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ABSTRACT: Due to the high theoretical capacity of 946 mAh g−1, Sb2S3 can be
employed as promising electrode material for sodium-ion batteries (SIBs). Herein, the
sodium storage behaviors of one-dimensional (1D) Sb2S3-based materials (Sb2S3 and
Sb2S3@C rods) are successfully studied for the first time, displaying good cyclability
and rate capability owing to their unique morphology and structure. Specifically, the
Sb2S3@C rods electrode presents greatly enhanced electrochemical properties,
resulting from the introduction of thin carbon layers which can effectively alleviate
the strain caused by the large volume change and simultaneously improve the
conductivity of electrode during cycling. At a current density of 100 mA g−1, it delivers
a high capacity of 699.1 mAh g−1 after 100 cycles, which corresponds to 95.7% of the
initial reversible capacity. Even at a high current density of 3200 mA g−1, the capacity
can still reach 429 mAh g−1. This achievement may be a significant exploration for
develpoing novel 1D Sb-based materials or metal sulfide SIBs anodes.
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1. INTRODUCTION

The development of sodium-ion batteries (SIBs) paralleled
that of lithium-ion batteries (LIBs) through the 1980s. However,
due to the lower electrochemical standard potential of Li+/Li
(−3.04 V vs SHE) and smaller size of Li+, the LIBs with higher
energy density played the dominant role in both research and
commercial fields. Thus, the investigation and development of
SIBs were largely depressed after the success of the commercial
application of LIBs in the 1990s,1 followed by the rapid develop-
ment of portable electronics and electric vehicles market leading
to the heavy demand of LIBs. Recently, more and more scientists
are gradually beginning to realize that the limited lithium source
reserve in the earth may hamper the power supply for large-scale
application field,2,3 which tells that exploring new alternative
batteries becomes imperative. Just under such a background, SIBs
catch the researchers’ attention again and are becoming one of the
hottest topics for emerging energy storage and conversion owing
to the abundant reserves of sodium, which has similar physico-
chemical properties with lithium.4 Nonetheless, several problems
must be solved before such a battery can become a practical,
commercial reality.2 Research of SIBs is now in full swing to address
these barriers and makes efforts to enable this emerging energy
storage technology to become available in the coming years.
Currently, the negative electrode is one of the most trouble-

some components of SIBs since Na+ ions cannot be intercalated
to the typical graphitic carbons utilized in LIBs.1 The discovery
of suitable anode materials is a major challenge. Hence, the
exploitation of excellent anode materials with high specific
capacity, long cycle life and fast charge−discharge ability is highly
desired.5−7 In view of previous research reports,8−13 Sb-based

materials (Sb, Sb alloy and composite, Sb oxide and sulfide)
might become one kind of quite available anode candidates for
high-performance SIBs in considering their high theoretical
capacities (Table 1). Since Qian et al.,8 Xiao et al.9, and Darwiche

et al.10 first reported the sodium storage properties of Sb/C,
SnSb/C, and bulk Sb, respectively, in 2012, various metallic Sb
anode materials have been studied, such as Sb/graphene,14−16

Sb/carbon nanotubes,17 Sb/carbon spheres,18 Sb/carbon nano-
sheets,19 Sb/carbon nanofibers,20−23 pitaya-like Sb/carbon,24

rod-like Sb/carbon composites,25 SnSb,26 Cu2Sb,
27 Sb−Cu

composite,28 Zn4Sb3,
29 Mo3Sb7 alloy,

30 Sb nanocrystals,31 and
Sb hollow structures.32,33 Whereas, although possessing higher
theoretical specific capacity than that of metallic Sb, the research
of antimony oxides and sulfides is so insufficient that only a few
related works11−13,34,35 are reported. Thus, it will be extremely
meaningful to exploit novel antimony oxides or sulfides and
explore their sodium storage behaviors.
In the past few decades, metal sulfides have been considered

as prominent candidates for LIBs resulting from their unique
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Table 1. Maximum Theoretical Capacity of Sb-based Anode
Materials for SIBs

Sb Sb2S3 Sb2O3 Sb2O4

maximum theoretical capacity (mAh g−1) 660 946 1109 1227
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physical and chemical properties including higher electrical
conductivity, mechanical and thermal stability than those of their
corresponding metal oxides, as well as their rich redox chemistry
that contributes to the high specific capacity.36 Similar to LIBs,
metal sulfides can also be prospective anode materials for
SIBs.37,38 Antimony sulfide (Sb2S3) as anode material for LIBs
has been extensively studied.39−41 Recently, it has been
confirmed that Sb2S3 can also be utilized as anode for SIBs.13,35

