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ABSTRACT: Complex hierarchical structures have received tremendous attention
due to their superior properties over their constitute components. In this study,
hierarchical graphene-encapsulated hollow SnO,@SnS, nanostructures are success-
fully prepared by in situ sulfuration on the backbones of hollow SnO, spheres via a
simple hydrothermal method followed by a solvothermal surface modification. The
as-prepared hierarchical SnO,@SnS,@rGO nanocomposite can be used as anode
material in lithium ion batteries, exhibiting excellent cyclability with a capacity of
583 mAh/g after 100 electrochemical cycles at a specific current of 200 mA/g. This
material shows a very low capacity fading of only 0.273% per cycle from the second
to the 100th cycle, lower than the capacity degradation of bare SnO, hollow spheres
(0.830%) and single SnS, nanosheets (0.393%). Even after being cycled at a range
of specific currents varied from 100 mA/g to 2000 mA/g, hierarchical SnO,@
SnS,@rGO nanocomposites maintain a reversible capacity of 664 mAh/g, which is

much higher than single SnS, nanosheets (374 mAh/g) and bare SnO, hollow spheres (177 mAh/g). Such significantly
improved electrochemical performance can be attributed to the unique hierarchical hollow structure, which not only effectively
alleviates the stress resulting from the lithiation/delithiation process and maintaining structural stability during cycling but also
reduces aggregation and facilitates ion transport. This work thus demonstrates the great potential of hierarchical SnO,@SnS,@
rGO nanocomposites for applications as a high-performance anode material in next-generation lithium ion battery technology.

KEYWORDS: tin dioxide, tin disulfide, hierarchical nanostructure, graphene, anode, lithium ion battery

1. INTRODUCTION

The ever-increasing consumer market of portable electronic
devices has stimulated the need for high-performance energy
storage devices.'™* Lithium ion batteries (LIBs), as the most
widely used energy storage devices, have dominated the market
of commercial energy storage for more than two decades due to
their high energy density, long cycle life, and environmental
friendliness.”™® The constructuction of superior LIBs requires
that many factors be taken into account, such as high energy
density, large capacity with high voltage, and long cycling
life.”™™ Tin and tin-based materials have been extensively
studied as anodes since 1997. They are deemed as potential
alternatives to replace commercial graphite anodes owing to
their advantages of low voltage and high theoretical specific
capacity of over 650 mAh/g, which is more than twice that of a
commercial graphite anode (372 mAh/g)."*™"® Unfortunately,
commercialization of tin and tin-based anodes in current
lithium ion batteries is limited by mechanical integrity
degradation and short electrochemical cycling life of these
materials due to their large volume change up to ~250%
leading to pulverization during Li-ion insertion/extraction
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processes.'”*° One approach to solve this issue is to avoid
conversion reactiond (Sn to SnO and SnO,) with a lower
voltage limit during electrochemical cycling to maintain cycling
stability. Such a method is promising, but the exploited capacity
is as low as 365 mAh/g.21

Recently, tin or tin compound (SnO, SnO,, SnS,, et al.)
nanostructures have been explored to alleviate the problems of
fragile structure and large volume expansion during lithiation/
delithiation.”>** For these drawbacks to be overcome, tin-based
materials with various morphologies and structures have been
obtained over the past few years, including hollow spheres,
nanorod arrays, nanobelts, nanosheets, and nanotubes.”*~*° For
example, Lou et al. prepared SnO, hollow spheres using a
hydrothermal method according to the inside-out Ostwald
ripening mechanism, which displayed an initial capacity of 1140
mAh/g and a capacity of ~700 mAh/g in the 30th cycle,
demonstrating much better electrochemical performance than
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pristine SnO, nanoparticles that exhibited an initial capacity of
645 mAh/g and retain almost no capacity after 20 cycles.”’
However, commercialization of tin-based electrodes is still
hindered by its severe volume change during cycling and
intrinsically poor electronic conductivity. Because of its
improved mechanical integrity, larger surface area, better
permeabilities, and more surface active sites than common
nanostructures,’” > hierarchical nanostructures have become
very appealing as electrodes in energy devices. Wang et al.
synthesized ZnO-SnO, hiererchical nanosheets exhibiting
higher photocatalytic activities for degrading methyl orange
than ZnO rods or SnO,.’® Mai et al. prepared hierarchical
MnMoO,/CoMoO, heterostructured nanowires, which deliv-
ered a much higher capacity and better rate capability than
either constituent component.

