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Three-Dimensional Coral-Like Structure Constructed of
Carbon-Coated Interconnected Monocrystalline SnO,
Nanoparticles with Improved Lithium-Storage Properties

Wangwang Xu, Xiaodan Cui, Zhigiang Xie, Grant Dietrich, and Ying Wang*®

The applications of alloying/dealloying materials as anode for
LIB electrode are hindered by its dramatic volume variations
and sluggish kinetics. Herein, to overcome these challenges,
we report a facile and scalable approach fabricating coral-like
Sn0,/C composite electrodes through a top-down strategy fol-
lowed by a sol-gel carbon-coating method. During the synthe-
sis, well-defined SnS, nanoflowers and dopamine serve as
structural template and carbon source for integrating the de-
sired structure. The three-dimensional coral-like SnO,/C com-
posite exhibits a high reversible capacity of 648 mAhg™' after
50 electrochemical cycles and a low capacity fading of 0.778 %
per cycle from the 2nd to the 50th cycle, demonstrating an

1. Introduction

Recently, the fast-increasing energy demand for efficient, sus-
tainable and environmentally friendly energy storage devices
has become a significant and challenging issue.!' Lithium-ion
batteries (LIBs) have been widely used as commercial energy
devices in portable electronics and also show great promise in
upcoming large-scale applications due to their advantages of
environmental friendliness, safety, high efficiency and light
weight.*”) However, to apply LIBs on large-scale machines,
such as electric vehicles (EVs) and hybrid electric vehicles
(HEVs), LIBs still need further improvement in capacity, energy
density and stability.®® Significant improvements have been
achieved by exploring new electrode materials with high ca-
pacity to replace the current commercial graphite-based
anodes. Recently, SnO,-based nanostructured materials have
received tremendous attention as anode materials in LIBs due
to their large theoretical capacity of 781 mAhg™', which is
much higher than that of current graphite anode
(370 mAhg").'""" Unfortunately, their practical applications in
LIBs are still greatly hindered by their poor cycling stability and
inferior rate capability due to severe electrode pulverizaiton
and loss of interparticle contact caused by drastic volume ex-
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outstanding cycling stability. It also shows a discharge capacity
of 1294, 784, 658, 532, and 434 mAhg™' at a specific current of
100, 200, 500, 1000 and 2000 mAhg™', respectively, and retains
a specific capacity of 719 mAhg™"' when the specific current
goes back to 100 mAg™', displaying an excellent rate capabili-
ty. Compared to SnS, nanoflowers and bare interconnected
SnO, nanoparticles anode, the optimized coral-like SnO,/C
composite shows significantly improved electrochemical per-
formances in terms of rate capability and cycling reversibility,
demonstrating great potential as superior anodes in next-gen-
eration lithium ion batteries.

pansion/contraction associated with the Li* insertion and ex-
traction process.'* 1819

In the past few years, to solve the above-mentioned prob-
lem of SnO,-based electrodes, many research efforts have
been focused on fabricating various nanostructures with better
structural stability, which can effectively accommodate the
large volume changes upon cycling and shorten Li-ion diffu-
sion distance, thereby leading to increased reversible capacity
and improved rate capability.”**) Among all these studies,
two effective strategies have been widely practiced. One ap-
proach is to fabricate low-dimensional nanostructured SnO,,
such as two-dimensional nanosheets, one-dimensional nano-
rods/nanotubes/nanowires and zero-dimensional nanoparti-
cles, to withstand mechanical strain during lithium ion inser-
tion/desertion.”**" It is believed that low-dimensional SnO,,
especially nanoparticles can interact with lithium ions more ef-
ficiently due to the large specific surface area and short path-
ways for electron and lithium ion transportation. For example,
as reported by Pol etal., 9 nm SnO, nanoparticles exhibit
a high specific capacity of 778 mAhg™' at 0.1 C, which is close
to their theoretical discharge capacity of 781 mAhg~".*® The
other strategy is coating SnO, with a stable inactive compo-
nent, such as amorphous carbon, as a physical scaffold to
buffer the serious volume change and protect active materials
from direct exposure to electrolyte. Due to better electrical
conductivity, amorphous carbon is usually used as a passive
agent and the carbon-coated SnO, demonstrates much better
electrochemical performance. However, either strategy can
only realize enhanced electrochemical performance of SnO,-
based electrode in one aspect. Combination of the two afore-
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Figure 1. Synthesis of coral-like carbon-coated SnO,/C nanoparticles.

mentioned strategies may alleviate the volume change during
cycling and improve charge transport at the same time. There-
fore, it would be meaningful to design and synthesize a novel
SnO,/C nanostructure.

