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ABSTRACT: This paper reports a novel self-templating meth-
odology for the formation of SnO,-carbon hybrid hollow
spheres by using Sn spheres as sacrificing templates. The
time-sequenced structural evolution of the templates indicates
that the nanoscale Kirkendall effect plays a critical role in the
transformation from Sn spheres to the hybrid hollow spheres.
Moreover, the as-synthesized SnO,—carbon hybrid hollow
spheres have been applied as anode materials for lithium-ion
batteries, which exhibit a much higher initial Coulombic
efficiency and better cycling performance than pure SnO,
hollow spheres.

—=— 8n0,-C HHS
+— 50 -HS

4 Snspheres |

10 20 30 10 50
Cycle Number

KEYWORDS: self-templating synthesis, nanoscale Kirkendall effect, SnO,, carbon, hybrid hollow spheres, lithium ion batteries

1. INTRODUCTION

Hollow micro/nanospheres have attracted significant atten-
tion because of their unique chemical, optical, electrical, and
magnetic properties that are distinctively different from their
bulk counterparts.' Owing to their low density, high surface
area, and porous structures, various types of hollow spheres
including carbon,” Au,> MnO,,* CdS,’ and ZnV2046 are found to
show high performance in bilirubin adsorbents, water treatment,
sensors, lithium-ion batteries, and so forth. Furthermore, hybrid
hollow spheres, which contain multiple functional components,
are expected to show novel properties or improved performance
in a variety of applications compared to single-component
hollow spheres.” " For example, Yu et al. obtained novel optical
properties from ZnO—dye hollow spheres.® Teng et al. synthe-
sized Mn30,4—Co30, hollow spheres with a stronger chemilu-
minescence intensity and a higher catalytic activity for CO
oxidation than single Co30, ones."

As an important n-type wide bandgap semiconductor, tin dioxide
(Sn0,) has received considerable attention over the past few decades
because of its unique physicochemical properties and potential
applications in gas sensors,'” transparent electrodes,” photo-
catalysts,"* and lithium-ion batteries."> Among various micro/nanos-
tructures, SnO, hollow spheres are of particular interest for reversible
lithium ion storage because of their large surface area, short solid-state
diffusion length, and excellent toleration for large volume change
during cycling.'*”*® Moreover, hzrbrid SnO, hollow spheres, such as
SnOZ—OL—FeZO3,19 Sn0,—V,0;, 9 and so forth,21724 have been
demonstrated to exhibit a higher initial Coulombic efficiency and
better cycling performance than pure SnO, hollow spheres. Among
them, SnO,-carbon hybrid hollow spheres are the most intensively
studied ones due to the introduction of carbon component with high
electronic conductivity and excellent buffering effect.” ~** However,
the synthetic routes for these hybrid hollow spheres often involve
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the formation of silica”** or carbon®* spheres as hard templates,

which induces additional template-removing process and production
cost of the templates. Therefore, these hard-templating routes seem
to be not suitable for the mass production and practical application of
the hybrid hollow spheres. It is desirable to obtain the products
through more facile and economic procedures.

Herein, we develop a novel self-templating methodology for
the formation of SnO,-carbon hybrid hollow spheres (SnO,—C
HHS) by using Sn spheres as sacrificing templates. The time-
sequenced structural evolution of the templates has also been
investigated. It is indicated that the nanoscale Kirkendall effect
plays a critical role in the transformation from Sn spheres to the
hybrid hollow spheres. Moreover, the as-synthesized SnO,—C
HHS have been applied as anode materials for lithium-ion
batteries, which show improved lithium-storage performance
than pure SnO, hollow spheres and pristine Sn spheres.

2. EXPERIMENTAL SECTION

Synthesis of SnO,—C HHS. The precursor Sn spheres used as
sacrificing templates were prepared through a simple polyol method. In a
typical synthesis, 0.7 g of PVP was dissolved in 45 mL of DEG at room
temperature. The solution was heated up to 170 °C, after which S mmol
of SnCl, was added. A freshly prepared solution of NaBH, (0.872 g in
8 mL of DEG) was then added dropwise with stirring. After 12— 15 min
at 170 °C, the spheres were centrifuged, washed with ethanol, and finally
dried at 80 °C under a vacuum.