Both SnO, and SnS, are typical tin-based compounds that
have been widely studied as anode materials in LIBs. Recently,
SnS,/graphene composite materials have received much
attention due to their improved accommodation of hosting
spaces and enhanced guest accessibility for the diftusion of both
Li ions and sodium ions, resulting in excellent cycling
performance and rate capability.”*™*° On the contrary, SnO,
with a higher theoretical capacity (781 mAh/g) than SnS,
displays worse cycling stability and rate performance due to its
severe pulverization upon cycling.*' Therefore, it is expected
that hierarchical SnO,@SnS,@rGO nanocomposites can be a
battery electrode material with even better electrochemical
performance by combining the advantages of each component.

Herein, to combine the merits of SnO, hollow spheres with
higher specific capacity, layered SnS, with better cycling
stability, and reduced graphene oxide (rGO) with excellent
electronic conductivity, we design and synthesize hierarchical
novel SnO,@SnS,@rGO hollow spheres via a facile two-step
growth process for application as anodes in new-generation
lithium-ion batteries. Briefly, SnO, hollow spheres are prepared
first via a hydrothermal method. Then, SnS, nanosheets directly
grow on SnO, hollow spheres through facile surface
sulfurization to form a hierarchical hollow structure, which
ensures mechanical integrity and electrical connection between
SnO, hollow spheres inside and SnS, nanosheets and reduced
graphene outside. In this structure, both SnS, nanosheets and
reduced graphene outside serve as the protecting shells for
SnO, hollows spheres inside from dramatic volume variation
during electrochemical cycling, thus alleviating their disintegra-
tion and pulverization during lithiation/delithiation. Addition-
ally, the inner hollow space of this structure releases stress
resulting from the volume change. Compared to the fragile
mechanical property of SnO, hollow spheres during lithiation
and delithiation, hierarchical SnO,@SnS, hollow spheres can
effectively maintain the integrity during cycling (Figure 1).
Through being encompassed by SnS, nanosheets, hierarchical
SnO,@SnS,@rGO hollow spheres combine the merits of large
discharge capacity and excellent cycling stability from each
component to achieve improved cycling stability with a high
discharge capacity. In addition, the hierarchical core—shell
structure provides good protection of SnO, hollow spheres,
ensuring excellent structural stability. To improve electronic
conductivity and rate capability, and further protect the shell of
SnS, nanosheets from cracking, we further coated SnO,@SnS,
with rGO. The resulting hierarchical SnO,@SnS,@rGO hollow
spheres are expected to deliver remarkable electrochemical
performance. To the best of our knowledge, such novel
hierarchical electrode material is obtained for the first time.
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Figure 1. Schematic illustrations of SnO, hollow spheres and
hierarchical SnO,@SnS,@rGO hollow spheres during electrochemical
cycling. (a) Structural degradation of SnO, hollow spheres during
cycling. SnO, hollow spheres tend to pulverize. Most SnO, hollow
spheres crack and crush during cycling, resulting in poor cycling
performance. (b) Hierarchical SnO,@SnS,@rGO hollow spheres have
better permeability and more surface active sites. In this structure, SnS,
nanosheets and the shells of rGO sheets outside SnO, hollow spheres
can improve electronic conductivity and provide facile strain relaxation
during cycling, allowing them to increase in thickness without
pulverization and maintain mechanical integrity.

Owing to the synergic effects of each constituent in the hybrid
structure, hierarchical graphene-encapsulated hollow SnO,@
SnS, nanostructures demonstrate significant potential for
application as anode material in superior lithium-ion batteries.

2. EXPERIMENTAL SECTION

Materials Synthesis. All chemical reagents employed in this study
were of analytical grade and used without further purification.

Synthesis of SnO, Hollow Spheres. SnCl,-SH,0 (1.73 g) and
NaOH (1.25 g) were dissolved in 30 mL of distilled water under
vigorous magnetic stirring for 30 min. The obtained solution was
transferred into a Teflon-lined stainless autoclave (50 mL) and heated
at 200 °C for 24 h. After cooling to room temperature naturally, the
resultant white powder was rinsed with deionized water and ethyl
acohol repeatedly, separated by centrifugation, and dried at 60 °C for 8
h.

Synthesis of SnS, Nanosheets. SnCl,-SH,O (0.54 g) and
thiourea (0.49 g) were dissolved in 30 mL of isopropyl alcohol under
vigorous magnetic stirring for 30 min. The obtained solution was
transferred into a stainless Teflon-lined autoclave and heated at 180 °C
for 24 h. After cooling to room temperature naturally, the resultant
golden precipitate was collected by centrifugation and rinsed
alternatively with deionized water and ethyl alcohol several times.