In this work, we report a novel SnO,/C composite nanostruc-
ture, namely, three-dimensional coral-like structures construct-
ed by interconnected monocrystalline-SnO,/carbon nanoparti-
cles prepared via a facile and scalable top-down approach fol-
lowed by a sol-gel carbon coating method. The synthesis pro-
cedure is mainly composed of four steps as illustrated in
Figure 1. In step |, SnS, nanoflowers were prepared by a facile
solvothermal method. In step Il, the as-prepared SnS, nano-
flowers were annealed in air to form coral-like SnO, nanostruc-
tures. In step lll, the coral-like SnO, nanostructures were
coated with poly-dopamine via a one-step in situ polymeri-
zation reaction of dopamine. Notably, as a nature-inspired bio-
mimetic material with functional groups of catechol and
amine, dopamine can be utilized to deposit an adhesive poly-
dopamine film virtually on any surface by spontaneous oxida-
tive polymerization. Compared with widely used graphene
oxide (GO),”*=*" organic chemicals,*? or polymer, dopamine is
an excellent carbon source for surface modification because of
the strong adhesion and controllable thickness of the resulting
coating. In step IV, the coral-like SnO,/C nanoparticles were ob-
tained after carbonization. In this structure, the core is coral-
like SnO, nanostructure, with a carbon shell uniformly coating
on the surface. It is interesting to note that the coral-like SnO,
nanostructure is composed of small nanoparticles subunit
structure, which are interconnected by grain boundary and
form the frame of the coral. There are several unique proper-
ties of coral-like carbon-coated SnO,/C nanoparticles as Li-ion
battery anode material: 1) The zero-dimensional SnO, nanopar-
ticles provide more active reaction sites and offer shorter diffu-
sion pathways due to the large exposed surface area. 2) The
coral-like interconnected nanostructure can effectively prevent
aggregation of small nanoparticles. More importantly, the
facile strain relaxation in the interconnected nanoparticles
allows them to grow in size without cracking, and thus allevi-
ates mechanical stress between nanoparticles during lithium
ion insertion/extraction. 3) The carbon layer serve as a protec-
tion shell for SnO, nanoparticles to accommodate drastic
volume variations and alleviate disintegration and pulveriza-
tion during lithiation/delithiation. Furthermore, the intercon-
nected nanoparticles and continuous carbon layer form an in-
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tegrated electron transport, leading to facile reaction kinetics
with faster switching speed. To our knowledge, it is the first
report of achieving the coral-like structure constructed by in-
terconnected monocrystalline-SnO,/C nanoparticles.

2. Results and Discussion

Figure 1 presents a schematic showing the overall synthesis
procedure and the corresponding structural changes between
each step. To fabricate the coral-like SnO,/C composite, SnS,
nanoflowers are prepared using a solvothermal method with
the precursors of tin chloride and thioacetamide, firstly. The
formation mechanism of SnS, nanoflowers may be attributed
to the Ostwald ripening mechanism and self-assembly mecha-
nism.5¥ Then, different types of tin-based compounds were
obtained via annealing in different atmosphere. After SnS,
nanoflowers were sintered in argon at 600 °C for 2 h, the uni-
form interconnected Sn,S; nanoparticles are obtained (Fig-
ure S1). Meanwhile, when SnS, nanoflowers were sintered in
air, SnS, nanoflowers were oxidized into the interconnected
SnO, nanoparticles via the following Reaction (1):

sns, +30; (9) — SnO, +250; (9) (1)

