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Easy preparation of SnO2@carbon composite nanofibers with improved lithium
ion storage properties

Abstract

SnO2@carbon nanofibers were synthesized by a combination of electrospinning and subsequent thermal
treatments in air and then in argon to demonstrate their potential use as an anode material in lithium ion
battery applications. The as-prepared SnO2@carbon nanofibers consist of SnO2 anoparticles/
nanocrystals encapsulated in a carbon matrix and contain many mesopores. Because of the charge
pathways, both for the electrons and the lithium ions, and the buffering function provided by both the
carbon encapsulating the SnO2 nanoparticles and the mesopores, which tends to alleviate the volumetric
effects during the charge/discharge cycles, the nanofibers display a greatly improved reversible capacity
of 420 mAh/g after 100 cycles at a constant current of 100 mA/g, and a sharply enhanced reversible
capacity at higher rates (0.5, 1, and 2 C) compared with pure SnO2 nanofibers, which makes it a promising
anode material for lithium ion batteries.
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SnO,@carbon nanofibers were synthesized by a combination of electrospinning and
subsequent thermal treatments in air and then in argon to demonstrate their potential use
as an anode material in lithium ion battery applications. The as-prepared SnO,@carbon
nanofibers consist of SnO, nanoparticles/nanocrystals encapsulated in a carbon matrix
and contain many mesopores. Because of the charge pathways, both for the electrons and
the lithium ions, and the buffering function provided by both the carbon encapsulating the
SnO, nanoparticles and the mesopores, which tends to alleviate the volumetric effects
during the charge/discharge cycles, the nanofibers display a greatly improved reversible
capacity of 420 mAh/g after 100 cycles at a constant current of 100 mA/g, and a sharply
enhanced reversible capacity at higher rates (0.5, 1, and 2 C) compared with pure SnO,
nanofibers, which makes it a promising anode material for lithium ion batteries.

I. INTRODUCTION

Many metal oxides,"™ as promising anode materials
for lithium ion batteries, have attracted considerable
attention as their high capacity compares with that of
graphite (372 mAh/g).>® Among those metal oxides, tin
dioxide has attracted particular interest because of its
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high capacity (781 mAh/g).® Nevertheless, practical
implementation of SnO, in lithium-ion batteries is
greatly frustrated by the large initial irreversible capacity
induced by Li,O formation and the abrupt capacity fad-
ing caused by volume variation (up to 258%). Myriad
charge transport and electronic conduction issues® have
been attributed to these factors, and they have turned out
to be major obstacles that militate against any practical
use of SnO,. There may be two basic solutions to allevi-
ate this problem: one generally accepted strategy is to
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IP address: 130.130.37.84


http://journals.cambridge.org

Z. Yang et al.: Easy preparation of SnO, @ carbon composite nanofibers with improved lithium ion storage properties

effectively disperse tin oxide in the form of nanoparticles
into “buffering” matrices that may cushion the mechan-
ical effects of the volume changes. Generally, carbona-
ceous materials can be the most effective candidates
among the “buffering” matrices because of their good
conductivity, Li* permeability, and chemical compati-
bility with tin oxide, the Li—Sn alloys, and the electro-
chemical system.” Another alternative strategy9’11 is to
prepare tin oxide in the form of nanostructured materials,
especially one-dimensional nanomaterials, because of
their adequate potential to enhance kinetic properties
owing to their large surface area and short Li* diffusion
length from a structural viewpoint.®

Therefore, viable SnO,-based electrode materials
mainly involve composite materials'? and nanomaterials
such as nanotubes,>'*™ nanowires,'®'” hollow spheres,20
mesoporous structures,”’ etc. These SnO,-based nano-
materials are formed separately from the carbonaceous
matrices in different steps22 or prepared by a template
method.'*'> Some are very expensive because of the
complicated process or the special starting material, while
others cannot be classed as one-dimensional SnO,@
carbon matrices at all. Therefore, achieving one easy step
to prepare tin oxide encapsulated in carbonaceous matrices
with favorable one-dimensional nanostructured materials
is challenging, but advantageous, not only for improving
the conductivity, but also for alleviating the mechanical
effects of the volume changes during the charge/discharge
process.

