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Abstract: The size- and shape-con-
trolled synthesis of Sb,S; nanostruc-
tures has been successfully realized by
a facile hydrothermal route. A range of
dimensional nanostructures, such as
one-dimensional nanorods, two-dimen-

ganic complex reagents or ionic liquids
to the reaction system. The formation
mechanisms of various Sb,S; nanostruc-
tures have been rationally proposed
based on the crystal structure and the
nature of the complex reagents and the

ionic liquid. The effects of experimen-
tal parameters on the final product are
also discussed in detail. In addition,
electrochemical measurements demon-
strate that the as-synthesized Sb,S;
nanostructures have higher initial Li in-

sional nanowire bundles, three dimen-
sional sheaf-like superstructures, dumb-
bell-shaped superstructures, and
urchin-like microspheres, could be ob-
tained through introducing different or-

Introduction

During the last decade, one-dimensional (1D) nanostruc-
tures, such as nanorods, nanotubes, and nanowires, have
been of great interest due to their size- and geometry-de-
pendent properties!! and widespread potential applica-
tions.”! So far, intensive efforts have been devoted to devel-
oping numerous 1D nanostructures through various tech-
niques and methods.®! Currently, the organization and ma-
nipulation of these 1D nanostructures are intensively inves-
tigated to advance the science and technology of the
application of 1D nanostructures in functional nanodevices,
which depend strongly on the ability to assemble ordered
and complex architectures.! These complex architectures
open up possibilities for advanced nanodevices.”) Their col-
lective behavior and interparticle coupling in well-organized
1D nanostructures would result in new functions or signifi-
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tercalation capacity and excellent cyclic
performances, which indicates that the
as-synthesized Sb,S; nanostructures
could have potential applications in
commercial batteries.

crystal

cant improvement in the optoelectronic properties.!! Vari-
ous procedures, including the Langmuir-Blodgett tech-
nique,” biorecognition,” microfluidic,’’ nanoimprinting,"”
template-directed self-organization,!""! and external electric-
or magnetic-field-induced alignment,*'? have been devel-
oped to assemble 1D nanomaterials into ordered patterns.
However, rationally manipulating the morphology and ar-
chitecture of inorganic materials in solution remains a chal-
lenge for material design.

Room-temperature ionic liquids (RTILs) have been suc-
cessfully used in various fields!""! due to their unique proper-
ties: a large electrochemical window, polar but with low in-
terface tension, low interface energies, high thermal stability,
and extended hydrogen-bond systems. Recently, RTILs have
received increasing attention from the inorganic materials
community because they can produce inorganic materials
with new structures and properties."¥ To date, many RTIL-
involved processes, including electrodeposition,™ photo-
chemical reduction,'® electron beam irradiation,!'” sol-gel
processes,'® and solvothermal" and ionothermal routes,””
have been developed to synthesize inorganic nanomaterials.
RTILs have been proved to be excellent media for inorganic
synthesis and could offer many opportunities and challenges
for the synthesis of unique structured nanoparticles. Howev-
er, this new type of reaction medium needs to be further ex-
plored for other inorganic systems. Therefore, we have at-
tempted to control the growth of various Sb,S; nanostruc-
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tures under hydrothermal conditions with a combination of
ionic liquid and other additives.

As a known layer-structured semiconductor with a direct
band gap of 1.78 eV, Sb,S; has many potential applications,
including solar energy conversion,”!! thermoelectric cooling
technologies, and optoelectronics in the IR region.’”! Re-
cently, Sun et al.”® found that Sb,S; exhibited efficient pho-
tocatalytic properties in the decomposition of methyl orange
and p-hydroxyazobenzene. Because of these useful proper-
ties, considerable efforts have been devoted to the fabrica-
tion of Sb,S; films and controlled synthesis of 1D Sb,S;
nanostructures, as well as more complex assemblies. Various
Sb,S; films have been fabricated by different methods, such
as chemical bath deposition,*! thermal evaporation,™' and
spray pyrolysis techniques.”!. Simple 1D Sb,S; nanostruc-
tures, including nanorods,”” nanowires,”! nanotubes,* and
nanoribbons,” have been produced by various synthetic
routes. Moreover, complex Sb,S; superstructures including
hollow ovoid microcrystals,”" sheaf-like superstructures,™”
nanorod-bundles,® and straw-tied-like architectures,® have
been obtained in solution. However, most methods em-
ployed toxic reagents or used a polymer as a template.
Therefore, it is highly desirable to explore a simple, poly-
mer-free, environmentally friendly route to fabricate com-
plex Sb,S; superstructures and controllable 1D nanostruc-
tures.