Synthesis of Hierarchical SnO,@SnS,. The as-prepared SnO,
(028 g) and 1.8 g of urea were dispersed in 30 mL of isopropyl
alcohol by sonication for S min. After magnetic stirring for 30 min, the
solution was transferred into a stainless Teflon-lined autoclave (50
mL) and heated at 180 °C for 36 h. After cooling to room temperature
naturally, the product was collected via centrifuge and rinsed repeatly.

Synthesis of Hierarchical SnO,@SnS,@rGO Hollow Spheres.
The as-prepared SnO, (0.28 g) was dispersed in 30 mL of isopropyl
alcohol by sonication for S min. Then, 1.8 g of urea and S mL (6 mol/
L) of a GO (ACS Material, LLC) dispersion colloid were added to the
solution. After magnetic stirring for 30 min, the solution was
transferred into a stainless Teflon-lined autoclave (50 mL) and heated
at 180 °C for 36 h. The obtained light black product was then reduced
in 100 mL of hydrazine hydrate solution with a concentration of 10
mmol/L for ~3 h. Then, the product was collected by centrifugation
and rinsed alternatively with deionized water and ethyl alcohol several
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Figure 2. (a) XRD patterns of SnO,@SnS,@rGO. (b) TG analysis of SnO,@SnS,@rGO in air.

times. The hierarchical SnO,@SnS, hollow spheres were prepared by
the same method without adding GO.

Characterization. Crystallographic structures of the obtained
products were determined by Rigaku MiniFlex X-ray diffraction
(XRD) measurements with Cu Ka radiation in a 26 range from 10° to
80° at room temperature. Surface morphology, particle size, and
energy dispersive spectroscopy (EDS) were studied using an FEI
Quanta 3D FEG field emission scanning electron microscope
(FESEM). Thermogravimetric (TG) analysis was performed on an
SII STA7300 analyzer at a heating rate of 1 °C min™" in air.

Electrochemical Measurements. The anodes were composed of
the as-prepared tin-based material (hierarchical SnO,@SnS,@rGO
hollow spheres, hierarchical SnO,@8nS, hollow spheres, SnO, hollow
spheres, or SnS, nanosheet powders) and acetylene black as well as
sodium alginate binder mixed at a weight ratio of 7:2:1 in deionized
water followed by drying. The anodes were assembled into CR2032-
type coin cells in an argon-filled glovebox using lithium foil as the
cathode and celgard-2320 membrane as separator; the electrolyte was
1 M LiPF, dissolved in ethylene carbonate (EC) and dimethyl
carbonate (DMC) and diethylcarbonate (DEC) at a volumetric ratio
of 1:1:1. The coin cells were aged for 12 h before electrochemical
measurements to ensure full filtration of the electrolyte into the
electrodes. Galvanostatic charge/discharge measurements were
performed using an eight-channel battery analyzer (MTI Corporation)
at a voltage range of 0.01-2 V (versus Li*/Li). Cyclic voltammetry
(CV) measurements were performed using an electrochemical
workstation (CHI 6504C) over the potential range of 0.01-2.0 V
relative to Li*/Li at a scanning rate of 0.1 mV/s. Electrochemical
impedance spectroscopy (EIS) measurements were conducted by
applying an AC potential of 5 mV amplitude in the frequency range
from 0.01 to 100 kHz. Thermogravimetric (TG) analysis was
performed on an SII STA7300 analyzer at a heating rate of 1 °C/
min in nitrogen.

3. RESULTS AND DISCUSSION
For the preparation of hierarchical SnO,@SnS,@rGO hollow

spheres, SnO, hollow spheres are first obtained as described in
the Experimental Section. The formation mechanism of the
SnO, hollow spheres can be attributed to the inside-out
Ostwald ripening process.”

Sn** 4+ 60H™ = Sn(OH),>~ (1)

@)

As shown in reactions 1 and 2, Sn*" will hydrolyze to
produce primary SnO, nanocrystals. This process is completed
very quickly; therefore, these renascent solid spheres might not
be crystallized well, especially for the nanoparticles inside.
Subsequently, these inner nanoparticles with higher surface
energy will dissolve and further hydrolyze and condense to

