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a b s t r a c t

Since carbothermal reduction of SnO2 occurs above 600 �C, carbon-coating experiments using various
polymer precursors have been carried out at relatively low temperatures (w500 �C). It is not likely,
however, that the carbon synthesized at w500 �C much enhances the conductivity of SnO2 anodes,
because polymer precursors have undergone insufficient carbonization. This article confirms that the
main role of carbon coating is sustaining the domain of each Sn nanoparticle by preventing its aggre-
gation, and thereby improving the cycling performance of SnO2 nanoparticles. The transmission electron
microscopy after cycling showing well dispersed Sn nanoparticles and electrochemical impedance
spectroscopy revealing larger charge-transfer resistances with increasing carbon contents are in line with
these interpretations.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Practical alternatives to the commercial graphite anode in
lithium-ion batteries have been investigated extensively to
overcome the capacity limitation of graphite (372 mAh g�1)
[1e4]. Several alternative anode materials with high capacity
and stable cycle-life performance appear to be most promising
advancement of Li-ion batteries [5e10]. It has been reported that
the major drawback of graphite anode could be adequately
overcome with the use of SnO2: SnO2 theoretically can store
more than twice as much Liþ as graphite (781 mAh g�1) [11e15].
SnO2, however, suffers from a large initial irreversible capacity
with the formation of Li2O and from poor capacity retention due
to the volume expansion of Sn during electrochemical reactions
with Liþ [Eqs. (1) and (2)]. These are the main barriers to the
practical utilization of SnO2 [16e18]:
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SnO2 þ 4Liþ þ 4e�/2Li2Oþ Sn (1)

Snþ 4:4Liþ þ 4:4e�% Li4:4Sn (2)

The amorphous Li2O matrix formed by a conversion reaction
[7] is assumed to be electrochemically inert after the first
introduction of Liþ, but the volume expansion of Sn occurs when
it reacts with Liþ in the subsequent alloyingedealloying
processes. Courtney et al. [19] observed that small Sn particles
aggregated into larger Sn clusters during repeated reversible
reaction with lithium. Then, the aggregation of active particles
leads to more severe volume expansion of Sn as the absolute
changes in dimensions of the active particles become significant
[19]. This volume expansion of LixSn consequently causes the
particles to detach and electrically disconnect. Some efforts have
tried to modify the morphology and structure of SnO2 to alle-
viate its electrochemical disadvantages with various types of
SnO2 nanostructures, such as nanowires, nanotubes, and nano-
powders [20e23].

Another approach includes the fabrication of SnO2 nano-
composites particularlywith carbon-basedmaterials most of which
are synthesized from polymer precursors at w500 �C [13,24e26]
(since SnO2 goes through a carbothermal reduction and turns
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Fig. 1. XRD patterns of the SnO2 nanoparticles with different carbon contents. The
ideal peak positions and intensities for rutile SnO2 (JCPDS #41-1445) are marked at the
bottom.

Table 1
The compositions and sizes of the SnO2 nanoparticles with different amount of
glucose. The compositions were measured by CHNS elemental analysis, and the
grain sizes were measured by x-ray diffraction.

Glucose (g) SnO2 (wt.%) C (wt.%) Grain size (nm)

0 99.98 0.02 14.2� 0.2
0.5 97.55 2.45 13.8� 0.2
1 94.66 5.34 11.2� 0.2
2 91.29 8.71 10.0� 0.1
4 78.39 21.61 9.5� 0.2
5 66.84 33.16 8.4� 0.1
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into Sn metal at or above 600 �C [27]). Most papers have reported
that carbon additives not only increase the conductivity of C-coated
SnO2 but also serve as a physical buffer layer [28e31]. It is not clear,
however, that the enhanced electrical conductivity by these addi-
tives indeed plays a dominant role in improving the
Fig. 2. Voltage profiles for the SnO2 nanoparticles with different carbon contents and
for disordered carbon only. All of the cells were cycled between 5 mV and 1.2 V at
a current density of 500 mA g�1 (¼0.64 C).
electrochemical performance of C-coated SnO2 [32]. Even though
various groups [13,24e26] have reported that carbon synthesized
at a low temperature (w500 �C) improves SnO2 anodes, demon-
strating a primary origin of enhanced cell properties by carbon
coating is still lacking. In this respect, this article explains the exact
Fig. 4. XRD patterns of the SnO2 nanoparticles at 1.2 V as a function of carbon
contents, after 50 cycles between 5 mV and 1.2 V. The diffraction patterns are indexed
to tetragonal Sn. The ideal peak positions and intensities are marked for tetragonal Sn
(JCPDS #04-0673).