Recent studies demonstrate that some minerals in nature
tend to form unusual morphologies by crystal splitting
during their growth. With knowledge of crystal growth ki-
netics, crystal splitting can be adjusted to fabricate novel
morphologies. Splitting ability in minerals strongly depends
on their crystal structure. A range of materials, such as
sheaf-like Bi,S; and B-FeO(OH),*! sheaf-like hierarchical
Sb,S; and Sb,Se;, ! and sheaf-like BaWO, with different de-
grees of crystal splitting,®® bundle-like, cross-like and
spherulitic Fe,P*” have been fabricated by crystal splitting
processes. On the other hand, self-assembly is considered to
be an effective strategy to form hierarchical superstructures.
Self-assembly of nanocrystals is usually driven by van der
Waals forces and hydrogen bonding between certain organic
molecules on the particle surface.’ Thus, it is desirable to
develop an effective synthetic approach to delicately control
the growth of Sb,S; nanostructures by a combination of crys-
tal splitting and self-assembly techniques.

Herein, we report morphology manipulation of Sb,S;
nanocrystals under hydrothermal condition with different
additives in the synthetic system. Furthermore, the forma-
tion mechanisms of various Sb,S; nanostructures were dis-
cussed in detail from the viewpoints of crystal growth habit
and the effects of the ionic liquid and other additives. More-
over, electrochemical measurements demonstrate that the
as-synthesized Sb,S; nanostructures display a higher initial
Li intercalation capacity and excellent cyclic performances.
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Results and Discussion

The morphology and size of the as-synthesized products
were characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Figure la—-d

1 um—

Figure 1. a) Low-magnification and b) high-magnification SEM images of
the as-prepared sheaf-like Sb,S; superstructures. ¢) TEM image and
d) HRTEM image of an individual nanorod from the sheaf-like Sb,S; su-
perstructures. ¢) SEM image and f) TEM image of the as-prepared Sb,S;
nanorods; inset: HRTEM image. Scale bars: a) 10 um, b) 1 um, e) 1 pm.

shows the product synthesized with ionic liquid [Bmim]Cl
(4 molL™") and citric acid (0.04 molL™") at 180°C for 5 h.
Self-assembled Sb,S; products with an average horizontal
axis of around 2.5 pym and a longitudinal axis of around
20 um on a large scale were observed (Figure 1a). The high-
resolution SEM image (Figure 1b) reveals an individual
Sb,S; microparticle consisting of aligned nanorods with di-
ameters of about 50 nm. Furthermore, we also investigated
nanorods arranged side-by-side in an ordered fashion. The
detailed structure of the as-prepared sheaf-like nanostruc-
tures has further been studied by TEM analysis (Figure 1c
and d). Figure 1c displays a low-magnification image of a
single nanorod with a diameter of about 50 nm. And the
corresponding high-resolution TEM (HRTEM) image of the
nanorod (Figure 1d) exhibits good crystalline and clear lat-
tice fringes. The interlayer distance is found to be 0.5 nm,
which corresponds to the (120) plane of Sb,S;. The lattice
planes are well aligned in a parallel manner without any no-
table defects, which is important for optoelectronic applica-
tions. The Sb,S; nanorods in Figure le and f were synthe-
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sized with ammonium citrate (0.04 molL™") in the absence
of ionic liquid at 180°C for 24 h. SEM images of the product
indicate rod-like morphology with a diameter of 100 to
150 nm and several micrometers in length (Figure le). The
sample was further characterized by TEM and HRTEM
(Figure 1f) to obtain more information on the structure and
morphology. HRTEM image of the circled part of the nano-
rod (Figure 1f, inset) indicates good crystalline and clear lat-
tice fringes. It reveals that the lattice-resolved fringes with a
constant spacing of 0.5 nm, which correspond to the (120)
planes, are parallel to the nanorod axis. Thus, it can be infer-
red that the growth direction of the nanorod is along the
[001] direction.