Sn(OH),*™ = S$n0, + 2H,0 + 20H~
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form SnO, nanocrystals on the surface of the spheres. A
formation mechanism of the hierarchical core—shell structure
has been proposed. At the initial stage of suffixation reaction in
thiourea solution, H,S that is released from the decomposition
of thiourea adsorbs on the metal surrounding SnO, hollow
spheres. Then, S atoms interact with the tin atoms and form the
surface tin disulfide via O<S exchange by releasing oxygen
atoms at the same time. Finally, sulfur diffuses into lattice along
oxygen vacancies and replaces oxide. Because of the relatively
lower diffusion coefficient, the diffusion depth of S atoms
reaches its limit at a certain thickness. Moreover, the sulfuration
product SnS, tends to nucleate and grow on the reaction sites
on the surface of SnO, because the energy of nucleation
required in the heterogeneous phase is generally lower than
that in the homogeneous phase. With the sulfuration process
progressing, SnS, nanosheets are produced that encapsulate the
rest of the SnO, hollow spheres. SnO, hollow spheres are not
only used as a source of tin but also as the “substrate” guiding
the self-assembly growth of SnS, in aqueous solution without
surfactant or stabilizers. Moreover, as they have a typical
layered structure, SnS, nanosheets are easily self-assembled
around SnO, hollow spheres to form hierarchical SnO,@SnS,
hollow spheres. The reason that SnO,@SnS, can be wrapped
with graphene is clarified below. During the hydrothermal
process, the outer electron orbit of the Sn element can bond
with the 7z electron cloud and the residual oxygen-containing
functional groups of graphene. In addition, SnS, is structurally
and morphologically analogous to graphene. Therefore, rGO
tends to wrap around the surface of SnO,@SnS, during the
hydrothermal process to significantly reduce the high surface
energy.

Figure 1 compares the schematic view of a possible structural
change of SnO, hollow spheres and hierarchical SnO,@SnS,@
rGO nanostructures during repeated lithiation/delithiation
processes. It can be seen that SnO, hollow spheres tend to
crack, crush, and pulverize during electrochemical cycling,
resulting in structural degradation and poor cycling perform-
ance (Figure 1a). However, the hierarchical SnO,@SnS,@rGO
structure is very promising for delivering excellent electro-
chemical performance due to the following reasons: First,
compared to the easy breaking up of bare SnO, hollow spheres
during cycling due to their large volume variations in Figure 1a,
hierarchical SnO,@SnS,@rGO hollow spheres, with SnO,
hollow spheres encapsulated by SnS,@rGO nanosheets on
the outside, can effectively relieve the pressure resulting from
outward expansion during intercalation of lithium ions into the
interior of anode materials, leading to improved mechanical
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integrity (Figure 1b). Second, the designed hierarchical
structure with enhanced permeability and larger specific surface
areas provides more pathways for lithium ion transport,
resulting in more facile and faster lithium ion transport.
Meanwhile, with the rGO sheets surrounding the spheres, faster
reaction kinetics of hierarchical SnO,@SnS,@rGO hollow
spheres is realized.

To determine crystal structures of hierarchical SnO,@SnS,@
rGO hollow spheres, hierarchical SnO,@SnS, hollow spheres,
SnO, hollow spheres, and SnS, nanosheets, we conducted X-
ray diffraction (XRD) measurements. Figure 2 and Figure S1
(Supporting Information (SI)) present the XRD patterns of
hierarchical SnO,@SnS,@rGO hollow spheres and each single
component, respectively. Regarding the backbones of SnO,
hollow spheres, their XRD pattern in Figure Sla is identified as
tetragonal SnO, with lattice parameters of a = 4.7358 A, b =
4.7358 A, ¢ = 3.1851 A, P42/mnm space group, which matches
well with the standard XRD pattern of tetragonal cassiterite
SnO, (JCPDF card no. 01-077-0447). As for pristine SnS,
nanosheets, its XRD pattern (Figure S1b) is identified as
hexagonal berndtite SnS, (JCPDF card no. 00-022-0951) with
lattice parameters of a = 3.6486 A, b = 3.6486 A, ¢ = 5.8992 A,
P3m1 space group. The XRD patterns of both hierarchical
SnO,@SnS, (Figure Slc) and hierarchical SnO,@SnS,@rGO
(Figure 2a) display the crystallinity combination of bare SnO,
hollow spheres and layered SnS, nanosheets, suggesting the
formation of SnO,@SnS, heterostructure. It is noted that there
are no obvious diffraction peaks from rGO due to its low
crystallinity. Then, thermogravimetric (TG) measurements are
performed to further investigate the content of each
component in the hierarchical material. The TG curve of
SnO,@SnS,@rGO composite in Figure 2b shows two main
steps corresponding to oxidizations of SnS, nanosheets and
rGO, respectively. Combustion of SnS, nanosheets starts at
~250 °C and completes at ~425 °C. The calculated weight loss
is 10%, which is ascribed to 56 wt % SnS, in the sample.
Combustion of rGO starts at ~500 °C and completes at 650
°C, corresponding to a 6% weight loss in the second step and 6
wt % rGo in the sample.