SnO,—C HHS were prepared by a simple hydrothermal carboniza-
tion approach.”>*¢ Briefly, 0.2 g Sn spheres were dispersed in 40 mL
0.25 M aqueous glucose solution under mild sonication. Then, the solution
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Figure 1. (a) Schematic diagram for the growth process of SnO,—CP HHS during a hydrothermal treatment; (b) XRD patterns of Sn spheres (curve a),

Sn-Sn0,—CP HHS (curve b), and SnO,—CP HHS (curve c).

was transferred into a 50 mL Teflon-lined stainless steel autoclave,
sealed, and maintained at 180 °C for 1 and 3 h, respectively. After the
reaction was finished, the resulting brown solid products were centri-
fuged, washed with distilled water and ethanol, and then dried at 80 °C
under vacuum. Finally, the brown products were kept in a tube furnace at
500 °C for 3 h, under nitrogen and in air, respectively, at a ramping rate
of 5 °C min~ .

Characterization. The obtained samples were characterized by X-ray
powder diffraction (XRD) using a Rigaku D/max-ga X-ray diffractometer
with graphite monochromatized Cu Kot radiation (y = 1.54178 A). The
morphology and structure of the samples were examined by field emission
scanning electron microscopy (FESEM, Hitachi S-4800) with energy-
dispersive X-ray spectrometer (EDX, Horiba, 7593-H) and transmission
electron microscopy (TEM, PHILIPS CM200UT). The FESEM samples
were obtained by placing a drop of a suspension of the powders in ethanol
on a copper-foil tape. After the evaporation of ethanol, the copper tape was
attached to a FESEM aluminum stub. Samples for TEM were prepared by
placing a droplet of the suspension onto a Cu-grid with holey carbon film.
The Fourier transform infrared (FT-IR) spectra were carried out on an
Avatar 360 FT-IR spectrometer. Thermogravimetric analysis (TGA) was
tested on an SDT Q600 V8.2 Bulid 100.

Electrochemical Measurements. Electrochemical measure-
ments were carried out using two-electrode 2025 type coin cells with
lithium metal as the counter electrodes. The working electrodes were
composed of active material (e.g,, SnO,—C HHS), conductive materials
(acetylene black, AB), and binder (polyvinyldifluoride, PVDF) in a
weight ratio of SnO,—C HHS/AB/PVDF = 80:10:10, and pasted on a
copper foil. Carbon layer in SnO,—C HHS was considered as active
material. The amount of active material loading on each copper foil
(about 13 mm in diameter) was around 2 mg. The electrolyte solution
was 1 M LiPFg dissolved in a mixture of ethylene carbonate (EC),
propylene carbonate (PC), and diethyl carbonate (DEC) with the
volume ratio of EC/PC/DEC = 3:1:1. The cell assembly was performed
in a glovebox filled with pure argon (99.999%) in the presence of an
oxygen scavenger and a sodium-drying agent. The electrode capacity was
measured by a galvanostatic discharge—charge method at a current
density of 100 mA g~ " in the potential range of 0.01—2 V at 20 °C.
Cyclic voltammetry (CV) were recorded on a MSTAT4 (Arbin In-
struments) system in the potential range of 0.0—2.0 V at a scan rate of
01mVs .

3. RESULTS AND DISCUSSION

SnO,—C HHS have been prepared through a facile self-
templating hydrothermal carbonization methodology by using
Sn spheres as sacrificing templates. The self-templating metho-
dology presented here has several advantages compared to the
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previous reported hard-templating methods.”' ~>* First, the
preparation of Sn spheres is facile and scalable. Second, the using
of Sn spheres as sacrificing templates can avoid the difficulty of
removing templates such as silica,”"** carbon spheres,”* and so
forth. Third, SnO, and carbon precursor (CP) components are
introduced into the products through a one-pot hydrothermal
process, which further simplify the formation process. Therefore,
the self-templating methodology demonstrated here facilitates
the mass production and practical application of SnO,—C HHS.