Theoretically, Sb2S3 can undergo both conversion reaction and
alloy formation, as described by eqs 1 and 2.13

+ + → ++ −Conversion: Sb S 6Na 6e 2Sb 3Na S2 3 2 (1)

+ + →+ −Alloying: 2Sb 6Na 6e 2Na Sb3 (2)

It can be seen that 12 mol of electrons and Na ions are stored
in one mole of Sb2S3, resulting in a high theoretical capacity of
946 mAh g−1. Nevertheless, the practical is not perfect. Similar
to LIBs, the rate of sodium insertion/extraction is hindered by
the sluggish diffusivity of sodium ion in the bulk Sb2S3 and the
low electrode/electrolyte contact surface of the bulk electrodes,
resulting in low power. Additionally, a series of drawbacks
deriving from the large volume change would occur during the
sodiation/desodiation process, which can inevitably give rise to
serious destruction of electrode structure, bringing about poor
cycle life.36 As suggested for conventional electrode materials for
LIBs and SIBs, typically effective solution for the aforementioned
issuesmainly include preparing small-sizedmicro/nanostructure42

and introducing carbon materials.20,21,43

It is noteworthy that one-dimensional (1D) micro/nanostruc-
tures have distinct chemical and electrical properties and greater
chemical reactivity, which originate from their unique geometric
characteristics, including ultrafine size effects, long-range
orientation of the crystalline lattice, and the quantum confine-
ment effects.44 Naturally, 1D micro/nanostructures are expected
to play important roles in nanotechnology and materials science,
making them arrestive as active components for various applica-
tions.45 When applied in batteries, they have been confirmed
to be viable candidates with improved performances due to their
peculiar properties, such as resistance to self-agglomeration,
improved well-guided charge transfer kinetics and high specific
surface area. Meanwhile, 1Dmicro/nanostructures can also allow
for better accommodation of volume change during repeated
charge−discharge process.44
In consideration of above-mentioned factors, in this study,

we designed 1D Sb2S3-based materials to improve the electro-
chemical performances of SIBs. The obtained submicrosized
rod-like Sb2S3 and Sb2S3@C composite through solvothermal
method are first applied as anode materials for SIBs and exhibit
good sodium storage properties. It is worthy to note that the
rod-like Sb2S3@C composite with a uniform thin carbon layer
displays much more outstanding electrochemical performance
with superior cycle stability and remarkable rate capability.

2. EXPERIMENTAL SECTION
2.1. Materials. SbCl3 and ethanol (Shanghai Titan Scientific Co.,

Ltd.); ethanediol, thiocarbamide, and glucose (Sinopharm Chemical
Reagent Co., Ltd.); carboxymethyl cellulose (CMC) and NaClO4 (Alfa
Aesar); fluoroethylene carbonate (FEC), propylene carbonate and Na
(Sigma-Aldrich).
2.2. Preparation of Sb2S3 Rods and Sb2S3@C rods. The Sb2S3

rods and Sb2S3@C rods were prepared through solvothermal method.
Typically, 0.75 g thiocarbamide was dissolved in 60 mL ethanediol
under magnetically stirring for 2 h. Next, the above-prepared solution
was rapidly added into SbCl3 solution (0.75 g SbCl3 in 60 mL ethanediol)

with continuous magnetic stirring for 4 h. Then, the mixed solution was
transferred to a 150 mL stainless steel Teflon-lined autoclave, followed
by being sealed and then heated inside a conventional oven at 180 °C for
12 h. Last, after the autoclave was naturally cooled to room temperature,
a black precipitate was collected by centrifugation and was then washed
thoroughly successively with anhydrous ethanol and deionized water. The
collected precipitate was dried in vacuum at 80 °C overnight for later use.
For the preparation of Sb2S3@C rods, SbCl3 solution was replaced by the
mixed solution of 0.75 g glucose and 0.75 g SbCl3 in 60 mL ethanediol,
and other conditions remained the same. The obtained products were
further carbonized at 450 °C for 2 h under Ar atmosphere with a heating
rate of 3 °Cmin−1. Meanwhile, the prepared Sb2S3 rods were also calcined
with the same condition.

2.3. Materials Characterization. Scanning electron microscope
(SEM, FEI Quanta 200) equipped with energy dispersive spectrometer
(EDS), transmission electron microscope (TEM, JEM-2100F), X-ray
diffraction (XRD, Rigaku D/max 2550 VB+ 18 kW, Cu Kα radiation),
and thermogravimetric analysis (TGA, NETZSCH STA449F3) were
used to characterize the morphology and composition of the samples.