Figure 3 and Figure S2 present SEM images of the as-
prepared SnO, hollow spheres, hierarchical SnO,@SnS, hollow
spheres, hierarchical SnO,@SnS,@rGO hollow spheres, and
SnS, nanosheets. Figure 3a shows a typical SEM image of the
as-synthesized SnO, nanospheres at low magnification. Large
quantities of smooth-faced SnO, nanospheres with diameters of
~1 pm can be clearly observed. Additionally, the high-
magnification SEM image in Figure 3b displays a broken
SnO, sphere, proving that the as-prepared SnO, spheres are
hollow. The hollow sphere is also shown to have an inner
diameter of 400 nm with a thickness of ~300 nm. For
hierarchical SnO,@SnS, hollow spheres to be obtained, the as-
prepared SnO, reacts with thiourea for 36 h. Figure 3¢ displays
an SEM image of hierarchical SnO,@SnS, hollow spheres at
low magnification. It can be seen that each sphere is separated
by nanosheets, indicating that aggregation of SnO, hollow
spheres is effectively prevented by the sulfuration process. In
the high-magnification SEM image, it is shown that SnO,
hollow spheres are completely encapsulated by SnS, nano-
sheets, which directly grow on the surface of SnO, hollow
spheres via in situ surface sulfurization. To further study the
elemental composition and distribution, we performed EDS
mapping. It is clearly observed in Figure S3 that hierarchical
SnO,@SnS, hollow spheres consist of Sn, S, and O. The EDS

Figure 3. (a) SEM image and (b) magnified SEM image of SnO,; (c)
SEM image and (d) magnified SEM image of SnO,@SnS,; and (e)
SEM image and (f) magnified SEM image of SnO,@SnS,@rGO.

line scan (inset in Figure S3) confirms that the oxygen element
is distributed much narrower than sulfur, indicating that the
oxygen element is inside and SnO, hollow spheres are
completely encapsulated by SnS, nanosheets. For comparison
purposes, SnS, nanosheets are prepared and investigated as a
reference sample to compare with the performance of the
composite material. Figure S2 displays SEM images of single
SnS, nanosheets. Figure S2a shows that the as-prepared SnS,
nanosheets are quite homogeneous, forming flowerlike shapes.
The magnified image (Figure S2b) reveals that SnS, nanosheets
are approximately a few nanometers thick and ~2 ym long. For
hierarchical SnO,@SnS,@rGO hollow spheres to be formed,
rGO nanosheets are yielded via reduction of GO nanosheets.
As shown in the SEM image at low magnification, most of the
hierarchical SnO,@SnS, hollow spheres are encompassed by
rGO, together forming integrated electron transport, which can
effectively improve the rate capability of the sample. It can be
seen from the magnified SEM image (Figure 3f) that each
sphere is surrounded completely by rGO in the hierarchical
SnO,@SnS,@rGO hollow structure. SnS, and rGO serve as the
shell layer outside SnO, hollow spheres for protection.
Moreover, the composition of the hierarchical SnO,@SnS,@
rGO hollow structure is also determined by EDS. As seen in the
EDS mapping in Figure S4, hierarchical SnO,@SnS,@rGO
hollow spheres are composed of C, O, S, and Sn, which
confirms successful fabrication of this novel battery electrode
material.

To further identity the hierarchical structure of the as-
prepared samples, we carried out TEM and HR-TEM coupled
with electron diffraction characterizations. As shown in Figure
4a, the SnO,@SnS, core—shell structure is identified, wherein
the inner hollow sphere is completely encapsulated by the
surrounding nanosheets. The HR-TEM image of nanosheets in
Figure 4b exhibits lattice fringes with spacings of 5.89, 2.95, and
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Figure 4. TEM image (a) and HRTEM image (b) of hierarchical SnO,@SnS, hollow spheres; TEM image (c) and HRTEM image (d) of

hierarchical SnO,@SnS,@rGO hollow spheres with corresponding SAED.