Electrospinning is one simple method to form contin-
uous one-dimensional nanofibers under the electrostatic
force of the charges on the surface of a liquid droplet in a
sufficiently high electric field, which is applied between
the capillary nozzle and the metal collector.”*** Herein,
this paper presents a relatively simple and low-cost
approach to prepare SnO,@carbon composite nanofibers
by a combination of electrospinning and subsequent
thermal treatments. In addition to combining the advan-
tages of SnO, nanoparticles and carbon matrices, this
SnO,@carbon nanofiber composite has more unique
advantages,25 such as porosity, one-dimensional nano-
structures, and large surface-to-volume ratio, and these
have been investigated in a preliminary way with a view
to its potential use as an anode material for the lithium
ion batteries.

Il. EXPERIMENTAL
A. Preparation of ShO,@carbon nanofibers

The procedures for preparing the electrospinning solu-
tion have been described elsewhere?® in detail. Simply,
0.7 g polyacrylonitrile (PAN; MW = 150,000, Aldrich,
St. Louis, MO) was dissolved in 6.3 g N,N-dimethyl-
formamide (DMF; 99.8%, Aldrich) at 80 °C with vigor-
ous stirring for 2 h (solution No. 1). Then, 0.5 g tin(II)
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2-ethylhexanoate (95%, Aldrich) was mixed with 2.5 g
anhydrous ethanol (solution No. 2). Afterward, the No. 2
solution was added dropwise to the No. 1 solution at
80 °C with vigorous stirring. The mixed solution was
then stirred at room temperature for 3 h again. The poly-
mer solution was transferred into a 10 mL syringe with a
capillary tip (0.8 mm diameter). For spinning, the setup
was similar to that described previously.24 Typically, the
collector was placed 8 cm from the spinneret to collect
the nanofibers. A high voltage of 13 kV was supplied at
the spinneret by a direct-current power supply (DW-
P303-5ACCD, Tianjin Dongwen High Voltage Power
Supply Co., Tianjin, China). The solution was pushed
out of the spinneret by a syringe pump (TS2-60, Baoding
Lange Constant Flux Pump Co., Baoding, Heibei, China)
at the rate of 0.5 mL/h. The collector was kept at 180 °C
during electrospinning to evaporate the solvent. After
spinning for more than 6 h, the nanofiber films were
easily peeled off. The electrospun nanofibers were first
partly pyrolyzed and carbonized in an air environment
at 360 °C for 1 h (heating rate: less than 1 °C/min), and
then fully carbonized at 500 °C for 2 h in argon atmo-
sphere (heating rate: 2 °C/min). Finally, a black film
(SnO,@carbon nanofibers) was obtained.

B. Material characterization

The morphology was evaluated using a JEOL 7500FA
field emission scanning electron microscope (FE-SEM;
JEOL, Tokyo, Japan). Transmission electron microscope
(TEM) investigations were performed using a JEOL
2011F analytical electron microscope (JEOL; Tokyo,
Japan) operating at 200 kV. The composition and crystal
structures of the SnO,@carbon nanofibers were obtained
by x-ray diffraction (XRD) analysis (MMA, GBC,
Australia). Energy dispersive x-ray spectroscopy (EDX)
analysis was carried out on the JEOL 7500FA analytical
electron microscope as well. X-ray photoelectron spec-
troscopy (XPS) experiments were carried out on a VG
Scientific ESCALAB 220IXL instrument using alumi-
num Ko x-ray radiation during XPS analysis. Raman
spectroscopy was conducted on a Renishaw inVia Raman
Microscope using the green light of an Ar laser (514 nm).
Thermogravimetric analysis (TGA) of the PAN was
carried out with a TGA/DSCI1 type instrument (Mettler
Toledo, Switzerland) at a heating rate of 10 °C/min from
25 to 1000 °C in argon.