Fig. 3. Cycle-life performances of carbon-coated SnO2 nanoparticles with different
carbon contents and disordered carbon as an active material, with a current rate of
500 mA g�1 (¼0.64 C) between 5 mV and 1.2 V.



Fig. 5. TEM images of uncoated SnO2 nanoparticles at 1.2 V after 50 cycles under different magnifications. The inset images are diffraction patterns showing the tetragonal Sn phase.
The orientations of Sn nanoparticles are indicated by solid triangles.
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role of carbon in SnO2 nanoparticles during electrochemical reac-
tions by varying the amount of incorporated carbon.

2. Experimental procedure

A solvothermal method was adopted to synthesize SnO2 nano-
particles using SnCl4 and ethylene glycol (C2H6O2). One milliliter of
liquid SnCl4 (Aldrich, 99%) was first dissolved in 40 mL of ethylene
glycol (Kanto Chemical, 99.5%), and anhydrous a-D-glucose
(Aldrich, 96%) (C6H12O6) (0e5 g) was then added as a carbon source
under magnetic stirring [33]. They were heated by a one-step
method to effectively coat each nanoparticle and to minimize the
amount of organic precursor (glucose) used for subsequent
carbonization [34]. The mixtures were kept in a Teflon-sealed
autoclave at 180 �C for 12 h. After cooling to room temperature,
the resulting precipitates were washed a couple of times in water
and ethanol, followed by drying in oven for 10 h. The dried powders
were heat-treated under Ar atmosphere at 500 �C for 4 h to obtain
C-coated and pure (uncoated, 0 g of glucose) SnO2 nanoparticles.
Pure carbonwas synthesized with only glucose [35] to estimate the
capacity of carbon used in this experiment (w100 mAh g�1). The
structure and phase of the SnO2 nanoparticles were identified by x-
ray diffraction (XRD: M18XHF-SRA, MAC Science). The relative
compositions of carbonwere measured using CHNS analyzer (Flash
EA 1112, Thermo Electron Corp.). Transmission electron microscopy
(TEM) and conventional energy dispersive x-ray (EDX) spectros-
copy were performed using a JEM-3000F-JEOL operating at
200 keV accelerating voltage. To prepare samples for TEM analyses,
the 50 times-cycled SnO2 nanoparticles were disassembled in
a glove box, washed in diethylene carbonate, dried in vacuum, and
then washed in ethanol. The resulting solutions were dropped on
an amorphous-carbon-coated copper grid and dried in an oven
before the analysis.

Cycling tests were performed using coin-type half cells (2016
type) with a Li counter electrode. The Li counter electrode was
punched into 1 mm-thick disc with an area of 1.77 mm2. The
working electrode consisted of an active material, a super P
carbon black, and a polyvinylidene fluoride binder at a weight
ratio of 8:1:1. The electrolyte contained 1 M LiPF6 in ethylene
carbonate/diethylene carbonate (1/1 vol.%) (Cheil Industries Inc.).
The cells were cycled between 5 mV and 1.2 V after the first
discharge from the initial open-circuit voltage. The cycling tests
were performed at constant current density of 500 mA g�1

(¼0.64 C rate based on the theoretical capacity of SnO2). The
specific capacity was calculated based on the amount of only
SnO2, and the capacity of carbon was subtracted in this article.
Electrochemical impedance spectra were measured using
a potentiostat (CHI 608C: CH Instrumental Inc.) after 5 cycles at
0.64 C. The applied voltage was 0.53 V with AC amplitude of
5 mV in the frequency range from 10 mHz to 105 Hz.

3. Results and discussion

The XRD patterns of carbon-coated SnO2 nanoparticles with
different carbon contents are exhibited in Fig. 1. All of the
diffraction peaks are indexed to SnO2 with the space group P42/
mnm (136) (JCPDS #41-1445), and no secondary phases are
detected. The observed broad peaks are indicative of SnO2
nanocrystals. The average grain sizes were estimated by Scherrer
equation [36e38] with the peak widths (full width at half



Fig. 6. TEM images 33 wt.% C-coated SnO2 nanoparticles at 1.2 V after 50 cycles under different magnifications. The inset images are diffraction patterns showing the tetragonal Sn
phase. The orientations of Sn nanoparticles are indicated by solid triangles. The dark-gray region highlighted by arrows consists of probable Li2O and carbon layer.
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maximum) (fitted using a double peak Lorentzian function,
considering the effect of Ka1 and Ka2) corresponding to the
(110), (101), and (211) main peaks, and are tabulated in Table 1
for C-coated SnO2 nanoparticles synthesized from different
amounts of glucose. It is very likely that linked glucose chains
prevent the growth of SnO2, and therefore the grain size of SnO2
becomes smaller with increasing amounts of glucose.