2.4. Electrochemical Measurements. Coin-type half-cells were
assembled in a glovebox filled with Ar to investigate the sodium storage
behaviors of as-prepared products. A homogeneous slurry was obtained
through mixing the synthesized active materials with super P and
carboxymethyl cellulose (70:15:15 in weight) in deionized water, and
then it was painted on a copper foil. After solvent evaporation, the
copper foil coated with active materials was cut, pressed, and further
dried at 100 °C under vacuum for 12 h. The tailored Cu foil coated with
active materials was utilized as work electrode, metallic sodium was
employed as the counter electrode, and Celgard 2400 was used as the
separator. The electrolyte was a solution of 1 M NaClO4 in propylene
carbonate (PC) with 5% fluoroethylene carbonate (FEC) additive. Cyclic
voltammetric measurements were performed on Solartron Analytical
to examine the cathodic and anodic reaction using the above-mentioned
cell in the voltage range of 2.5−0.01 V (vs Na/Na+) at a scan rate of
0.1 mV s−1. Galvanostatic charge−discharge tests were carried out on
Arbin battery cycler (BT2000) at suitable current densities between
0.01 and 2.5 V (vsNa/Na+) for both charge (Na extraction) and discharge
(Na insertion) at room temperature. The electrochemical impedance
measurements were performed on Solartron Analytical at an AC voltage
of 5 mV amplitude in the range of 100 kHz to 0.01 Hz after five
charge−discharge cycles. The mass loading of the active material is about
0.8−1.0 mg. The specific capacity was calculated based on the weight of
active materials (Sb2S3 or Sb2S3@C) only.

3. RESULTS AND DISCUSSION

3.1. Morphology, Structure, and CompositionAnalyses.
The chemical composition and crystal structure are detected
through XRD analysis. The XRD results of prepared samples
are presented in Figure 1, and all the diffraction peaks of Sb2S3
and Sb2S3@C can be indexed to the standard card data of
orthorhombic stibnite (JCPDS 42-1393). No other impurity

Figure 1. XRD patterns of Sb2S3 and Sb2S3@C rods.
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peaks are observed, suggesting the obtained Sb2S3 is in high
purity. The absence of carbon diffraction peaks in patterns of
Sb2S3@C may be attributed to the amorphous structure and low
content of carbon. It should be noted that some weaker peaks of
stibnite in the pattern of Sb2S3@C disappeared because of the
influences of surface carbon.
The morphology of as-prepared samples is expressed by

SEM and TEM. Figure 2a−c shows SEM images of Sb2S3 with

different magnification, and it is clear that Sb2S3 rods are
stacked together, forming a haystack-like structure, and display
well-defined rod-like structure. From the magnified SEM
image (Figure 2c inset), it can be seen the Sb2S3 is cuboid rod.
The haystack-like architecture can provide enlarged electrode/
electrolyte contact area, leading to a large number of active sites
for the following charge transfer reaction. In addition, the Na+

ions diffusion paths are shortened, which can result in better
kinetic conditions for the electrode material. The TEM image
in Figure 2d indicates the solid rod-like morphology of Sb2S3,
which agrees well with SEM results. The clear lattice fringe with
an interplanar distance of 0.36 nm corresponding to the crystal
plane of Sb2S3 (JCPDS 42-1393) can be observed in the high-
resolution TEM (HRTEM) image (Figure 2e). The selected area
electron diffraction (SAED, Figure 2f) result suggests the mono-
crystalline nature of Sb2S3 rods. The EDS spectra in Figure 2g
reveal that the atomic ratio of Sb and S is quite close to 2:3, which
further confirm that the resulted product is Sb2S3.
Figure 3a−c gives SEM images with different magnification of