2.78 A, which can be assigned to the (001), (002), and (101)
planes of SnS,, respectively. In addition, the TEM image in
Figure 4c further confirms the hierarchical structure of the
SnO,@SnS,@rGO sample. The lattice fringes with spacings of
5.89, 3.16, and 2.78 A are determined in the HRTEM image in
Figure 4d, corresponding to the (001), (100), and (101) planes
of SnS,, respectively. Moreover, it can be clearly observed that
SnS, nanosheets are completely coated with an amorphous
film, which is recognized as rGO. A selected-area electron
diffraction (SAED) pattern in Figure 4d is well-indexed as a
hexagonal SnS, phase. In addition, to evaluate the specific
surface area, the N, adsorption—desorption measurements of
all the samples are perfomed. Hierarchical SnO,@SnS,@rGO
hollow spheres display a Brunauer—Emmett—Teller (BET)
surface area of 29.32 m*/g, which is larger than that of SnO,@
SnS, hollow spheres (25.0 m?/g) and bare SnO2 hollow
spheres (11.9 m?/g).

For the electrochemical performances of all the samples to be
evaluated, coin cells of hierarchical SnO,@SnS,@rGO hollow
spheres, hierarchical SnO,@SnS, hollow spheres, SnO, hollow
spheres, and SnS, nanosheets were assembled and cycled in a
voltage range of 0.01—2 V (versus Li*/Li). Generally,
electrochemical reactions of SnO, and SnS, with lithium can

be described as

SnO, + 4Li = 2Li,0 + Sn (3)
SnS, + 4Li = 2Li,S + Sn (4)
Sn + xLi" 4+ xe” = Li Sn (5)

Reactions 3 and 4 are regarded as partially reversible.
Therefore, theoretical capacities of SnO, and SnS, are
determined to be 782 and 650 mAh/g, respectively, based on

22537

reaction S. Figure S5a displays CV curves of SnO, hollow
spheres showing two characteristic peaks at 0.9 and 0.1 V
relative to Li/Li" in the first potential sweeping cycle, which are
ascribed to decomposition of SnO, into metallic Sn and Li,S
(reaction 3) and generation of Li—Sn alloy (reaction $),
respectively. It is noted that the decomposition reaction is
partially reversible. In subsequent cycles, intercalation of
lithium ions occurs at 0.1 V and deintercalation of lithium
ions occurs at 0.5 V relative to Li/Li* due to the alloying/
dealloying reactions (reaction S). An additional cathodic peak
at 0.9 V and anodic peak at 1.3 V can be attributed to the
partially reversible conversion process (reaction 3). The CV
curves of SnS, nanosheets in Figure SS5c exhibit three
characteristic peaks at 1.7, 1.2, and 0.1 V in the first potential
sweeping cycle, which are attributed to lithium intercalation of
SnS, layers without phase decomposition, decomposition of
SnS, into metallic Sn and Li,S (reaction 4), and generation of a
Li—Sn alloy, respectively. In subsequent cycles, the redox peaks
at 0.1 V in the anodic reaction and 0.6 V in the cathodic
reaction can be ascribed to the reversible alloying and
dealloying reactions of Sn and Li (reaction S), respectively.
In the CV curves of hierarchical SnO,@SnS,@rGO hollow
spheres (Figure Sa), four broad peaks appear at the potentials
1.7,1.2, 0.9, and 0.1 V in the first potential sweeping cycle. The
peak at ~1.7 V can be attributed to lithium intercalation of SnS,
layers without phase decomposition. The peaks around 1.2 and
0.9 V are attributed to the conversion reactions of SnO,
(reaction 3) and SnS, (reaction 4), respectively. The peak at
0.1 V is related to the generation of the Li—Sn alloy. It can be
seen that both CV curves display characteristic peaks of SnO,
hollow spheres and SnS, nanosheets, confirming the coex-
istence of SnO, and SnS, in the samples.
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Figure S. (a) CV curves and (b) galvanostatic charge—discharge profiles of the first three cycles of hierarchical SnO,@SnS, hollow spheres. (c, d)
Cycling performance of hierarchical SnO,@SnS,@rGO hollow spheres, hierarchical SnO,@SnS, hollow spheres, SnO, hollow spheres, and SnS,
nanosheets at specific currents of 200 and S00 mAh/g, respectively. (e) Rate performances of hierarchical SnO,@5SnS,@rGO hollow spheres,
hierarchical SnO,@SnS, hollow spheres, SnO, hollow spheres, and SnS, nanosheets at specific currents of 100, 200, 500, 1000, 2000 mA/g and back
to 100 mA/g. (f) Nyquist plots of hierarchical SnO,@SnS,@rGO hollow spheres, hierarchical SnO,@SnS, hollow spheres, SnO, hollow spheres,

and SnS, nanosheets at 100% depth.