The phase and purity of the as-obtained products were ex-
amined by X-ray diffraction (XRD). The XRD patterns of
the as-prepared sheaf-like Sb,S; nanostructures and nano-
rods are shown in Figure 2a and b, respectively. All the dif-
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Figure 2. XRD patterns of the as-synthesized Sb,S; nanostructures:
a) sheaf-like nanostructures and b) nanorods.

fraction peaks can be readily indexed to orthorhombic Sb,S;
(JCPDS Card No. 06-0474); no peaks from other phases
were observed, which indicates the high purity of the prod-
ucts. It is also observed that all the major (hk0) planes are
of relatively higher intensity compared with their reported
value. This indicates that the preferential crystal growth is
along the (001) direction, in agreement with the one-dimen-
sional growth of the materials. This phenomenon may be
caused by preferential growth along the (120) plane and a
closely packed and ordered structure.

In general, the final shape of nanocrystals was controlled
by the inherent crystal structure during the initial nucleation
stage and subsequent growth stage through the delicate con-
trol of external factors, such as the additive, reaction media,
and reaction time.”” Therefore, the final crystalline mor-
phology is the cooperative result of internal crystal factors
and external controlled factors.

A typical Sb,S; crystal structure (Figure 3) consists of in-
finite chains of (Sb,S¢), moieties running parallel to the c-
axis and close to the [010] directions that contain two types
of Sb and three types of S atoms."” Two sulfur atoms are
formally trivalent and one is divalent. Within the chain, the
divalent sulfur and one of the trivalent sulfurs are connected
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Figure 3. Schematic illustration of the crystal structure of Sb,S;. Dark
grey spheres represent Sb, light grey spheres represent S.

to antimony by strong covalent bonds. However, the third
sulfur is connected to the antimony of the second parallel
running chain by weaker van der Waals bonds, which are re-
sponsible for the cleavage of the crystal. Thus, the cleavage
occurs parallel to the (010) planes, in which only van der
Waals bonds are ruptured. Consequently, Sb,S; breaks easily
along the c-axis and leads to the formation of 1D nanostruc-
tures and complex nanorod structures. In addition, the mor-
phology evolution processes (Figure S1 in the Supporting In-
formation) support the fractal splitting growth mechanism
for the sheaf-like nanostructures. Also, it has been shown
that the complex structures of the nanorods indeed grow
along the [001] direction based on our HRTEM measure-
ments, which provides additional support for the fractal
splitting growth mechanism.

The ability to assemble nanoscopic components into
larger structures depends crucially on the interparticle inter-
actions. In a solution-phase synthesis, the specific molecular
interactions between capping agents can contribute to signif-
icant and specific interparticle potentials between much
larger components and enable their spontaneous organiza-
tion into a variety of ordered structures.*) To manipulate
the morphology of Sb,S; nanocrystals, we introduced citrate
acid and ammonium citrate separately into this solvothermal
synthesis. It is believed that there are COOH and OH func-
tional groups on the citric acid, which has a strong tendency
to coordinate with inorganic metal cations, such as Ag*,
Ca’*, Mg’*, Ni?*, and Zn’*."" The presence of these
groups has made citric acid a useful self-assembly reagent in
our system. It is known that self-assembly of nanocrystals is
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driven by van der Waals forces and hydrogen bonding
among certain organic molecules on the particle surface. At
the nanoscale, hydrogen bonding has been shown to initiate
the aggregation of nanoparticles functionalized with hydro-
gen-bonding ligands, in which the degree of aggregation and
ordering depends on the strength of individual hydrogen
bonds. When these groups are carboxylic, the interactions
depend on the pH of the surrounding solution and exhibit
strong hydrogen-bond interactions at low pH and repulsive
electrostatic interactions at high pH.I***! In this way, the
balance between hydrogen-bond attraction and electrostatic
repulsion gives way to side-to-side assemblies governed pre-
dominantly by van der Waals forces. Thus, irregular sheaf-
like Sb,S; hierarchical nanostructures (Figure S2 in the Sup-
porting Information) could be obtained if citric acid was
used as self-assembly reagent. By introducing a proper
amount of ionic liquid [Bmim]Cl to the present system, the
well-defined sheaf-like Sb,S; superstructures (Figure la)
could be obtained. Though [Bmim|Cl slowed down the reac-
tion, its good dispersancy and high viscosity made the prod-
ucts smaller and more regular as they grew gradually be-
cause the mass transport was hindered. On the other hand,
the pH of solution was enhanced when an equimolar
amount of ammonium citrate replaced citrate acid in the re-
action system. The change in pH breaks the balance be-
tween the hydrogen-bond interactions and repulsive electro-
static interactions of Sb,S; nanorods in the presence of cit-
rate anions, then lowers the interparticle interaction and fur-
ther leads to the formation of nanorods rather than sheaf-
like nanostructures. In addition, if ammonium citrate was
not used while keeping the other conditions the same as
those of Sb,S; nanorods, irregular microrods were obtained
(Figure S3 in the Supporting Information). These results in-
dicate that additives are important for the formation of the
Sb,S; nanostructures during the solvothermal process. Sche-
matic illustrations of the interactions between the Sb,S; sur-
faces in the presence of citric acid and ammonium citrate
are shown in Figure 4a and b, respectively.
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Figure 4. Schematic illustration of the interactions between the Sb,S; sur-
faces in the presence of different additives: a) citric acid and b) ammoni-
um citrate.
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Our synthetic parameters enable further shape manipula-
tion of Sb,S; hierarchical architectures. The concentration of
citric acid can significantly affect the shape of the products.
With a citric acid concentration of 0.02 mol L™, without any
ionic liquid, and with the other reaction conditions kept the
same, the Sb,S; hierarchical architectures (Figure 5a) mainly