The cycle-life performances of C-coated SnO2 nanoparticles
with different carbon contents are presented in Fig. 2. A difference
between the uncoated and C-coated samples is observed at the
w0.8 V plateau indicating the formation of the Li2O phase. This
plateau completely vanishes from the w22 wt.% C-coated SnO2
[39]. It is noted that the carbon used in this article is a disordered
carbon with insufficient carbonization [33]. The carbon contents
were identified with an elemental analyzer, and are tabulated in
Table 1.

The w33 wt.% C-coated SnO2 nanoparticles maintain the
capacity of w600 mAh g�1 until the 50th cycle. The uncoated
SnO2 nanoparticles, on the other hand, suffer from a significant
loss of capacity only after 20 cycles, giving a discharge capacity
of w150 mAh g�1 at the 50th cycle. The SnO2 nanoparticles with
intermediate amounts of carbon (w2, w5, and w9 wt.%) show
slight decreases in their initial capacities followed by high rates
of decay leading to comparable capacities to that of the
uncoated SnO2 at the 50th cycle. The w22 wt.% C-coated SnO2
nanoparticles show more stable cycle-life performances, but still
exhibit a loss of capacity after 50 cycles. The gradual increases in
capacity during the first 10 cycles (Fig. 3(e) and (f)) indicate that
it takes some time for the electrolyte to penetrate into SnO2
particles with thick carbon layers (w22 and w33 wt.% carbon)
[40]. Evidently, a certain amount of carbon starts to enhance the
cycle-life performance of SnO2 nanoparticles.

It is well known that several disadvantages of a SnO2 anode are
mainly due to the large mismatch of volume between Sn and LixSn.
The accommodation of such a volume expansion seems important
to secure a large and stable reversible capacity. Therefore, the
effective coating of carbon is beneficial for cycling stability of SnO2
nanoparticles. The cycle-life performances of C-coated SnO2 with
different amounts of carbon (from w0 to w33 wt.%) for 50 cycles
are displayed in Fig. 3. The carbon contributesw100 mAh g�1 to the
capacity after the initial stages [41].

The cycled SnO2 nanoparticles were examined with both XRD
and TEM to confirm the rationale behind the different cycling
performances. After the cells were disassembled after 50 cycles, the
XRD patterns of C-coated SnO2 nanoparticles were collected, and
are shown in Fig. 4. All reflections for the samples are in accordance
with a tetragonal Sn (JCPDS #04-0673). The average grain sizes of
the samples with w0 and w33 wt.% carbon are almost the same,
independent of the carbon contents.

The results of XRD are consistent with those of TEM analysis.
The images in Fig. 5(a) were obtained from the uncoated SnO2
nanoparticles at 1.2 V after 50 cycles, and the tetragonal Sn (t-Sn)
nanoparticles were confirmed by electron diffraction. It can be seen
that Sn nanoparticles aggregate into larger clusters. As highlighted
with dashed lines, several grains are in close proximity to each
other, and are likely to clump together into clusters or particles
[19,42]. Aggregated particles cause severe volume expansion, and
as a result, the active particles crack to release the mechanical



Fig. 7. (a) A TEM image of 33 wt.% C-coated SnO2 at 1.2 V after 50 cycles, and the corresponding EDX analyses of (b) bulk regions (Sn rich), and (c) the boundary (carbon and oxygen
rich).
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stresses during their reactions with Liþ [43,44]. Then, the pulver-
ized particles are exposed to the electrolyte to form a new solid
electrolyte interphase (SEI), and/or become electrically discon-
nected, which are the main causes of capacity fade in SnO2 anodes
[45]. The images in Fig. 5(b) also show rather aggregated states of
particles.