C. Electrochemical characterization

Electrochemical evaluations were carried out using
CR2032 coin cells. The working electrodes were formed
by mixing the as-prepared SnO,@carbon nanofibers,
carbon black (Super P, MMM, Belgium), and poly(vinyl
difluoride) (PVDF) at a weight ratio of 70:15:15 and
pasting the mixture on copper foil. Pure lithium metal
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was used for the counter and reference electrodes. The
electrolyte consisted of a solution of 1 M/L LiPF6 in
ethylene carbonate (EC)/dimethyl carbonate (DMC; 1:1,
by volume) (Merck KgaA, Germany). Coin cells were
assembled in a high-purity argon-filled glove box
(Mbraun, Unilab, Germany). Charge and discharge were
conducted at different current densities between cutoff
potentials of 0.05 and 2.5 V. Cyclic voltammetry was
performed on a PARSTAT-2273 electrochemical work-
station.

lll. RESULTS AND DISCUSSION

Uniform SnO,@carbon nanofibers were simply syn-
thesized by a combination of electrospinning and subse-
quent thermal treatments. The synthesis is based on a
simple electrospinning method followed by pyrolysis
and carbonization in an air environment and subse-
quently in an inert atmosphere. Specifically, the tin com-
posite/PAN should be heated in an air environment at
360 °C for 1 h to adjust the content of carbon in the
nanofibers (as the final carbon content in the nanofibers
varies with the heating temperature and heating time).
Further, they should be carbonized fully at 500 °C for
2 h in argon atmosphere to form SnO,@carbon nano-
fibers consisting of SnO, nanoparticles encapsulated in
the carbon. The final treatment temperature of the
nanofibers was determined by the TGA results on the
PAN (see the Appendix, Fig. Al).

Field emission scanning electron microscope images
of the as-collected tin composite/PAN nanofibers and
as-pyrolyzed SnO,@carbon nanofibers at different mag-
nifications are displayed in Fig. 1. Figure 1(a) shows a
general overview of the uniform as-prepared tin compos-
ite/PAN nanofibers with lengths extending to several
tens of millimeters. After calcination in air at 360 °C for
1 h and further in argon at 500 °C for 2 h, the nanofibrous
morphology is maintained, as can be seen in Figs. A2(a)—
A2(b) (see the Appendix) and Figs. 1(b)-1(d). The tin
composite/PAN nanofibers have been transformed first
to partly pyrolyzed and carbonized composite nanofibers
with diameters of 80—120 nm, as shown in Fig. A2(a) and
Fig. 1(b), and finally to fully carbonized thinner
SnO,@carbon nanofibers with diameters of 60—100 nm,
consisting of SnO, nanoparticles encapsulated in carbon
matrices, as shown in Fig. A2(b) and Figs. 1(c)-1(d), and
their insets. To describe the formation of the SnO,
nanoparticles in the SnO,@carbon nanofibers, a high-
magnification FE-SEM image of pure SnO, nanofibers,
consisting of orderly bonded nanoparticles with an aver-
age size of ~10 nm, after calcination in air at 500 °C for
2 h, is also shown in Fig. A2(c). Thus, to some extent, the
SnO>@carbon nanofibers can be seen as an intermediate
product in the preparation of pure SnO, nanofibers, but
with carbon filling in between the SnO, particles in the

http://journals.cambridge.org
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FIG. 1. FE-SEM images showing microstructures of as-collected
tin composite/PAN nanofibers and as-pyrolyzed SnO,@carbon
nanofibers: (a) tin composite/PAN nanofibers; (b) as-pyrolyzed SnO,
composite nanofibers in air at 360 °C for 1 h, and single nanofiber of
SnO, composite (inset), at higher magnification; (c) as-pyrolyzed
SnO,@carbon nanofibers treated in air at 360 °C for 1 h and further
in argon at 500 °C for 2 h; (d) as-pyrolyzed SnO,@carbon nanofibers
treated in air at 360 °C for 1 h and further in argon at 500 °C for 2 h,
and single nanofiber of SnO,@-carbon (inset), at higher magnification.