Figure 5. SEM images of Sb,S; samples obtained under various synthetic
conditions: a) citric acid (0.02 molL™"), no ionic liquid, and the other ex-
perimental parameters were kept the same as for the sheaf-like Sb,S; su-
perstructures; b) citric acid (0.02 molL™"), ionic liquid (4 molL™"), and
the other experimental parameters were kept the same as for the sheaf-
like Sb,S; superstructures. Scale bars: a) 1 pm, b) 1 pm.

consists of unique column-like superstructures of ~5 pm di-
ameter. If the concentration of citric acid was increased to
0.06 molL™!, urchin-like microspheres and many nanorods
(Figure S3 in the Supporting Information) were obtained.
Moreover, the ionic liquid also played a crucial role in ma-
nipulating the morphology of final product. Dumbbell-
shaped Sb,S; superstructures (Figure 5b), similar to sheaf-
like superstructures, could be obtained if a proper concen-
tration of ionic liquid (4 molL™") was used in the presence
of citric acid (0.02 molL™"). The two SEM images (Figure 5)
indicate that the ionic liquid strongly influenced the mor-
phology of the final product and favored the cleavage of the
superstructures under these conditions. The splitting process
of the dumbbell-shaped superstructures is given in Figure S5
in the Supporting Information. In a divergence from the
roles of ionic liquid in the discussion above, a steric hin-
drance effect of the imidazolium cations of the ionic liquid
between the surfaces of Sb,S; nanorods was suggested to
contribute to the formation of the sheaf-like superstructures.
The steric hindrance effect partly offsets the hydrogen-bond
interactions and the van der Waals bonds between the paral-
lel running chains, and contributes to the cleavage parallel
to the (010) planes and subsequently the formation of the
dumbbell-shaped superstructures. A schematic illustration of
the interactions between the Sb,S; surfaces in the presence
of citric acid and [Bmim]Cl is given in Figure 6a.

As demonstrated above, the ionic liquid indeed plays cru-
cial roles in controlling the growth and self-assembly of
Sb,S; nanostructures. To investigate the influence of the con-
centration of ionic liquid on the morphology of final prod-
ucts in the aqueous ammonium citrate system, two control
experiments were carried out by adjusting the concentration
of [Bmim]Cl while other conditions remained unchanged.
When a low concentration of ionic liquid (0.8 molL™") was
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Figure 6. Schematic illustration of the interactions between the Sb,S; sur-
faces in the presence of [Bmim]Cl and a) citrate acid or b) ammonium
citrate.