The effect of hydrothermal time on the phase and morphology
changes of the products has been investigated. As schematically
illustrated in Figure 1a, Sn spheres have been first converted to
Sn-SnO, hollow spheres within 1 h of the hydrothermal treat-
ment. In addition, this evolution is accompanied by deposition of
a CP layer which is derived from glucose, resulting in Sn-
SnO,—CP hybrid hollow spheres (Sn—SnO,—CP HHS). When
the hydrothermal time increases to 3 h, the precursors have been
fully converted to SnO,—CP HHS with a thicker CP layer.
Figure 1b shows the XRD patterns of the products along with the
reaction time. As observed, the phase of the products has
transformed from tetragonal Sn (curve a) to mixture of Sn and
SnO, (curve b), and finally to pure tetragonal SnO, (curve c),
while the CP layer is not well-crystallized.

Figure 2 shows the TEM images of the Sn spheres,
Sn—Sn0O,—CP HHS, and SnO,—CP HHS. As observed from
Figure 2a,b, the sacrificing precursor has a sphere-like morphol-
ogy with a diameter of about 100 nm. After a glucose-assisted
hydrothermal process, the Sn sphere has been partially oxidized
to Sn-SnO,—CP HHS (Figure 2c,d), then fully oxidized to
SnO,—CP HHS (Figure 2e,f) because of the existence of oxygen
dissolved in water. Since the first report by Alivisatos et al,”” the
nanoscale Kirkendall effect has been widely employed for the
formation of hollow nanoparticles and nanotubes,”® > because
the mutual diffusion rates of two components in a diffusion
couple differ by a considerable amount.>" Similar to the previous
reports,”” * the time-sequenced structural evolution of the
products also gives strong evidence of the critical role of
nanoscale Kirkendall effect in the transformation from Sn
spheres to SnO,—CP HHS. The formation mechanism of the
hollow spheres can be descried as follows. Metallic Sn diffuses
outward faster than oxygen inward,*® leading to the generation of
voids between the Sn core and SnO, shell. The TEM images of
the partially hollow Sn—SnO,—CP HHS (Figure 2¢,d) clearly
reveal the voids between the core and shell, which have also been
observed in intermediate stages for the formation of hollow
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Figure 2. TEM images of (a, b) Sn spheres, (¢, d) Sn-SnO,—CP HHS, and (e, f) SnO,—CP HHS.

nanostructures in previous reports.”’ >’ With prolonged reac-
tion times, all of the remaining Sn core can diffuse into the SnO,
shell and be oxidized into SnO, by oxygen, resulting in
SnO,—CP HHS (Figure 2e,f). In addition, the SnO, component
in SnO,—CP HHS exists in the form of accumulation of
nanocrystallites with small diameters (~$ nm), which is con-
sistent with the average crystallite size calculated from the XRD
pattern (Figure 1b, curve c).

The CP layer, which is derived from glucose under the
hydrothermal treatment, can be fully carbonized into carbon
layer under inert atmosphere when the annealing temperature is
higher than 400 °C.** Herein, SnO,—C HHS were obtained
when SnO,—CP HHS were calcinated under nitrogen at 500 °C.
IR spectroscopy was employed to confirm the transition. It can
be seen from Figure 3 (curve a) that the peak at 1700 cm ™' can

be attributed to C=O0 vibration, which comes from polysacchar-
ide in CP layer, suggesting the aromatization of glucose during
hydrothermal treatment.”*** The peak disappears after carboni-
zation (curve b), indicating the full transformation from CP to
carbon. In addition, the peaks at about 600 cm ' can be
attributed to Sn—O—Sn vibrations, which originate from SnO,
in the products.*

Figure 4 displays the morphological, structural and composi-
tional characterizations of SnO,—C HHS. As observed from
Figure 4a, the SnO,—C HHS show the sphere-like morphology
with hollow structure and continuous carbon layer. The magni-
fied TEM image (Figure 4b) indicates the uniform distribution of
SnO, nanocrystallites on the interior surface of a hollow carbon
sphere. Figure 4c shows the EDX spectrum of the products. As
observed, the strong peaks for C, Sn, and O elements are
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detected which are expected from carbon and SnO, layer,
respectively, whereas the peaks for Cu come from the copper
tape used in FESEM measurements. HRTEM was also employed
to further characterize the products. The HRTEM image
(Figure 4d) shows that there are two kinds of lattice fringes with
the lattice spacings of about 0.335 and 0.264 nm, corresponding
to the (110) and (101) planes of SnO, nanocrystallites,
respectively.