SnO,@carbon nanofibers. The carbon matrices can be
oxidized (burnt off) in air under higher temperature for a
longer time, leaving nanopores behind and forming
structures similar to that of the pure SnO, nanofibers.
However, the average size of the SnO, nanoparticles in
the SnO,@carbon nanofibers may differ from that in the
pure SnO, nanofibers. Additionally, there are some fine
SnO, nanoparticles on the outside of the SnO,@carbon
nanofibers, as shown in Fig. 1(d). Mesopores in the
nanofiber films can be observed in high-magnification
images of the nanofibers, as shown in Figs. 1(b) and
1(d). X-ray diffraction analysis of the as-pyrolyzed
SnO,@carbon nanofibers clearly reveals the diffraction
pattern of a tetragonal rutile structure (JCPDS 41-1445)
belonging to the space group P4,/mnm (136) with lattice
parameters of a = b = 4.7386 A and ¢ = 3.1872 A
(Fig. 2). According to previous reports, carbothermal re-
duction of SnO, becomes feasible only when the carbon-
ization temperature reaches around 600 °C,20’27 and the
XRD analysis (Fig. 2) confirms that carbothermal reduc-
tion of SnO, does not take place during carbonization at
500 °C.

Transmission electron microscope observation of the
pyrolyzed SnO,@carbon nanofibers provides worth-
while structural and chemical information (Fig. 3).
Figure 3(a) displays the TEM bright-field image of a
single SnO,@carbon nanofiber, with the correspond-
ing selected-area electronic diffraction (SAED) pattern
[Fig. 3(a) inset] revealing the fine microstructure of
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FIG. 2. X-ray diffraction pattern of as-prepared SnO,@carbon
nanofibers. The diffraction peaks indicate a tetragonal rutile structure
for the SnO, (JCPDS 41-1445), as indexed in the pattern.

(a) | (b)

FIG. 3. (a) TEM image and SAED pattern (inset) of a SnO,@carbon
nanofiber. (b) Low-magnification TEM image of SnO,@carbon
nanofibers. (The image shows many hole/void nanopores between the
bound SnO, nanoparticles in the nanofibers.) (c) HRTEM image of a
section of a SnO,@carbon nanofiber.