Owing to the gas emission during this process, many inter-
connected pores are created in the nanoflowers, which lead to
a high surface area. As a result, more active sites and short-
ened lithium diffusion distance are provided. Additionally, such
porous structures provides void for facile stress relaxation in
lithium insertion/deinsertion. With the void space in it, the
nanoflowers are converted to interconnected nanoparticles,
while the resultant interconnected SnO, nanoparticles still pre-
serves the shape of nanoflowers, forming coral-like intercon-
nected SnO, nanoparticles. Afterwards, the interconnected
SnO, nanoparticles were coated with uniform dopamine layer
by in situ polymerization. After sintering in nitrogen atmos-
phere at 600°C for 2 h, coral-like carbon-coated SnO,/C nano-
particles were obtained by carbonization of polydopamine.
The crystal structures of the SnS, nanoflowers and the coral-
like carbon-coated SnO,/C nanoparticles were determined by
XRD, as shown in Figures 2a,b. It is found that the diffraction
peaks of SnS, nanoflowers can be identified as hexagonal tin
sulfide with the lattice parameters a=3.638 A, b=3.638 A, c=
5.88 A, P-3m1 space group, which is in good agreement with
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Figure 2. XRD patterns of a) SnS, nanoflowers, and b) coral-like carbon-coated SnO,/C interconnected nanoparticles. TG analysis of c) SnS, nanoflowers and

d) coral-like SnO,/C nanoparticle

standard XRD patterns of hexagonal berndtite SnS, (JCPDF
card no.00-022-0951). The diffraction peaks of coral-like SnO,/C
nanoparticles can be indexed to tetragonal SnO, with lattice
parameters of a=4.7421A, b=4.7421 A, c=3.1901 A, P42/
mnm space group, which matches well with standard XRD pat-
terns of tetragonal rutile SnO, JCPDF card no. 01-77-0450).
Thermogravimetry (TG) measurements were also performed to
further investigate the oxidation degree of SnS, and the con-
tent of carbon in the coral-like carbon-coated SnO,/C nanopar-
ticles. Figure 2c displays the TG curves of SnS, nanoflowers in
air from 100 to 800 °C. It can be seen that combustion of SnS,
nanoflowers starts at around 250°C and is completed at ap-
proximately 425 °C. The calculated weight loss of 23.04% is at-
tributed to the oxidation process of SnS, into SnO, nanoparti-
cles via Reaction (1) above. Figure 2d shows the TG curve of
coral-like carbon-coated SnO,/C nanoparticles in air. It is found
that combustion of carbon starts at about 300°C and is com-
pleted at 450°C, corresponding to a 13.4% weight loss of
carbon in the sample during the combustion.

Figure 3 presents SEM images of the as-prepared SnS, nano-
flowers, SnO, interconnected nanoparticles, and coral-like
Sn0O,/C nanoparticles along with the corresponding energy dis-
persive spectroscopy (EDS) mapping results. The low-magnifi-
cation FE-SEM image of SnS, nanoflowers in Figure 3a reveals
a flower-like morphology assembled by distinctive smooth
nanosheets with lateral sizes of ~5 pm and thickness of about
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10-20 nm. The nanosheet morphology is mainly caused by in-
trinsic anisotropic growth of SnS, crystals. With high uniformity
and large lateral size as well as thin thickness, SnS, nanoflow-
ers can serve as the precursor for preparing interconnected
SnO, nanoparticles through sintering. After sintering in air at
600°C for 2 h, the SnS, nanoflowers are converted to intercon-
nected SnO, nanoparticles. As shown in the low-magnification
FESEM images of the resultant SnO, nanoparticles (insert of
Figure 3b), the flower-like morphology of SnS, is mostly main-
tained.. But unlike the SnS, nanoflowers, these structures are
composed of many interconnected nanoparticles (Figure 3b).
The diameter of these SnO, nanoparticles is about 50 nm. All
the nanoparticles are interconnected with each other, forming
the flower shape with self-organized SnO, “nanosheets” at the
micron scale. Figure S2 and Figure 3¢ show FESEM images of
coral-like SnO,/poly-DPA nanoparticles and coral-like SnO,/C
nanoparticles, respectively. It is observed in Figure S2 that the
uniform and smooth poly-DPA layer is coated on SnO, nano-
particles coherently, which may be attributed to the fact that
DPA can be attached to many types of surfaces with strong in-
teraction with the substrate.®* After sintering in nitrogen at
600 °C for 2 h, the poly-DPA layer was carbonized in situ on the
surface of SnO, nanoparticles. The interconnected SnO, nano-
particles were coated uniformly with carbon layers, forming
a coral-like SnO,/C composite material. EDS elemental map-
ping was performed on the coral-like SnO,/C sample of Fig-
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Figure 3. SEM images of a) SnS, nanoflowers, b) SnO, interconnected nanoparticles, and c) coral-like carbon-coated SnO,/C interconnected nanoparticles,
d) EDS elemental mapping of C, Sn, and O from coral-like carbon-coated SnO,/C interconnected nanoparticles.

