the cathodic (dis�
charge) capacity is the sum of reversible and irrevers�
ible capacity, and anodic (charge) capacity is a revers�
ible capacity.

The second discharge and charge capacities of
SnO2 electrode are 1504 and 1370 mA h g–1, respec�
tively, with the coulombic efficiency was increased
from 60.9% (first cycle) to 91.1%. After 20 cycles, it
was found that the reversible discharge capacity of
SnO2 was still maintained at 1043 mA h g–1, which is
1.97 times of that 530 mA h g–1 of porous SnO2 micro�
tubes [34]. After 30 cycles, it was found that the revers�
ible discharge capacity of SnO2 was still maintained at
915 mA h g–1 as showed in Fig. 5b, with the coulombic
efficiency of 93.84%, which is 1.75 times of that of
522 mA h g–1 of porous SnO2 nanospheres [32], and
2.46 times, of the theoretical capacity of graphite. Obvi�
ously, the discharge capacities keep at 1043 mA h g–1

after 20 cycles and 915 mA h g–1 after 30 cycles, which
are larger than the theoretical capacity 782 mA h g–1

(corresponds to LixSn alloying�dealloying). So, the
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SnO2 anode mechanism is the conversion reaction (of
SnO2–Sn–SnO–SnO2) along with the alloy (LixSn)
reaction.

It is worth noting that we used the same reagents
and synthesis method as that in reference [34], the
nano�cuboid SnO2 was obtained in this study and the
swallow tail like SnO2 micro�tube was obtained in ref�
erence [34]. The differences in size and morphology of
the two samples are attributed to the control of heat
rate of the decomposition of Sn2С2O4. In [34], the
heat rate is very slow (1°C/min) and the СО2 gas
released slowly, resulted the SnO2 particles grew larger
and the release of СО2 gas forming the tube. While in
this study, the heat rate is fast (3°C/min), and the СО2
gas released quickly and SnO2 particles have no time to
grow larger and forming the tube.

The discharge and charge capacities and coulom�
bic efficiency obtained in this study (the initial values
of 2410 and 1468 mA h g–1 with coulombic efficiency
of 60.9%; the values after 20 cycles at 0.1 C still main�
tained at 1043 and 1000 mA h g–1 with coulombic effi�
ciency of 95.9%) are higher than that in [34] (the ini�
tial values of 1790 and 750 mA h g–1 with coulombic
efficiency of 41.8%; the values after 20 cycles at 0.1 C
only maintained at 530 and 505 mA h g–1 with cou�
lombic efficiency of 95.2%). This may be associated
with that the size of cuboid SnO2 in this study is about
40 nm in width, 100 nm in length and only about
10 nm in height. While the swallow tail like SnO2
micro�tube is about 30 μm in length and 10 μm in
diameter, and the much larger SnO2 size is unfavorable
to the electrochemical performance though the tube
structure is favorable. The formed nanosized metallic
Sn particles from nano�cuboid SnO2 with enormous
surfaces is believed to enhance the electrochemical
activity towards the formation/deformation of Li2O,
which effectively enhanced the Li storage capacity. So
the orientation is to control synthesis of SnO2 with

specific morphology and the nano�size particles, and
resulted larger electrode specific surface area.

Cycle performances of SnO2 was further investi�
gated at different charge–discharge current densities
of 0.2, 0.5, 1, 2 and 0.2 C (Fig. 6). The SnO2 exhibits
superior cycle stability and has higher Li+ storage
capacity (506 mA h g–1) even at 2 C. After 30 cycles at
different current densities, the reversible discharge
capacity of SnO2 was still maintained at 418 mA h g–1,
which is higher than that of graphite (372 mA h g–1)
and previously reported about 100 mA h g–1 of SnO2
nanorods [36] and flower like SnO2 [37].

4. CONCLUSIONS

A novel cuboid SnO2 nanoparticles as LIB anode
was synthesized by a simple precipitate of SnCl2 in
oxalic acid and followed by temperature—controlled
decomposition of Sn2C2O4. The XRD of cycled anode
materials and CV spectra of the cell verified the reac�
tion mechanism of SnO2 anode is the conversion reac�
tion of SnO2–Sn–SnO–SnO2 along with alloying
reaction of LixSn. The electrochemical performance
tests show that the initial discharge and charge capac�
ity of cuboid SnO2 nanoparticles are 2410 and
1468 mA h g–1 at the current density of 0.1 C, respec�
tively. After 30 cycles at different current densities of
0.2, 0.5, 1, 2 and 0.2 C, the reversible discharge capac�
ity is still maintained at 418 mA h g–1, which indicates
that the prepared cuboid SnO2 nanoparticles exhibit a
superior lithium capacity and cycle performance. The
nanosize of SnO2 is the main contribution of the high
reversible charge and discharge capacities. All the
results indicate the nano�cuboid SnO2 has promising
perspective as anode of LIB for its large reversible
capacity, excellent cyclic performance and good rate
capability.
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