the SnO,@carbon nanofibers. The ring-shaped SAED
pattern indicates that the SnO, encapsulated in the
SnO,@carbon nanofibers is in polycrystalline form. The
spotted diffraction rings from inside to outside can be
indexed to the (110), (101), (200), (211), and (301) planes
of rutile SnO,, respectively [Fig. 3(a) inset]. These
indexed patterns are in good agreement with the XRD
results described previously. Combined with Fig. 3(a),
the low-magnification TEM image in Fig. 3(b) of a few
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SnO,@carbon nanofibers confirms that a SnO,@carbon
nanofiber consists of many small particles distributed in
all the parts of the nanofiber. To further understand the
structure of these nanoparticles encapsulated in the
nanofibers, the high-resolution TEM (HRTEM) image
[see Fig. 3(c)] clarifies the crystal structure, with an
interplanar spacing revealed of approximately 0.336 nm
between neighboring [110] planes of tetragonal SnO,, as
those planes were parallel to the electron beam. Only a
few crystals have revealed clear lattice fringes in the
HRTEM, while other areas without lattice fringes are pres-
ent. These areas could be carbon-filled regions or crystals
whose orientations are not parallel to the electron beam. It
can be observed from Fig. 3(c) that, according to the grid
area, the crystal size of the SnO; in the nanofibers is about
5-10 nm, and there are some crystals attached on the
surface of the nanofiber. Figure 3 further confirms that
those particles shown in both Figs. 3(a) and 3(b), except
for those on the surface of the nanofibers, are actually
SnO, crystals encapsulated in carbon matrices. Those
SnO, nanoparticles originate from the decomposition and
oxidation of tin(IT) 2-ethylhexanoate in the tin composite/
PAN nanofibers, followed by the further diffusion and
crystal growth of tin dioxide in the nanofibers, similar to
what has been reported previously.28 The carbon matrices
enveloping the SnO, nanoparticles in the nanofibers result
from the pyrolysis and carbonization of PAN. Figure A3
(see the Appendix) reveals chemical information on the
as-prepared SnO, nanofibers by means of energy-disper-
sive x-ray (EDX) spectra. The nanofibers mainly include
the elements Sn, C, and O. Comparison of the carbon
contents in the insets in Figs. A3(a) and A3(b) show that
the heat treatment in argon at 500 °C led to an obvious
decrease in carbon content from 18.53% to 12.08%, pos-
sibly due to a partial carbon burn-off and further pyrolysis
of intermediate material at higher temperature according
to the TGA result (Fig. Al). The results confirm that the
SnO,@carbon nanofibers consist of SnO, nanoparticles
encapsulated in carbon matrices, and there are many
mesopores between the nanofibers. This one-dimensional
material would introduce unique advantages in lithium ion
battery application® and could deliver significantly
improved electrochemical performance compared with
the pure SnO, nanofibers.?®

The Raman spectra of the as-prepared SnO,@carbon
nanofibers are shown in Fig. A4 (see the Appendix). To
investigate the properties of SnO, and carbon in
SnO,@carbon nanofibers more effectively, the two char-
acteristic bands of SnO, and carbon are presented in
Figs. A4(a) and A4(b), respectively. In Fig. A4(a), three
Raman spectrum peaks for the SnO, can be observed at
471.49, 616.4, and 770.49 cm™ !, corresponding to the
Eg, Alg, and B2g vibration modes, respectively.'”-?*-°
These peaks demonstrate typical features of the rutile
structure of the SnO,. Compared with the Raman results
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on SnO, nanowires in our previous report,'” with peaks
at 477 cm, 636 cm, and 775 cm_l, some downward shift
of the Eg, Alg, and B2g vibration modes for the
SnO,@carbon nanofibers could have resulted from the
specific nanoscale structure, with the small SnO, crystals
encapsulated in the carbon matrices composing the one-
dimensional nanofibers.”’ The other two weak Raman
peaks at 502.17 and 679.19 cm™ ' are ascribed to the
A2u mode and Eu(2) mode, mspectively.30 The appear-
ance of these two modes in the Raman spectrum may
also be related to the size effect of the particular one-
dimensional nanofibers.'”***° The peak at 552.45 cm™?,
identified as S2 mode, is believed to be the consequence
of the disorder activation of the SnO,@carbon
nanofibers.>® Figure A4(b) shows the Raman spectrum
of SnO,@carbon nanofibers between 900 and 2000 cm "
and includes the fitted spectrum with two Gaussian
peaks. The two peaks at 1358 and 1532 cm ' are
assigned to the disorder band (D band) and the graphene
band (G band), respectively.’'* The relative intensity
ratio of the D and G bands, depending on the perfection
of the graphite layer structure, is also shown in Fig. A4(b)
and further confirms a typical disordered carbon.