introduced into the reaction system, some Sb,S; nanorod
bundles (Figure 7a) could be obtained. When a high concen-
tration of ionic liquid (4 molL™") was used, urchin-like Sb,S;
microspheres (Figure 7b) could be obtained. To evaluate de-
tailed roles in the nanorods bundles and urchin-like micro-

Figure 7. SEM images of Sb,S; samples obtained under various synthetic
conditions: a) ammonium citrate (0.04 molL™"), ionic liquid (0.8 molL™"),
and the other experimental parameters were kept the same as for the
sheaf-like Sb,S; superstructures; b) ammonium citrate (0.04 molL™"),
ionic liquid (4 molL™"), and the other experimental parameters were
kept the same as for the dumbbell-shaped Sb,S; superstructures. Scale

bars: a) 1um, b) 1 um.
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spheres of Sb,S;, their morphology evolution processing ex-
periments were conducted (Figure S6 and 7 in the Support-
ing Information). Based on the experimental results, we
think that the roles of the ionic liquid should be emphasized.
The self-assembly effect of ionic liquid can be attributed to
a combination of the van der Waals forces between the ionic
liquid molecules and the hydrogen-bond interactions and
electrostatic forces between the citrate cations and ionic
liquid. It is recognized that the imidazolium-based ionic
liquid has a polymeric supramolecular structure composed
of anionic and cationic aggregates, along with the extraordi-
nary potential to generate a nanostructure with polar and
nonpolar regions in which the nanoparticles are embed-
ded."**! [Bmim]Cl is considered to form a protective layer
surrounding the nanoparticles, which is composed of semior-
ganized imidazolium cationic supramolecular aggregates lo-
cated immediately adjacent to the nanoparticle surface. This
provides stabilization whereas counterions provide charge
balance, which is close to Darjaugin—-Landau-Verwey—Over-
beek-type stabilization.[***! Electrostatic interaction provid-
ed by the intrinsic high charge of [Bmim]Cl and steric hin-
drance due to the supramolecular anionic and cationic ag-
gregates adjusts the interaction between Sb,S; nanorods;
consequently, the complete coating of supramolecular aggre-
gates of [Bmim]Cl on Sb,S; nanorods keeps them well
spaced from each other. On the other hand, these interac-
tions cause the nanorods in the superstructures to bind to-
gether and thus inhibit the cleavage to form the superstruc-
tures. A schematic illustration of the interactions between
the Sb,S; surfaces in the presence of ammonium citrate and
[Bmim]Cl is shown in Figure 6b. On the other hand, the ini-
tial nucleation and subsequent growth of Sb,S; nanocrystals,
which strongly depend on the reaction parameters, particu-
larly the reaction media, lead to the formation of different
morphologies. Considering the complicated properties of
ionic liquid, the detailed roles of ionic liquid need further
investigation.

To investigate the morphology-dependent of the electro-
chemical properties of the three Sb,S; nanostructures, we
carried out a preliminary assessment of their electrochemi-
cal performance with respect to Li insertion/extraction.
Figure 8 shows the first discharge/charge voltage profiles for
the Sb,S; column-like superstructures, nanorods, and sheaf-
like superstructures at a current density of 50 mA g~ in the
voltage window of 0.01 to 3.0 V (vs. Li*/Li). The shape of
the three curves is very similar, indicating that the morphol-
ogy and size do not change the lithium storage nature of
Sb,S;. During the first discharge process, two discharge pla-
teaus at 1.45 and 0.65 V (Figure 8) were observed and pro-
vided an initial capacity of 1074, 1175, and 1154 mAhg! for
column-like superstructures, nanorods, and sheaf-like super-
structures, respectively. Sohn et al.l*l reported that the elec-
trochemical reaction occurring in the Sb,S; electrode is as
follows:

Sb,S; — Li,S+Sb — Li,S+Sb — Li,S+Li,Sb

Chem. Eur. J. 2010, 16, 13210-13217
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Figure 8. Electrochemical Li intercalation/deintercalation curves of Sb,S;
samples: ——: column-like superstructures, ——:nanorods, and
——: sheaf-like superstructures.