Sb2S3@C. After the coating of carbon was applied, one can see
that the obtained products preserve the rod-shaped morphology
and haystack-like architecture in a large area. The TEM image in
Figure 3d further demonstrates the rod-shaped morphology and
the amplified TEM images (Figure 3 e and f) clearly reveal that
the rod’s exterior is covered with a thin carbon layer, a typical

core−shell structure was observed. Figure 3 g and h depict
the contrast of Sb2S3 and Sb2S3@C rods, the difference is so
clear due to the presence of carbon coating layer. Figure S1
displays the images of elemental mappings of S, Sb, and C;
it is obvious that these three elements are uniformly distributed
in the sample.
In further experiments, TGA is carried out to evaluate the

content of carbon in the Sb2S3@C composite. Figure 4a displays
the TGA results of bare Sb2S3 rods and Sb2S3@C rods under air
atmosphere. The weight loss can be observed for both bare Sb2S3
rods and Sb2S3@C rods, which can be ascribed to the conversion
of Sb2S3 into Sb2O4 (confirmed by XRD in Figure 4b) during the
burning process in air. Of course, the weight loss of Sb2S3@C is
larger owing to the release of gas resulting from the combustion
of carbon. According to TGA results, the calculated carbon
content is ∼13%. The XRD patterns of combustion products
of Sb2S3 rods and Sb2S3@C rods are displayed in Figure 4b, all
diffraction peaks are in good agreement with orthorhombic
Sb2O4 (JCPDS 71-0143), which confirms that the final products
are Sb2O4 and this can assist TGA to calculate the carbon
content.
On the basis of some previous laudable works,46−48 the

possible formation process of the Sb2S3 rods is depicted in
Scheme 1. When the thiourea solution was added into the SbCl3
solution, a Sb-thiourea complex was formed. During the heating
process of solvothermal treatment, the chelation of Sb-thiourea
would be weakened and Sb3+ would be released gradually. Mean-
while, thiourea would be broken and S2− anions would be slowly
released. And then amorphous orange-red (Sb2S3)n parti-
cles can be formed, resulting from the reaction of Sb3+ and S2−.
Under the solvothermal condition with high-temperature and
high-pressure, the amorphous Sb2S3 particles nucleated and
grew into small crystal in the solution. As reported, the unusual
chain structure of Sb2S3 can facilitate the anisotropic growth of

Figure 2. (a−c) SEM, (d) TEM, and (e) HRTEM images and (f) SAED
and (g) EDS of Sb2S3 rods.

Figure 3. (a−c) SEM and (d−g) TEM images of Sb2S3@C rods and (h)
TEM image of Sb2S3 rods.
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Sb2S3 particles. In addition, under the direction of ethanediol
solvent molecules, the collision of interparticles resulted in the
formation of orientated connections along certain crystal face.
With the prolongation of solvothermal treatment time, the
orientated aggregations of Sb2S3 by self-assembling can further
coalesce together by recrystallization and form1D rod-like structure.
3.2. Sodium Storage Behaviors. Figure 5a shows typical

cyclic voltammograms (CVs) of the half-cell at a scan rate of
0.1 mV s−1 between 0.01 and 2.5 V versus Na/Na+ for the first
two cycles. From the CV curves of Sb2S3@C rods, four peaks
centered at around 1.30 V, 0.77 V, 0.35 V, 0.27 V are observed in
the cathodic process, which are attributed to conversion reaction
with sulfur atoms13 (Sb2S3 + 6 Na+ + 6 e− → 2Sb + 3 Na2S) and
the alloying reaction of Sb with Na8,49 (2Sb + 6 Na+ + 6 e− →
2 Na3Sb). The broad peak from 0.50 to 1.10 V may contain the

formation reaction of solid electrolyte interface (SEI) layer.35

The anodic peaks centered at 0.77 and 1.35 V are related to the
dealloying reaction8,49 (2 Na3Sb→ 2Sb + 6 Na+ + 6 e−) and the
formation of Sb2S3

13,35(2Sb + 3 Na2S→ Sb2S3 + 6 Na+ + 6 e−).
As seen in the second cathodic scan, the location of peaks is
slightly drifted, which probably can be ascribed to the forma-
tion of SEI layer and other irreversible side reactions in the
first cycle.35 After repeated sodiation−desodiation processes, the
Sb2S3 is transformed from crystal phase to amorphous phase
(Figure S2). The CV curves of Sb2S3 rods in Figure S3 are similar
to those of Sb2S3@C rods. Figure 5b displays the charge−
discharge profiles of Sb2S3@C rods electrode within a cutoff
voltage window of 0.01−2.5 V versus Na+/Na at a current density
of 100 mA g−1. The voltage profiles are typical characteristics of a
Sb2S3@C electrode.13,35 Specially, all the specific capacity values
of Sb2S3@C rods reported in this paper are calculated on the
basis of the total mass of Sb2S3/C composite. The first discharge
delivers a capacity of 1066.0 mAh g−1; however, upon recharging,
only 730.3mAh g−1 is obtained, giving a lowCoulombic efficiency
of 68.5%. This probably could be ascribed to the irreversible SEI
phenomenon, which can be inferred from the difference of
discharge profiles between the first and subsequent cycles.35 Two
plateaus can be observed in the discharge curve, the plateaus from
1.0 to 0.85 V and from 0.75 to 0.20 V correspond to the con-
version reaction (peak at 1.3 V of CVs) and alloying reaction
(peaks at 0.77 V, 0.35, and 0.27 V of CVs), respectively. The
results of CVs and charge−discharge plateaus are in conformity
with previous reports.13,35 In addition, as displayed in Figure S3,
the Sb2S3 rods electrode shows similar charge−discharge profiles as
Sb2S3@C rods. There are two clear plateaus in the charge profile of
Sb2S3@C electrode as well, the plateau between 0.62 and 0.85 V
can be related to the peak centered at 0.77 V of CVs and the plateau
from 1.2 to 1.6 V corresponds to the peak at 1.3 V of CVs.
Cycle stability of electrode material is naturally a most