On the other hand, the images of w33 wt.% C-coated SnO2
nanoparticles exhibit each single grain coated with carbon, as
shown in Fig. 6. The observed coreeshell structure is established by
a coating layer which consists of probable Li2O and carbon. Inter-
estingly, the image shows solid core/shell morphology even though
the volume contraction from LiSnx to Sn should have resulted in
rather a hollow core structure. One possibility for this is that Sn
oxidizes in air during the sample preparation for TEM [42]. From
Fig. 6, it appears that the gel-like Li2O within the shell is squeezed
out: it is evident that Li2O itself serves as a buffer during the volume
expansion of LiSnx [46]. Both Li2O and carbon help to accommodate
the volume expansion, with the carbon also preventing Sn from
migrating to the neighboring particles. Thus, the Sn nanoparticles
with w33 wt.% carbon coating have difficulty in aggregating. The
EDX analysis of the bulk (Fig. 7(b)) shows that core part of the
particles is mainly composed of Sn, whereas regions nearest the
boundaries (Fig. 7(c)) confirm that some phases containing oxygen,
which are likely to be Li2O and some amounts of possible SnO2, are
the main components of the shell. It should be noted that carbon is
also expected within the shell, despite the low detection limit of
carbon by EDX.

The estimated thickness of carbon in w33 wt.% C-coated Sn
nanoparticles is approximately 2 nm with the densities of disor-
dered carbon (hard carbony 1.5 g cm�3) [47] and tin oxide
(6.95 g cm�3), assuming a complete carbon encapsulation of
spherical SnO2 nanoparticles (w8.4 nm in diameter). With an
essential amount of carbon layer (approximately w2 nm), superior
electrochemical stability is obtained by reversible volume change
with little aggregation of Sn nanoparticles during cycling.

Particularly important is the electrochemical impedance spectra
of C-coated SnO2 nanoparticles with different carbon contents. The
Nyquist plot in Fig. 8(a) reveals the impedances associated with the
charge-transfer resistances of the C-coated SnO2. The charge-
transfer resistance (Rct), which is believed to be one of the impor-
tant factors in electrochemical reactions, is reflected in the diam-
eter of the semicircle along the Z0 axis [48]. The inset in Fig. 8(b)
shows an approximated equivalent circuit of C-coated SnO2: the
solution resistance, charge-transfer resistance, constant-phase
element, and Warburg impedance are denoted by Rs, Rct, CPE, and
Zw, respectively. The charge-transfer resistances of C-coated SnO2
were obtained by fitting the spectra based on the equivalent circuit.
The Nyquist plot demonstrates that more carbon contents result in



Fig. 8. (a) Electrochemical impedance spectroscopy of C-coated SnO2 after 5 cycles
with an applied voltage of 0.53 V. The fitting lines were obtained using the equivalent
circuit below. (b) The charge-transfer resistances of C-coated SnO2 with increasing
carbon contents.

Fig. 9. Schematic illustrations showing the evolution of nanostructu
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higher charge-transfer resistance. This, however, seems contradic-
tory since the cycling stability clearly improves with the amount of
carbon. One plausible explanation could be that the carbon layer
synthesized from a polymer precursor, with relatively low-
temperature (500 �C) calcination, does not contribute much to
the conductivity of the active particles [32,39]. It has been reported
that carbon synthesized at a temperature lower than 700 �C still
has some amounts of hydrogen and oxygen present, leaving sp3

local bonding of the host carbon atoms [49,50].
The evolution of nanostructures during electrochemical lith-

iation/delithiation processes is illustrated. As shown in Fig. 9, it can
be concluded that the cycling properties are enhanced by little
aggregation of active materials with the aid of the coated carbon.
The key factor controlling the reversibility is the sustaining of the
domain of each nanoparticle, by limiting the possible aggregations
among them [18]. In other words, the degree of Sn-nanoparticle
aggregation is more likely to determine the capacity retention.
More detailed in situ experiments are needed to clarify the exact
mechanisms of the lithiation process and of the insulating char-
acteristics of the carbon layer enhancing the cycle-life performance
of SnO2 anodes [51].
4. Conclusions

Of the C-coated SnO2 nanoparticles synthesized with different
amounts of glucose, the w33 wt.% C-coated SnO2 nanoparticles
exhibit a superior cycling stability compared to the others, and they
maintain a capacity ofw600 mAh g�1 until the 50th cycle. Since the
C-coated SnO2 nanoparticles are synthesized under the sol-
vothermal condition and further heated to 500 �C, the effect of
electrical conductivity of carbon on the electrochemical perfor-
mance can be moderately excluded. The TEM images after cycling
confirm that the nanoparticles are well dispersed with little
aggregation. The electrochemical impedances, together with the
images from TEM verify that the most significant role of carbon in
C-coated SnO2 is to sustain the domain of each Sn nanoparticle so
that more facile accommodation of volume expansion of LixSn can
be achieved during the electrochemical lithiation/delithiation
processes.
res during the electrochemical lithiation/delithiation processes.
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