ure 3d. The carbon signal from carbon layer as well as the
oxygen and tin signals from SnO, overlap uniformly across the
entire sample, indicating uniform carbon coating on the sur-
face of SnO, nanoparticles. Moreover, in order to examine and
compare specific surface area of all the samples, the N, adsorp-
tion—desorption measurements are perfomed. The coral-like
SnO,/C composite material displays a BET surface area of
22.3 m?g™", higher than that of SnS, nanoflowers (16.9 m?g™")
and interconnected SnO, nanoparticles (17.9 m?g™").

Figure 4 presents XPS spectra of the as-prepared coral-like
Sn0O,/C nanoparticles. The XPS survey spectra in Figure 4a re-
veals the presence of tin, oxygen, nitrogen and carbon in
coral-like carbon-coated SnO,/C interconnected nanoparticles.
Figure 4b-d present the high-resolution XPS spectra of C1s,
Sn3d and N1s, respectively. In Figure 4b, it can be seen that
the C1s region exhibits three main contributions: the peak at
284.7 eV assigned to C—C sp? (sp*-hybridized graphite-like
carbon), the peak at 285.5 eV that belongs to C—C sp® (sp>-hy-
bridized diamond-like carbon), the peak at 284.7 eV indicating
the presence of C—O bonds, which further confirms the adhe-
sive carbon coating. In Figure 4¢, it is understood that the final
products give a Sn3ds,, peak at 487.0 eV and a Sn3d,,, peak at
495.5 eV, with an energy difference of 8.5 eV, proving the exis-
tence of Sn**. In Figure 4d, the high-resolution N 1s spectrum
has two major components centered at 398.4 eV and 400.3 eV,
respectively, corresponding to pyridinic nitrogen and pyrrolic
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nitrogen, confirming the presence of nitrogen in the carbon
layer. Moreover, the nitrogen content on the surface of coral-
like SnO,/C nanoparticles is calculated to be 9.48 wt % accord-
ing to the X-ray photoelectron spectroscopy. These findings
confirm that nitrogen from dopamine is doped into carbon
during the synthesis. According to the literature,*>>® N-doping
can effectively enhance electrical conductivity of carbon coat-
ing, which facilitates charge transport in the electrode. In order
to further identify the hierarchical structure of the as-prepared
samples, TEM and HR-TEM coupled with electron diffraction
characterizations are carried out. Figure 5a presents a TEM
image of SnS, nanoflowers, confirming they are composed of
smooth nanosheets. The HR-TEM image of nanosheets in Fig-
ure 5b exhibits lattice fringes with different d-spacings of 3.16
and 5.89 A, corresponding to the (100) and (001) planes of
hexagonal SnS, crystals. In addition, the TEM image of coral-
like SnO,/C nanoparticles in Figure 5c reveals the coral-like
morphology is composed of interconnected SnO, nanoparti-
cles coated by a uniform carbon layer with a thickness of
about 13 nm, confirming the hierarchical structure. The insert-
ed low magnification TEM image indicates that the whole
SnO, interconnected nanoparticles framework is well coated
with a carbon layer, forming integrate coral-like carbon-coated
Sn0O,/C interconnected nanoparticles. The HRTEM image of the
nanoparticles in Figure 5d reveals lattice fringes in the SnO,
nanoparticles with spacings of 3.35 and 3.21 A, corresponding

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!



http://www.chemelectrochem.org

{®*xChemPubSoc
v
* oA
a Cis
. O1s
‘; Sn3d
- sn3p1Sn3p3 Side
Snad
1200 1000 800 600 400 200 O
Binding Energy (eV)
c 3d3/2
Sn3d
3d5/2
3
o

484 486 488 490 492 494 496 498 500
Binding Energy (eV)

CHEM

Articles
b
3
R
205 290 285 280
Binding Energy (eV)
d

N1s

Ifa.u.