Figure 9 shows the discharge capacity versus cycle number
for electrodes made from the column-like superstructures,
nanorods, and sheaf-like superstructures of Sb,S; at a cur-
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Figure 9. The discharge capacities of Sb,S; samples as a function of cycle
number: o:column-like superstructures, A:nanorods, and e:sheaf-like
superstructures.

rent density of 50 mA g~!, respectively. After 25 cycles, the
reversible capacity for sheaf-like superstructures is still as
high as 425 mAhg', whereas that for column-like super-
structures and nanorods is only 367 and 377 mAhg™, re-
spectively. The sheaf-like Sb,S; superstructures are superior
to the other samples, with the highest lithium storage capaci-
ty, lowest irreversible loss, and excellent cycling perfor-
mance, which may be attributed to its special structure and
smaller size of nanorods.””! The sheaf-like Sb,S, superstruc-
tures are composed of nanorods with a relatively smaller di-
ameter; this special structure favors both the diffusion of
the lithium ion and the electrolyte and Sb,S;. Therefore,
better electrochemical property is observed for the sheaf-
like Sb,S; superstructures. In addition, their Li intercalation/
deintercalation reversibility is better than the values report-
ed for In,S;, Bi,S;, and pure Sb,S, nanostructures.***! These
results indicate that synthetic Sb,S; nanostructures can be
potentially applied to be anode material for lithium ion bat-
teries.
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Conclusion

In summary, we have developed a facile hydrothermal
method for the controllable synthesis of Sb,S; nanostruc-
tures with a range of sizes and morphologies. Sb,S; with var-
ious dimensional nanostructures, such as 1D nanorods, 2D
nanowire bundles, 3D sheaf-like superstructures, dumbbell-
shaped superstructures, and urchin-like microspheres, could
be obtained by properly monitoring the experimental condi-
tions, such as the concentration of complex reagent, differ-
ent complex reagent, and ionic liquid. On the basis of the
observation of intermediate products in the growth process,
the formation mechanisms of various Sb,S; nanostructures
are proposed. Moreover, the as-synthesized Sb,S; nanostruc-
tures showed higher initial Li intercalation capacity over
graphite anode materials and excellent cyclic performances.
The present work opens new strategies for the controllable
synthesis of various nanostructures from 1D to 3D nano-
scale building blocks, and provides a step forward in the
design of novel anode materials with higher electrochemical
capacity.

Experimental Section

Chemicals: All chemicals were of analytical grade and were used without
further purification. The ionic liquid 1-n-butyl-3-methylimidazolium chlo-
ride ([bmim]Cl) was prepared according to the literature.!*”)

Synthesis: In a typical synthesis of Sb,S; nanostructures, Sb(CH;COO),
(1 mmol) and a given concentration of additive (citric acid or ammonium
citrate) were added to a mixture of distilled water and ionic liquid
[Bmim|Cl (25 mL) and stirred vigorously. Then, a given amount of thio-
acetamide (TAA) was added to the solution and the mixture was trans-
ferred into an autoclave and maintained at a fixed temperature for a pre-
determined time, then allowed to cool to RT. Finally, the black precipi-
tate was collected and washed three times with absolute ethanol and
water.

Characterization: XRD analysis was performed by using a Rigaku D/
max Diffraction System with a Cug, source (1=0.15406 nm). The SEM
images were taken by using a JEOLJSM-6700F field-emission scanning
electron microscope (15 kV). The TEM images were taken by using a Hi-
tachi model H-800 transmission electron microscope with an accelerating
voltage of 200 kV. HRTEM photographs were obtained by using a
JEOL-2010 transmission electron microscope.

Electrochemical measurements: The electrochemical Li intercalation per-
formance was investigated in Li test cells for Sb,S; samples with various
morphologies. The Sb,S; sample was mixed with acetylene black and
polytetrafluoroethylene with a weight ratio of 75:15:10 in ethanol to
ensure homogeneity. After the ethanol was evaporated, the mixture was
rolled into a sheet and cut into circular strips of 8 mm diameter. The
strips were then dried at 120°C for 10 h in air. Lithium metal was used as
the counter and reference electrodes. The electrolyte was composed of a
solution of LiPF, (1M) in ethylene carbonate/dimethyl carbonate with a
weight ratio of 1:1. These parts were assembled into test cells in an
argon-filled dry glovebox, and then the cells were measured at a current
density of 60 mAg™' within a voltage range of 0.01-3.0 V by using a
Land CT2001 battery tester.
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