important parameter for its applicability. The cycle performances

Figure 4. (a) TGA curves of Sb2S3 and Sb2S3@C rods and (b) XRD
patterns of their combustion products.

Scheme 1. Schematic Illustration of the Formation Process of
Sb2S3 Rod

Figure 5. (a) Cyclic voltammograms and (b) charge−discharge profiles
of Sb2S3@C rods.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b05509
ACS Appl. Mater. Interfaces 2015, 7, 19362−19369

19365

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05509/suppl_file/am5b05509_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05509/suppl_file/am5b05509_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05509/suppl_file/am5b05509_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05509


of Sb2S3@C rods (Figure 6a,c) and Sb2S3 rods (Figure 6b,d)
anodes were measured in the potential range of 0.01−2.5 V
versus Na/Na+ under constant current densities of 100 and
200 mA g−1. Remarkably, the Sb2S3@C electrode shows a very
stable cyclability, after 100 cycles, it still delivers a reversible
capacity of 699.1 mAh g−1, which corresponds to 95.7% of
the initial reversible capacity, demonstrating the robustness of
Sb2S3@C rods. For Sb2S3 rods, the capacity is stable for the initial
20 cycles but afterward drops gradually, and a residual capacity of
550.2 mAh g−1 with capacity retention of 72.1% remains after
100 cycles. At a high current density of 200 mA g−1, the Sb2S3@C
rods can still display prominent cycle stability with capacity
retention of 99.3% after 100 cycles and the Sb2S3 rods only
exhibit 68.3%. The initial cycle stability of Sb2S3 rods may
be attributed to the 1D microstructure and haystack-like
architecture. During repeated sodiation−desodiation processes,
the structure was gradually destroyed by the huge volume change
of particles, resulting in gradual capacity fading. Compared to the
Sb2S3 rods electrode, the carbon layer on the surface of Sb2S3@C
rods can act as a buffer to accommodate the volume expansion of
active materials and preserve the structural integrity of electrode
on cycling. As depicted in Figure S4, the rod-like structure can
still be observed after cycling, suggesting the excellent structural
stability of Sb2S3@C rods. On the basis of the above-mentioned
results, the Sb2S3@C rods show much better cycle stability than
that of Sb2S3 rods due to the introduction of carbon coating layer,
agreeing well with reported carbon coating electrode materials
for LIBs and SIBs.50−52

The rate performances of the Sb2S3 rods and Sb2S3@C rods
electrodes at different current densities were further studied
(Figure 7). As expected, the Sb2S3@C rods electrode displays
superior rate capability compared with that of Sb2S3 rods.
When cycled at current densities of 100, 200, 400, 800, 1600, and
3200 mA g−1, the capacities of Sb2S3@C rods are around 724,
695, 680, 642, 578, and 429 mAh g−1, respectively. When the
current density is reduced back to 100 mA g−1, the reversible
capacity can recover to 635 mAh g−1. Notably, even at a high

current density of 3200 mA g−1, the reversible capacity reaches
429 mAh g−1, which is still higher than theoretical capacity of
commercial graphite. In the same way, the reversible capacities of
Sb2S3 rods at current densities of 100, 200, 400, 800, 1600, and
3200mA g−1 are around 779, 674, 610, 556, 440, and 220mA g−1.
The initial reversible capacities of Sb2S3@C rods and Sb2S3 rods
are as high as 724 and 779 mAh g−1, respectively, at a low current
density of 100 mAh g−1. Nevertheless, as the current densities
increase, the capacity gap between Sb2S3 rods and Sb2S3@C
rods is also enlarged (Figure S5). Obviously, far better rate
performance of Sb2S3@C rods is observed, especially at higher
current density, which may be attributed to the enhanced
conductivity by the coated carbon layer.50 Figure 7c,d presents
the charge−discharge profiles of Sb2S3@C rods and Sb2S3 rods at
different current densities. It can be seen that the overpotentials
of sodiation/desodiation are increasing with the enhancement
of current densities, and this issue is more serious for Sb2S3
rods electrode. Because the Coulombic efficiencies are quite close
to 100% at high current densities, the major cause of reduced
capacities should be the incomplete sodiation deriving from
increasing overpotentials during discharge process.23