The charge and discharge characteristics of hierarchical
SnO,@SnS,@rGO hollow spheres are investigated between
0.01 and 2.0 V relative to Li/Li" at a specific current of 100
mA/g (Figure Sb). The first discharge and charge capacities of
hierarchical SnO,@SnS,@rGO hollow spheres are approx-
imately 1195 and 826 mAh/g. The potential plateaus at 1.25
and 1.0 V are ascribed to the conversion reaction between
SnO,, SnS,, and Li", leading to the formation of Li,O, Li,S, and
Sn in the first discharge process. The following profiles with
long slope indicate generation of the Li—Sn alloy (reaction S).

Panels ¢ and d in Figure S summarize the cycling
performances of hierarchical SnO,@SnS,@rGO hollow
spheres, hierarchical SnO,@SnS, hollow spheres, SnO, hollow
spheres, and SnS, nanosheets. When the specific current is 200
mA/g (Figure Sc), the initial discharge capacity of hierarchical
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SnO,@SnS,@rGO hollow spheres is as high as 1150 mAh/g.
However, very rapid capacity decay is observed for all four
samples, which is generally mainly due to partial reversibility of
reactions 3 and 4 and generation of a solid electrolyte interface
(SEI) associated with decomposition of the electrolyte.****
After 100 electrochemical cycles, the hierarchical SnO,@SnS,@
rGO sample maintains a capacity of 583 mAh/g, corresponding
to a capacity fading of 0.273% per cycle from the second to the
100th cycle, demonstrating an outstanding cycling stability. In
contrast, a drastic capacity fading is observed for pristine SnO,
hollow spheres after S0 cycles, corresponding to a capacity
fading of as high as 0.830% per cycle from the second to 100th
cycle. This result may be caused by expansion/contraction of
SnO, hollow spheres during charge/discharge, leading to severe
pulverization and delamination of the conductive substrate.
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Meanwhile, SnS, nanosheets exhibit a lower initial discharge
capacity at ~800 mAh/g and stable cycling performance with a
capacity fading as high as 0.393% per cycle from the second to
the 100th cycle. These may be attributed to the low theoretical
capacity of SnS, nanosheets and stable layered structure of SnS,
with hosting space for swelling accommodation. In comparison
with pristine SnO, and SnS, nanosheets, both hierarchical
SnO,@SnS, hollow spheres and hierarchical SnO,@SnS,@
rGO hollow sphere anodes display a larger discharge capacity
and longer cycling life, which is attributed to unique
hierarchical structure with higher permeability, reduced
aggregation, and better mechanical integrity. Compared to
the specific discharge capacity of 450 mAh/g of the hierarchical
SnO,@SnS, hollow structure after 100 electrochemical cycles,
hierarchical SnO,@SnS,@rGO hollow spheres display a
capacity of 583 mAh/g, showing a higher discharge capacity
and capacity retention attributed to the rGO layer wrapped
outside, which not only protects the inner active material from
volume change during cycling but also promotes facile electron
transport and prohibits the formation of an SEI film.

When the specific current is increased to 500 mA/g,
enhanced cycling performance is also obtained. Compared
with hierarchical SnO,@SnS, hollow spheres (345 mAh/g),
SnO, hollow spheres (15 mAh/g), and SnS, nanosheets (206
mAh/g) (Figure Sd), hierarchical SnO,@SnS,@rGO hollow
spheres deliver a discharge capacity of 487 mAh/g after 100
cycles, showing the highest discharge capacity and best cycling
performance. The rate performances of the as-prepared samples
are summarized in Figure Se. Hierarchical SnO,@SnS,@rGO
hollow spheres deliver a discharge capacity of 1195, 722, 637,
527, and 436 mAh/g at specific currents of 100, 200, 500, 1000,
and 2000 mA/g, respectively, as shown in Figure Se. When the
specific current goes back to 100 mA/g, the discharge capacity
is recovered to 664 mAh/g, showing the best rate capability
among hierarchical SnO,@SnS, (587 mAh/g), pure SnO,
hollow spheres (177 mAh/g), and pure SnS, nanosheets
(370 mAh/g). Hierarchical SnO,@SnS,@rGO hollow spheres
exhibit improved rate capability due to good mechanical
integrity of hierarchical structure during fast lithium inter-
calation and deintercalation. Moreover, rGO sheets wrapping
around SnS, nanosheets provide a continuous pathway for fast
electron transport, as confirmed by the EIS results in Figure Sf.
EIS technology, one of the most powerful tools for studying
electrochemical kinetics, can be used to investigate the
processes occurring at the electrode/electrolyte interfaces and
Li" intercalation/deintercalation within electrode materials in
the battery cells. In the Nyquist plots, Rq represents the Ohmic
resistance of the battery cell, including electrodes, electrolytes,
and other cell components. R, represents the charge transfer
resistance. CPE and Z,, are the double layer capacitance and the
Warburg impedance, respectively (Figure 4f). All the Nyquist
plots are composed of a depressed semicircle in the medium-
frequency region followed by a slanted line in the low-
frequency region. The electrode of hierarchical SnO,@SnS,@
rGO hollow spheres shows the lowest charge transfer resistance
of 30 © compared to those of hierarchical SnO,@SnS,@rGO
hollow spheres (75 Q), SnO, hollow spheres (80 ), and SnS,
nanosheets (S0 Q), indicating a faster charge transfer at the
electrode/electrolyte interface. Specifically, as observed in
Figure 4, the SnO, sample shows higher capacity but worse
cycling stability than bare SnS,. On the contrary, the SnS,
sample exhibits relatively low capacity but much better cycling
stability than SnO,. Therefore, the SnO,@SnS, composite