Pure SnO, hollow spheres (SnO, HS) were obtained when
SnO,—CP HHS were calcinated in air instead of under nitrogen
at 500 °C. Figure S shows the morphological, structural and
compositional characterizations of pure SnO, HS. As can be seen
from Figure 5a,b, the carbon layer disappears during the thermal
treatment, leaving the bare SnO, HS. The average crystallite size
in pure SnO, HS calculated from the XRD pattern (Figure Sd)

——Sn0,-C HHS
——Sn0,-CP HHS AN /U
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Figure 3. Infrared spectra of SnO,—CP HHS (curve a) and SnO,—C
HHS (curve b).

increases to about 14 nm, because of the removal of the
protecting carbon layer. In addition, there are some broken
spheres shown in Figure Sb, further confirming the hollow
structure of the products. Figure 5c shows the EDX spectrum
of pure SnO, HS. As observed, the strong peak for C element
disappears in pure SnO, HS compared to SnO,—C HHS
(Figure 4c). TGA was performed to determine the amount of
carbon presented in SnO,—C HHS. As can be seen from
Figure 6, the weight loss between 200 and 600 °C could be
attributed mainly to the removal of carbon layer. Thus, the
amount of carbon presented in SnO,—C HHS is determined to
be about 26.4% by weight.

The lithium storage property of SnO,—C HHS as anode
materials was investigated at a current density of 100 mA g~ " in
the potential range of 0.01—2 V (versus Li/Li"). For compar-
ison, the pristine Sn spheres and pure SnO, HS were also
investigated under the same conditions. Figure 7 displays the
first, second, 10th, 20th, and 50th discharge curves and the first
three cyclic voltammogram (CV) curves of the SnO,—C HHS
anode. As observed, the profiles of these discharge and CV curves
are characteristics of SnO,-based anodes.”>** It is generally accepted
that the electrochemical reaction mechanism of SnO,-based anodes
can be described as irreversible and reversible processes: SnO, +
4Lt 44" —Sn+2Li,O (1); Sn 4 aLi" +xe” <> Li,Sn (0 <«
< 44) (2). Thus, the theoretical capacity of SnO, anode deter-
mined by the reversible process is 781 mA h g~ (4.4 Li). Herein,
the discharge capacity of SnO,—C HHS anode in the second cycle
is 1034 mA h g™, which is much higher than the theoretical capacity
of SnO, anode. The reason may be as follows. The reduction of
SnO, to Sn is partially reversible in the SnO,—C HHS anode, which
can explain the extra reversible capacities in SnO, anodes. Similar
phenomena have been observed in nanostructured SnO,-based
anodes by different groups.***>*® The CV curves of the SnO,—C
HHS anode (Figure 7b) further confirm the partial reversibility of
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Figure 4. Morphological, structural and compositional characterizations of SnO,—C HHS: (a,b) TEM images; (c) EDX spectrum; (d) HRTEM image.
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Figure 5. Morphological, structural, and compositional characterizations of pure SnO, HS: (a) TEM image; (b) SEM image; (c) EDX spectrum; (d)

XRD pattern.
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Figure 6. TGA analysis of SnO,—C HHS.

the reduction process. As observed, the characteristic pair (cathodic,
anodic) of current peaks at the potential of (0.8, 1.3 V), which
corresponds to the reduction and oxidation processes respectively,
still appears in the second and third cycles, suggesting partial
reversibility of the reduction of SnO, to Sn. Figure 8a shows the
discharge and charge capacities as well as Coulombic efficiency as a
function of cycle number for the SnO,—C HHS anode. The initial
charge capacity (1002.5 mA h g~ ") is much lower than the initial
discharge capacity (1685.7mAh g™ ") due to the formation of solid
electrolyte interface (SEI) layer and partially reversible reduction of
SnO, to Sn. Despite this, the initial Coulombic efficiency (59.5%) of
SnO,—C HHS is higher than those of pure SnO, HS (47.4%) and
previously reported SnO,-0-Fe, O3 hollow spheres (56%)."* More-
over, the SnO,—C HHS anode is able to exhibit a high reversible
capacity of 521.9 mA h g~ ' after S0 cycles, which is much higher
than the theoretical capacity of graphite (372mAh g~ ") and that of the
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previously reported SnO,-carbon hollow spheres (473 mA h g~ ').>

The superior performance of SnO,—C HHS anode facilitates its
application in high-power lithium jon batteries.