To further explore the better performance of the Sb2S3@C
rods than that of Sb2S3 rods, we investigated the electrochemical
impedance spectroscopy (EIS), and the EIS results are shown in
Figure S6. Each of the two impedance spectra is composed of
a depressed semicircle in the high-to-medium-frequency region,
and a slope in the low-frequency region. The semicircle in the
high-to-medium frequency region of the Nyquist plots is assigned
to the SEI film resistance (RSEI) and charge-transfer resistance
(Rct) between electrode and electrolyte, whereas the line inclined
at ∼45° is the Warburg region associated with sodium-ion
diffusion in the electrode.53 As expected, the Sb2S3@C rods
electrode exhibits a smaller semicircle diameter, indicating a lower
interface impedance (Rint = RSEI + Rct). The inset in Figure S6 is
the equivalent circuit model for the EIS studies. The Sb2S3 rods
electrode displayed interface impedance (Rint) of 996Ω, whereas
the Sb2S3@C rods showed only 387.8 Ω, which is less than the

Figure 6. Cycle performances of (a, c) Sb2S3@C rods and (b, d) Sb2S3 rods.
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Sb2S3 rods electrodes. The enhanced conductivity of Sb2S3@C
rods is ascribed to the introduction of conductive carbon layer,
which results in the improved electrochemical performances of
Sb2S3@C rods.
Table S1 displays the comparison of the Sb2S3@C rods and

reported Sb2S3-based anode materials. It can be seen that the
electrochemical performances of Sb2S3@C are superior or
comparable to those of recent Sb2S3-based anode materials in
the literatures.
The excellent electrochemical performances of Sb2S3@C rods

could be attributed to its unique structure and morphology.
As shown in Scheme 2, the proposed mechanism of superior

electrochemical performances is schematically illustrated: (1)
the haystack-like architecture can offer short pathways for Na+

diffusion, large specific space to facilitate the fast transfer of Na+,
and the facile electrolyte infiltration throughout the electrode;
(2) the high aspect ratio of the rod provides a high reversible
capacity by increasing the surface-to-volume ratio and reducing
the Na diffusion distances; (3) the thin carbon layer coated on
the Sb2S3 rods can be served as buffer to accommodate the
volume change caused by repeated sodiation and desodiation
during the cycling test; (4) additionally, the carbon layer can also
be utilized as conductive medium which can facilitate the charge
transport.

4. CONCLUSIONS

In summary, the well-defined Sb2S3 and Sb2S3@C rods exhibit
enhanced sodium storage properties, which could be attributed
to their unique morphology and structure. Numerous spaces
among rods in the haystack-like architecture composed of
random stacked rods can provide a large number of active sites
for the charge transfer reaction and the diffusion length of
electrons and ions can be effectively reduced; all these merits
would contribute to the electrochemical performance of the
electrode materials. Because the core−shell structure of Sb2S3@
C and ultrathin carbon layers can effectively alleviate the strain
caused by the large volume change and improve the conductivity
of electrode during cycling, the Sb2S3@C rods electrode shows
much more remarkable cycle stability and rate capability. Cycling
at a current density of 100 mA g−1, the electrode depicts a quite
high capacity of 699.1 mAh g−1 after 100 cycles, corresponding to
capacity retention of 95.7%. And a high capacity of 429 mAh g−1

is still observed at a current density of 3200 mA g−1. Therefore,
it is our anticipation that 1D Sb2S3-based materials will be readily
applied in next-generation SIBs, and this achivement can be
extened to other 1D Sb-based or metal sulfide electrodematerials
for SIBs.

Figure 7. Rate performances and charge−discharge curves of (a and c) Sb2S3@C rods and (b and d) Sb2S3 rods.

Scheme 2. Schematic Illustration of the Sb2S3 and Sb2S3@C
Rods and the Sodiation of Sb2S3@C Rods
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