408 406 404 402 400 398 396 394 2392
Binding Energy (eV)

Figure 4. a) XPS survey spectrum of coral-like carbon-coated SnO,/C interconnected nanoparticles. b) C1s XPS spectrum, c) Sn3d XPS spectrum, d) Sn3d XPS

spectrum of coral-like carbon-coated SnO,/C interconnected nanoparticles.

to (101) and (001) planes of tetragonal SnO, crystal. Mean-
while, a SAED pattern of the same sample (inset in Figure 5¢)
is well indexed as a polycrystalline hexagonal SnO, phase.

To investigate the electrochemical performances of all the
samples, coin cells based on SnS, nanoflowers, SnO, intercon-
nected nanoparticles, coral-like SnO,/C composite are cycled in
a voltage range of 0.01-2 V versus Li*/Li. The electrochemical
reactions of SnO, and SnS, with lithium are described below in
Reactions (2)—(4):1%%>"

SnO, + 4Li — 2Li,O + Sn (2)
SnS, +4Li — 2Li,S +Sn (3)
Sn + xLi* +xe” — Li,Sn (4)

Reactions (2) and (3) are regarded as partially reversible.
Therefore, theoretical capacities of SnO, and SnS, are deter-
mined to be 782 and 650 mAhg™', respectively, based on Reac-
tion (4). Figure S3 and Figure 6a show cyclic voltammograms
(CVs) of SnS, nanoflowers and coral-like SnO,/C composite in
the first three consecutive cycles at a voltage range of 0.05-
2V vs. Li/Li*. The CV curves of SnS, nanoflowers in Figure S3
exhibits three characteristic peaks at 1.7, 1.2 and 0.1V in the
first potential sweeping cycle, which are attributed to lithium
intercalation of SnS, layers without phase decomposition, de-
composition of SnS, into metallic Sn and Li,S [Reaction (3)] and
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generation of a Li-Sn alloy, respectively. In subsequent cycles,
the redox peaks at 0.1V in the anodic reaction and at 0.6 V in
the cathodic reaction can be ascribed to the reversible alloying
and dealloying reactions of Sn and Li [Reaction (4)], respective-
ly. Figure 6a displays CV curves of coral-like SnO,/C nanoparti-
cles, showing two characteristic peaks at 0.9 and 0.1V in the
first potential sweeping cycle, which are ascribed to decompo-
sition of SnO, into metallic Sn and Li,O [Reaction (3)] and gen-
eration of a Li-Sn alloy [Reaction (4)], respectively. It is noted
that the decomposition reaction is partially reversible. In sub-
sequent cycles, intercalation of lithium ions occurs at 0.1 V and
deintercalation of lithium ions occurs at 0.5V vs. Li/Li*, due to
the alloying/dealloying reactions [Reaction (4)]. Additional
cathodic peak at 0.9V and anodic peak at 1.3V can be attrib-
uted to the partially reversible conversion process [Reac-
tion (2)]. This cathode and anodic pair (0.1V, 0.5V) is much
more pronounced than the second one (0.9 V, 1.3V), confirm-
ing the major capacity contribution of the cell. Figure 6b
shows the charge/discharge characteristics of coral-like SnO,/C
nanoparticles between 0.01 and 2.0V vs. Li/Li* at a specific
current of 100 mAg~". The first discharge and charge capacities
of coral-like SnO,/C nanoparticles are about 1195 and
826 mAhg™'. The potential plateaus at 1.3 and 0.9V are as-
cribed to the conversion reaction [Reaction (2)] between SnO,
and Li", leading to the formation of Li,O and Sn in the first dis-
charge process. The following profiles with long slope indicate
generation of Li-Sn alloy [Reaction (4)]. Such CV behavior and
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Figure 5. a) TEM image and b) HRTEM image of SnS, nanoflowers, c) TEM image (Inset is SAED and TEM image inlow magnification) and d) HRTEM image of

coral-like SnO,/C interconnected nanoparticles.

charge-discharge curves are generally consistent with those
reported in literature 28"