Figure 8b compares the cycling performances of SnO,—C
HHS, pure SnO, HS, and pristine Sn spheres as anode materials
for lithium-ion batteries. As observed, the SnO,—C HHS anode
exhibits markedly improved cycling performance than SnO, HS
anode. It is widely accepted that the structural stability of micro/
nanoanode materials during cycling plays a critical role in their
electrochemical performances, especially the cycling perfor-
mances. The aggregation and pulverization of tin-based particles
in SnO, HS during cycling, which leads to the breakdown of the
electrode structure, can be responsible for the poorer cycling
performance. In sharp contrast, the pulverization of the electrode
material in SnO,—C HHS anode is suppressed by the hollow
carbon shell. The initial capacity fading (up to 30 cycles) of
SnO,—C HHS anode can be partly ascribed to the little
pulverization of the tin-based particles within single hollow
sphere.’” However, the pulverization of the inner tin-based
particles can not destroy the structure of SnO,—C HHS anode
because there is enough void space to buffer the huge volume
expansion, which can be further confirmed by the morphology of
electrode materials after cycling. Figure 9 shows the morpholo-
gical and structural characterizations of the SnO,—C HHS anode
in a fully delithiated (charge) state after S discharge/charge
cycles. As observed from Figure 9a, the carbon-coated hollow
morphology can be retained, indicating excellent buffering effect
of the hollow structure and carbon matrix. In addition, the carbon
matrix in SnO,—C HHS after carbonization has a quite high
electronic conductivity, which also facilitates its application in
reversible lithium ion storage.*® Moreover, the crystallographic
structure of SnO,—C HHS in a fully delithiated state was also
investigated by XRD measurement (Figure 9b). As observed, the
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Figure 9. Morphological and structural characterizations of the SnO,—C HHS anode in a fully delithiated state after S discharge/charge cycles: (a)

TEM image; (b) XRD pattern with an enlarged inset.

three strong peaks which can be indexed to metallic Cu come from
the Cu foil used in battery test, while the other three small peaks
(Figure 9b, inset) can be indexed to metallic Sn. The existence of Sn
in electrode materials after cycling further confirms the reduction of
SnO, to Sn during cycling (the first discharge process), which is

widely accepted for SnO,-based anodes.*' >* Therefore, the novel
structure of SnO,—C HHS anode, which has a higher electronic
conductivity and enhanced stability during cycling, may be respon-
sible for the higher initial Coulombic efficiency and better cycling
performance than pure SnO, HS anode.
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Recently, Sn-based anode materials are also believed to be
suitable candidates for application in lithium ion batteries since
they suffer lower irreversible capacity loss in the first cycle than
Sn0O, does.>”*** However, pure Sn materials exhibit very poor
cycling performance. As observed from Figure 6, the cycling
performance of pristine Sn spheres is even much worse than that
of pure SnO, HS which has Li,O as buffering matrix during
cycling. So, specific protecting layer, such as silica or carbon, may
be needed to solve this problem. Herein, the transformation from
Sn spheres to SnO,—C HHS is also of scientific interest and
technological importance for application in lithium ion batteries.

4. CONCLUSIONS

In summary, we have synthesized SnO,—C HHS through a
facile self-templating hydrothermal carbonization approach, in
which Sn spheres are used as sacrificing templates. The time-
sequenced structural evolution of the templates indicates that
nanoscale Kirkendall effect plays the key role in the transforma-
tion from Sn spheres to SnO,—C HHS. Moreover, the as-
synthesized SnO,—C HHS have been applied as anode materials
for lithium-ion batteries, which exhibit a much higher initial
Coulombic efficiency (59.5%) and improved cycling perfor-
mance compared to pure SnO, HS anode. The SnO,—C HHS
anode is able to exhibit a high reversible capacity of 521.9 mA h
g " at a current density of 100 mA g~ after 50 cycles.
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