To reveal the presence and oxidation states of tin and
carbon in the SnO,@carbon nanofibers, x-ray photoelec-
tron spectroscopy (XPS) analysis has been conducted
from 0 to 1100 eV. Obvious Cls, Ols, and Sn3d peaks
were detected, and their high-resolution spectra are
shown in Figs. 4(a)-4(c), respectively. Figure 4(a) dis-
plays the high-resolution spectrum of the Cls region of

as-prepared SnO,@carbon nanofibers fitted to five
peaks, including unoxidized graphitic (sp2) carbon. The
two large peaks at 284.45 and 284.98 eV are possibly
attributable to graphitic carbon containing a polyaromatic
layered structure,”**> while the peak at 285.6 eV should
probably be assigned to disordered carbon.>* Some oxi-
dized carbon functions are also found that result from the
higher binding energy (BE) peaks at 286.68 and 288.5 eV
assigned to oxidized carbon present in alcohol and car-
bonyl, respectively. As shown in Fig. 4(b), a pronounced
Ols response occurred from 530-532 eV. A portion could
come from unreduced SnO, as evidence by the Ols BE
peak at ~530.7 eV,** while the peak at 531.3 eV may be
the result of the OH™ radical, adsorbed oxygen, or the
carbonyl.** As for the high BE peak at 532.2 eV, it is
possibly attributable to the alcohol, which is in good accor-
dance with the fitted Cls peaks in Fig. 4(a). The Sn3d
spectrum [Fig. 4(c)] for SnO,@carbon comprises two
symmetrical peaks with BEs at 487.07 and 495.46 eV,
which are attributable to Sn3d5/2 and Sn3d3/2, respec-
tively. The separation between these two peaks is
8.39 eV, in good agreement with the energy splitting
reported for Sn02.8’3'6’37 In all, the XPS results confirm
that the as-prepared SnO,@carbon nanofibers are com-
posed of pure SnO, and carbon, except for some adsorbed
water or OH™ on their surfaces. Additionally, part of the
carbon binds with the SnO, by means of C—O or C=O0 to
form this particular structure, i.e., one-dimensional
SnO,@carbon nanofibers consisting of SnO, particles
encapsulated in carbon matrices.

= -~
" =
& g
g =
s 2
= 2
= =
204 291 288 285 282 279 537 534 531 528 525
(a) Binding Energy( eV) (b) Binding Energy( eV)
400
Sn3d
—_ 3201 487.07eV
2
= =
£ 240
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ESRE
‘®
g
E 804
g -
498 495 492 489 486 483
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FIG. 4. XPS high-resolution spectra of (a) Cls, (b) Ols, and (c) Sn3d region of as-prepared SnO,@carbon nanofibers.
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The electrochemical performance of SnO,@carbon
nanofibers for the lithium ion battery has been character-
ized with the galvanostatic discharge—charge cycling and
cyclic voltammetry, as shown in Fig. 5. To identify the
electrochemical reactions during charge/discharge cycles,
the cyclic voltammograms (CV) of SnO,@carbon nano-
fibers for lithium ion battery were obtained and are
presented in Fig. 5(a). The first CV profiles show two
apparent reduction peaks around 0.12 and 0.873 V. The
0.873 V peak should be partly ascribed to Li,O forma-
tion'"*® according to the reaction

SnO, +4Li" +4¢” = Sn+2Li,0 . (1)

This peak disappeared slowly during the subsequent
CV cycles, as shown in Fig. 5(a). The 0.12 V peak

0.8
0.4F
—_
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< 0.0F
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£ -04 2nd Cyele
i 3rd Cyele
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FIG. 5. (a) Cyclic voltammograms of SnO,@carbon nanofiber elec-
trode from the first cycle to the fifth cycle at a scan rate of 0.05 mV/s
in the voltage range of 0.05-2.5 V. (b) The cycling performance from
the first cycle to the 100th cycle of the SnO,@carbon nanofibers and
SnO, nanofibers (58 cycles) at the same current density, 100 mA/g.
(c) The cycling performance from the first cycle to the 100th cycle of
the SnO,@Carbon nanofibers and SnO, nanofibers at different dis-
charge rates (0.5, 1, 2 C).
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observed during the first discharge is attributed to the
alloying of tin with lithium.*® The evidence of both a
weak reduction peak at 1.147 V, originating from the
electrolyte decomposition'® when SnO, nanocrystals in
the SnO,@carbon nanofibers react with Li+, and the
slow disappearance of the 0.873 V peak further demon-
strates that most of the SnO, nanoparticles in the
nanofibers are encapsulated in the carbon matrices.*®
After the first CV cycle, the electrode delivers quite
reversible behavior, mainly in terms of the following
alloying/dealloying reactions:

Sn+aLit +xe” & Li,Sn(0 <x<44) . (2)

In the following CV cycles, three main pairs of reduc-
tion and oxidation peaks at 0.586 and 0.74 V, 0.337 and
0.638 V, and 0.136 and 0.161 V can be ascribed to the
process of Li,Sn formation according to reaction (2),
which is considered reversible to a large extent.®'*?° The
other pairs of reduction and oxidation peaks at 0.784 and
1.155 V, representing the irreversible behavior according
to reaction (1), did not disappear abruptly but gradually
decreased in the subsequent CV cycles, mainly because of
the nature of the SnO, nanocrystals encapsulated in the
carbon matrices in the SnO,@carbon nanofibers.

The cycling performance of SnO,@carbon nanofiber
electrode from the first cycle to the 100th cycle was ob-
tained at a constant current of approximately 100 mA/g,
with a cutoff voltage window of 0.05 to 1.5 V (versus
Li/Li"). For comparison purposes, the cycling perfor-
mance of both the as-prepared SnO,@carbon nanofibers
(100 cycles) and the pure SnO, nanofibers (58 cycles)
that were produced in our laboratory*® are shown in
Fig. 5(b). There is an obvious enhancement in the
electrochemical behavior associated with encapsulation
of the SnO, nanoparticles into the carbon matrices in the
SnO,@carbon nanofibers. The SnO,@carbon nanofibers
deliver much higher Li* storage and a larger initial
reversible capacity of 964 mAh/g for the first cycle.
Additionally, the SnO,@carbon nanofibers display an
initial coulombic efficiency of approximately 55.43%,
which is obviously higher than that of the pure SnO,
nanofibers (49.96%). Moreover, it can be clearly seen
that the SnO,@carbon nanofibers present a higher
reversible capacity (420 mAh/g after 100 cycles) and
better cyclic retention up to the 100th cycle while
the capacity of the pure SnO, nanofibers decreases to
380 mAh/g after 58 cycles, as described in Fig. 5(b). To
further investigate the effects of the carbon matrices that
encapsulate the SnO, nanoparticles in the SnO,@carbon
nanofibers on the electrochemical behavior of SnO,@
carbon nanofiber electrode at different charge/discharge
rates, the cycling performance from the first cycle to the
100th cycle for the SnO,@carbon nanofibers and the
pure SnO, nanofibers at different charge/discharge rates

J. Mater. Res., Vol. 25, No. 8, Aug 2010 1521

IP address: 130.130.37.84


http://journals.cambridge.org

Z. Yang et al.: Easy preparation of SnO, @ carbon composite nanofibers with improved lithium ion storage properties

( iy O ﬁg%

) sno, nanoparticles on the surface of nanofiber

€ SnO; nanoparticles in the nanofiber @ Electron

SCHEME 1. Schematic diagram showing the conductivity during the
discharge/charge process as electrode.

(0.5, 1, 2 C) has been displayed in Fig. 5(c). The SnO,@
carbon nanofiber electrode delivers a rate capacity of
about 226 mAh/g at 0.5 C, even after 100 cycles, and
236 mAh/g at 2 C after 100 cycles, respectively, while
these values for the pure SnO, nanofiber electrode are
only 55.8 mAh/g at 0.5 C after 100 cycles and 10.5 mAh/
g at 2 C after 100 cycles. It should be noted that even
though the rate capacities of the pure SnO, nanofiber
electrode decreased to low values after 100 cycles, as
shown in Fig. 5(c), the corresponding rate capacities of
the SnO,@carbon nanofiber electrode after 100 cycles
are stable at more than 220 mAh/g and almost invariable
with rate.