Figure 6 c,d summarize cycling performances of SnS, nano-
flowers, interconnected SnO, nanoparticles, and coral-like
Sn0,/C composite at a specific current of 200 and 500 mAg™',
respectively. It is found in Figure 6c that the initial discharge
capacity of coral-like SnO,/C composite is as high as
1280 mAhg~'. However, rapid capacity decaying is observed
for all the three samples, which is mainly due to partial reversi-
bility of above-mentioned Reactions (2) and (3), and the gener-
ation of solid electrolyte interface (SEl) associated with decom-
position of electrolyte.*"*? After 50 electrochemical cycles,
coral-like  SnO,/C composite maintains a capacity of
648 mAhg~', corresponding to a capacity fading of 0.778%
per cycle from the 2nd to the 50th cycle, demonstrating
a large discharge capacity and good cycling stability. In con-
trast, drastic capacity fading is observed for interconnected
SnO, nanoparticles after 50 cycles, corresponding to a capacity
fading of as high as 1.86% per cycle from the 2nd to 50th

ChemeElectroChem 2016, 3, 1-10 www.chemelectrochem.org

cycle. This result may be caused by expansion/contraction of
interconnected SnO, nanoparticles during charge/discharge,
leading to severe pulverization and delamination from the con-
ductive substrate. Meanwhile, SnS, nanoflowers exhibit a lower
initial discharge capacity of about 812 mAhg™' and maintains
a capacity of 480 mAhg™' after 50 cycles, corresponding to
a capacity fading as high as 1.19% per cycle from the 2nd to
the 50th cycle, which may be attributed to the lower theoreti-
cal capacity and fewer active sites of SnS, nanoflowers. When
the specific current is increased to 500 mAg~', the coral-like
SnO,/C composite exhibits more distinct enhancement in cy-
cling performance compare to the other two. As shown in Fig-
ure 6d, coral-like SnO,/C composite delivers a discharge ca-
pacity of 520 mAhg™' after 50 cycles, in comparison with
345 mAhg™' from interconnected SnO, nanoparticles and
206 mAhg™' from SnS, nanosheets. A slight decay at the end
of the 50th cycle of coral-like SnO,/C composite is attributed
to a certain extent of polarization at a high specific current.
Compared to interconnected SnO, nanoparticles and SnS,
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Figure 6. a) CV curves and b) galvanostatic charge-discharge profiles of the first three cycles of coral-like SnO,/C nanoparticles. ¢,d) Cycling performances of
hierarchical SnS, nanoflowers, SnO, interconnected nanoparticles, coral-like SnO,/C nanoparticles at a specific current of 200 and 500 mAhg™", respectively.
e) Rate performances of SnS, nanoflowers, SnO, interconnected nanoparticles, coral-like SnO,/C nanoparticles at the specific current ranging from 100, 200,
500, 1000, 2000 to 100 mAg; f) Nyquist plots of SnS, nanoflowers, SnO, interconnected nanoparticles, coral-like SnO,/C nanoparticles at 100% depth.

nanosheets, coral-like SnO,/C composite anode displays larger
discharge capacity and better cycling ability, which is attribut-
ed to the unique composite structure with more electron
transport pathways, more active sites and better mechanical
integrity. Mechanical integrity of coral-like SnO,/C composite is
verfied by SEM images of the electrode that has been cycled
for 50 cycles at 200 mAg~" (Figure S4). It can be seen that the
coral-like SnO,/C composite can maintain its integral coral-like
structure with the carbon layer firmly attached, since the con-
tinuous carbon layer coated on SnO, nanoparticles can not
only effectively release the stress of volume expansion and
maintain mechanical integrity during cycling, but also promote
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continuous electron transport and prohibit the formation of
SEI film.