combines the merits of both SnO, and Sn§,, resulting in higher
capacity and better cycling stability than either individual
component. In addition, graphene has been widely reported to
effectively improve electrical conductivity of the overall
electrode and can also serve as promising protection for the
SnO,@SnS, active material to restrict large volume change
upon cycling. Therefore, in this work, the graphene-
encapsulated hollow SnO,@SnS, sample exhibits the highest
specific capacity and the best cycling stability and rate capability
among the four anodes (SnO,, SnS,, SnO,@SnS,, and SnO,@
SnS,@graphene). Such significantly improved electrochemical
performance can be ascribed to the synergic effect of each
component in the composite. In addition, compared with most
recently reported SnO,- or SnS,-based nanostructure anode
materials (as shown in Table S1), our work demonstrates
significantly improved discharge capacity and prolonged cycling
life even at higher specific currents. For example, Guo et al.”
reported that the SnO,@graphene composite can retain only
433 mAh/g after 20 cycles at a specific current of 100 mA/g.
The SnS, nanosheets@multiwalled carbon nanotubes compo-
site material can maintain only 400 mAh/g after 50 cycles at a
specific current of 100 mA/g.*”

In this work, the enhanced electrochemical performance of
hierarchical SnO,@SnS,@rGO hollow spheres is mainly due to
the following reasons: (1) The merits of SnO, hollow spheres
with higher specific capacity and layered SnS, with better
cycling stability are revealed in the hierarchical SnO,@SnS,@
rGO hollow structure. (2) In the hierarchical core—shell hollow
structure, SnS,@rGO shells stabilize the inner SnO, hollow
spheres, which effectively alleviate the stress by local empty
space to achieve excellent structural stability and mechanical
integrity. (3) The hierarchical structure provides reduced
aggregation, large surface area, better permeability, and more
available charge storage sites, contributing to superior kinetics
and excellent rate capability as well as enhanced cycling
performance. Table S1 compares the cycling performance of
our hierarchical hollow SnO,@SnS,@rGO nanostructure with
various SnO,- or SnS,-based nanostructure electrodes reported
in the literature,”””*" and it is found that hierarchical SnO,@
SnS,@rGO hollow spheres display obviously prolonged cycling
life and increased specific discharge capacity as well as
improved rate capability when cycled at a specific current of
200 mA/g. Therefore, such novel hierarchical SnO,@SnS,@
rGO hollow spheres are very promising for application as a
superior electrode material in new-generation lithium-ion
batteries due to their easy preparation and excellent electro-
chemical performance.

4. CONCLUSIONS

In summary, hierarchical SnO,@SnS,@rGO hollow spheres are
successfully synthesized by a facile and scalable in situ
sulfuration method that involves a simple hydrothermal
treatment followed by a solvothermal process. When assembled
into lithium-ion battery cells, the as-prepared material delivers a
specific capacity of 583 mAh/g after 100 cycles at a specific
current of 200 mA/g and a reversible capacity of 664 mAh/g
after being cycled at a high specific current of 2000 mA/g,
demonstrating a significantly increased capacity and enhanced
cycling reversibility compared to either bare SnO, hollow
spheres or SnS, nanosheets. Because of their unique
hierarchical hollow structure, the as-prepared hierarchical
SnO,@SnS,@rGO hollow spheres can effectively alleviate

stress and accommodate a large volume change during the
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lithiation/delithiation process, leading to excellent structural
stability and mechanical integrity. This structure also provides
continuous pathways for faster electron transport. Thus, cycling
performance of hierarchical SnO,@SnS,@rGO hollow spheres
is prolonged, and its rate capability is greatly enhanced. Such
hierarchical hollow core—shell structure can be generalized to
other materials and find wide applications in high-performance
energy storage devices.
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