The highly improved electrochemical behavior of the
SnO,@carbon nanofiber electrode is probably attribut-
able to its special structure with one-dimensional nano-
fibers consisting of SnO, nanoparticles encapsulated in
carbon matrices. The improvement should be attributed
to fewer SnO, nanocrystals in direct contact with the
electrolyte during the charge/discharge process, as well
as to the improvement in the charge transport induced by
the carbon matrices in the SnO,@carbon nanofibers, as
described in Scheme 1. These carbon matrices could not
only improve electronic conduction (see Scheme 1),
owing to the high-speed charge pathways provided by
the carbon matrix, but also increase Li™ transport
between the active phases.®'? Additionally, the carbon
matrices encapsulating the SnO, nanoparticles act as a
“buffer zone” to accommodate the large volume changes
and prevent the agglomeration of the tin nanocrystals
during charge/discharge cycling. Moreover, the nano-
structured SnO, particles in the SnO,@carbon nano-
fibers shorten the transport lengths for both electrons
and lithium ions to a large extent, and the mesopores in
the SnO,@carbon nanofibers ensure a high electrode—
electrolyte contact area. All these factors finally lead to
not only improved reversible capacity, initial coulombic
efficiency, and cyclic retention, but also to great
enhancement of the rate capacity.

IV. CONCLUSIONS

We present a simple and low-cost approach to the
synthesis of SnO,@carbon composite nanofibers by a
combination of electrospinning and subsequent thermal
treatments in air and then in argon. The as-prepared
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SnO,@carbon nanofibers, consisting of SnO, nano-
particles encapsulated in carbon matrices, exhibit highly
improved electrochemical performance in lithium ion
battery application owing to both the high conductivity
pathways for electrons and lithium ions and the buffering
effect provided by the carbon matrices in the nanofibers
during the charge/discharge cycling. This composite
nanofiber delivers a greatly improved reversible capacity
of 420 mAh/g after 100 cycles at a constant current of
100 mA/g. It also exhibits strong enhancement of the
reversible discharge capacity at higher rates, such as 0.5,
1, and 2 C, compared with that of the pure SnO, nano-
fibers. The rate capability of SnO,@carbon nanofibers
varies little with the current rate, partly because of the
effective charge pathways formed by the carbon matrices
in the nanofibers. The electrochemical behavior of
SnO,@carbon nanofiber electrode makes it a promising
anode material for lithium ion batteries. Of course, there
is still much room to improve the electrochemical perfor-
mance of SnO,@carbon nanofibers by optimizing the
ratio of carbon matrices to the SnO, to reduce the number
of SnO, crystals on the surface of the nanofibers. This will
be further studied in the future.
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FIG. Al. TGA curve of polyacrylonitrile (PAN) in argon.
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FIG. A2. High-magnification FE—-SEM images of the partly pyro-
lyzed SnO, composite nanofibers, SnO,@carbon nanofibers, and
SnO, nanofibers: (a) high magnification FE-SEM image of partly
pyrolyzed and carbonized SnO, composite nanofibers treated in air at
360 °C for 1 h; (b) high-magnification FE-SEM image of SnO,@
carbon nanofibers treated in air at 360 °C for 1 h and further in argon
at 500 °C for 2 h; (c) high-magnification FE-SEM image of SnO,
nanofibers after calcination in air at 500 °C for 2 h.
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FIG. A3. Energy-dispersive x-ray (EDX) spectra of SnO,@carbon
nanofibers and corresponding content tables for the samples (inset):
(a) SnO,@carbon nanofibers treated in air at 360 °C for 1 h, (b) the
SnO,@carbon nanofibers treated in air at 360 °C for 1 h and further in
argon at 500 °C for 2 h.
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FIG. A4. Raman spectra of SnO,@carbon nanofibers: (a) band for

SnOy; (b) band for carbon.
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