The rate performances of all three samples are summarized
in Figure 6e. Coral-like SnO,/C composite delivers a discharge
capacity of 1294, 784, 658, 532, and 434 mAhg™" at specific
currents of 100, 200, 500, 1000 and 2000 mAg~', respectively.
When the specific current goes back from 2000 to 100 mAg™",
the discharge capacity of coral-like SnO,/C electrode is recov-
ered to 719 mAhg™', showing better rate capability than the
interconnected SnO, nanoparticles (625 mAhg™') and SnS,
nanoflowers (546 mAhg™"). This is due to the good mechanical
integrity of hierarchical structure during fast lithium intercala-
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tion/deintercalation process. Moreover, carbon layer firmly
coated on SnO, nanosheets provides a continuous pathway for
fast electron transport, as confirmed by the results of electro-
chemical impedance spectroscopy (EIS) in Figure 6 f. EIS tech-
nology is used to investigate the processes occurring at the
electrode/electrolyte interfaces and Li™ intercalation/deinterca-
lation within electrode materials in the battery cells.*¥ In the
Nyquist plots, Ry represents the Ohmic resistance of the bat-
tery cell, including electrodes, electrolyte and other cell com-
ponents. R, represents the charge transfer resistance. CPE and
Z, are the double-layer capacitance and the Warburg impe-
dance, respectively. The Nyquist plots of all the three electro-
des are composed of a depressed semicircle in the medium-
frequency region followed by a slanted line in the low-frequen-
cy region. The electrode of coral-like SnO,/C composite shows
the lowest charge transfer resistance of 25 Q compared to in-
terconnected SnO, nanoparticles (55 €2) and the SnS, nano-
flowers (50 Q), indicating faster charge transfer at the elec-
trode/electrolyte interface. Additionally, in comparison with the
SnS, nanoflowers, the slope of the plot from interconnected
SnO, nanoparticles and coral-like SnO,/C composite increases
distinctly at the low-frequency range, suggesting that the R
values for the interconnected SnO, nanoparticles and the
coral-like SnO,/C composite are much lower than those of SnS,
nanoflowers. These results may be attributed to larger surface
area and more active sites of interconnected SnO, nanoparti-
cles and coral-like SnO,/C composite. Moreover, the identical
slope of the EIS plots for the interconnected SnO, nanoparti-
cles and coral-like SnO,/C composite indicates that the carbon
coating on the surface of SnO, does not hinder transportation
of lithium ions. In order to investigate structural stability of the
designed coral-like SnO,/C composites, the charge transfer re-
sistances of the electrodes after electrochemical cycling are an-
alyzed. Figure S5 compares Nyquist plots of the coral-like
Sn0O,/C composite cells before and after 50 cycles when cycled
at 200 mAg~". In comparison with the cell before cycling, the
cell after cycling shows a slight increase of Ry resistance to
48.0 Q and a similar slope of the slanted line, demonstrating
stable kinetics of electrochemical reactions in the battery cell
based on coral-like SnO,/C composite.

The improved rate capability and cycling reversibility of the
as-prepared coral-like SnO,/C composite might be owing to
novel engineering and design of its interconnected nanostruc-
ture and composition. Due to the overall coral-like microstruc-
ture and ultrasmall nanoparticle subunits as well as soft carbon
shell, the coral-like SnO,/C composite displays much higher ca-
pacity than SnS, and pure SnO, electrodes, especially at high
specific current. Specifically, the coral-like frame structure and
ultrasmall nanoparticle subunits possess short pathways for
transportation of Li* ions during insertion/extraction, and thus
facilitate performance at high rate. Moreover, the thin carbon
layer, closely attached to the nanoparticles, can effectively pre-
vent pulverization during cycling, leading to improved capacity
retention and cycling life. Furthermore, the external carbon
shell combined with interior interconnected nanostructure pro-
vides fast pathways for electron transport, enhancing the ca-
pacity at high rate.
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3. Conclusions

In summary, we have demonstrated a facile and scalable ap-
proach for fabricating coral-like SnO,/C composite electrodes
through a top-down strategy followed by a sol-gel carbon
coating method. Using the well-defined SnS, nanoflowers as
a template, the resultant SnO,/C composite displays a coral-
like structure, composed of interconnected fine monocrystal-
line SNO, nanoparticles coated coherently by a uniform carbon
layer. This electrode was then tested as anode for lithium bat-
teries. Compared to the electrodes of the SnS, nanoflowers
and interconnected SnO, nanoparticles, the optimized coral-
like SnO,/C composite shows significant improvement in both
in rate capability and cycling reversibility. The enhanced per-
formance is attributed to the coral-like framework, which pro-
vides more active reaction sites and shorter diffusion lengths
and stabilizing effects due to facile strain relaxation between
the interconnected nanoparticles. Moreover, the carbon layer
coated on the SnO, nanoparticles can serve as buffering shells
to accommodate volume variations, alleviate disintegration
and pulverization during charge/discharge process, and pro-
vide integrated electron transport pathways, leading to fast re-
action kinetics. As such, the optimized coral-like SnO,/C is
demonstrated as a promising anode material for advanced lith-
ium ion batteries with high capacity and rate capability.

Experimental Section

Synthesis of coral-like SnO,/C nanoparticles Composite
Materials

In a typical experiment, SnCl,;5H,0 (0.54g) and thioacetamide
(TAA) (0.49 g) were dissolved into 30 mL isopropyl alcohol. After
stirring for half an hour, the solution was transferred into a Teflon-
lined autoclave and heated at 180°C for 24 h. After the autoclave
was allowed to cool to room temperature, the precipitates of gold-
coloured product (SnS, nanoflowers) were collected by centrifuge
and rinsed with deionized water and alcohol several times sepa-
rately. Finally, coral-like SnO, was obtained by annealing SnS, nano-
flowers in air at 600 °C for 2 h with a heating rate of 2°C min~".

To fabricate carbon-modified composite nanoparticles, dopamine
(DPA) was used as carbon source. Typically, 100 mg coral-like SnO,
was added into a solution containing 2 mgmL~"' DPA and 10 mm
2-amino-2-hydroxymethyl- propane-1, 3-diol (TRIS) in ice water
bath. After sonication for 5 min, the mixture was stirred continu-
ously for about 6 h. Then the resultant precipitate was collected by
centrifugation and washed with deionized water and absolute eth-
anol for several times and dried at 70°C. Afterwards, the as-pre-
pared SnO.,/Poly-DPA was carbonized under N, atmosphere at
600°C for 2 h with a heating rate of 2°Cmin~".

Characterization

The crystallographic structures of all of these three samples were
characterized by Rigaku MiniFlex X-ray diffraction (XRD) measure-
ment with Cu Ka radiation in a 260 ranging from 10° to 90° at
room temperature. The microstructure, morphology and energy-
dispersive spectroscopy (EDS) were characterized by a FEI Quanta
3D FEG field emission scanning electron microscopy (FESEM). Bru-
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nauer-Emmet-Teller (BET) surface areas were determined by using
Altamira AMI-200 system to investigate the adsorption of nitrogen.
X-ray photoelectron spectroscopy (XPS) was carried out by an
AXIS165 spectrometer using a twin-anode Al Ko (1486.6 eV) X-ray
source with the charge neutralization function being turned on.
Transmission electron microscopic (TEM) images, high-resolution
transmission electron microscopic (HRTEM) images and selected
area electron diffraction (SAED) were recorded by using a JEOL
HRTEM (JEM-1400 electron microscope) with an acceleration volt-
age of 120 kV. TG were performed on a Sll STA7300 analyzer at
a heating rate of 2°Cmin~" in air.

Electrochemical Measurements

The anode material was assembled into CR2032-type coins in the
glove-box filled with pure argon gas, using lithium foil as the coun-
ter electrode and celgard-2320 membrane as separator. The elec-
trolyte was 1™ LiPF4 dissolved in ethylene carbonate (EC), dimethyl
carbonate (DMC) and diethylcarbonate (DEC) at a volumetric ratio
of 1:1:1.The anode was composed of the as-prepared tin-based
material (SnS, nanoflowers, SnO, interconnected particles or coral-
like SnO,/C) and carbon black as well as sodium alginate binder
mixed at a weight ratio of 7:2:1 in deionized water followed by
drying at 70°C for 12 h. The assembled coins were aged for 24 h
before electrochemical measurements to ensure full filtration of
the electrolyte into the anode electrode’s material. Galvanostatic
charge/discharge measurements were performed using in a voltage
range of 0.01-2.0V (versus Li*/L) with an eight-channel battery
analyzer (MTI Corporation). Cyclic voltammetry (CV) measurements
were performed with an electrochemical workstation (CHI 6504C)
at a scanning rate of 0.1 mVs~'. The AC-impedance spectra were
tested by applying an AC potential of 5 mV amplitude in the fre-
quency range from 0.01 to 100 kHz with CHI 6504C.
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pared to electrodes of SnS, nanoflowers
and interconnected SnO, nanoparticles.
The optimized coral-like SnO,/C compo-
site shows significant improvements in

Three-Dimensional Coral-Like
Structure Constructed of Carbon-
Coated Interconnected
Monocrystalline SnO, Nanoparticles
with Improved Lithium-Storage

Properties electrochemical performance, especially
in terms of the rate capability and cy-
cling reversibility.
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