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ABSTRACT: Antimony- (Sb) based materials have been consid-
ered as one of promising anodes for sodium ion batteries (SIBs)
owing to their high theoretical capacities and appropriate sodium
inserting potentials. So far, the reported energy density and cycling
stability of the Sb-based anodes for SIBs are quite limited and need
to be significantly improved. Here, we develop a novel Sb/C hybrid
encapsulating the Sb nanorods into highly conductive N and S
codoped carbon (Sb@(N, S−C)) frameworks. As an anode for
SIBs, the Sb@(N, S−C) hybrid maintains high reversible capacities
of 621.1 mAh g−1 at 100 mA g−1 after 150 cycles, and 390.8 mAh
g−1 at 1 A g−1 after 1000 cycles. At higher current densities of 2, 5,
and 10 A g−1, the Sb@(N, S−C) hybrid also can display high reversible capacities of 534.4, 430.8, and 374.7 mAh g−1,
respectively. Such impressive sodium storage properties are mainly attributed to the unique cross-linked carbon networks
providing highly conductive frameworks for fast transfer of ions and electrons, alleviating the volume expansion and preventing
the agglomeration of Sb nanorods during the cycling.
KEYWORDS: Antimony, nanorods, co-doping, carbon networks, sodium ion batteries

In recent years, sodium ion batteries (SIBs) have attracted
great attention as one of most promising cost-effective

energy storage devices.1 This is mainly due to rich natural
resources of sodium and similar ion insertion mechanism of
SIBs to well-developed lithium ion batteries (LIBs).2

Compared to the counterparts of LIBs, the anode perform-
ances of SIBs are still unsatisfied and need to be significantly
improved, though a large number of anode candidates have
been explored, including carbon-based materials (e.g., graph-
ite,3 graphene,4 and carbon nanowires5), metal oxides and
sulfides (e.g., TiO2,

6 NiCo2O4,
7 V5S8,

8 and MoS2
9), elements

(e.g., P,10 Sb,11 and Sn12), and other compounds (e.g., Ti3C2
13

and NaTi2(PO4)3
14). Among these reported anodes, metallic

Sb has attracted considerable interest because of its high
theoretical capacity (Na3Sb, 660 mAh g−1) and appropriate
sodium inserting potential range of 0.5−0.8 V versus Na+/
Na.15 Nevertheless, the large volume change (up to ∼300 vol
% from Sb → Na3Sb) during the Na+ insertion/extraction
process severely hinders their applications in SIBs.16 To
address this critical issue, many strategies have been developed,
such as the morphology and structure control (e.g., Sb
nanorod arrays,16 nanoporous Sb17 and monodisperse Sb
nanocrystals18), the hybridization of Sb with highly conductive
carbon (e.g., carbon nanotubes,19 graphene,20 and amorphous
carbon21), the alloying of Sb-based intermetallics (e.g., Bi,22

Sn,23 and Ge24), and in combination of them.25 Carbon-based
materials as ideal candidates are often used as matrix-to-hybrid
with various metal-based nanoparticles. This is mainly due to
the extraordinary electronic conductivity, high specific surface
area, and stable chemical properties of carbon.26−28 Sb@C
coaxial nanotubes have been reported, although excellent
sodium storage properties were obtained, the synthetic
procedure was cumbersome when combining the hydro-
thermal and annealing method.29 In addition, inspired by the
application of doped carbon-based materials as anodes for
SIBs, the coated carbon layer should be further modified for a
better performance.30 For the construction of carbon-based
materials, the doping heteroatoms (e.g., N,31 S,32 F,33 and P34)
into carbon frameworks have been widely proven to
significantly improve sodium storage properties of the
carbon-based materials. Among these heteroatoms, N atom
with higher electronegativity (χ = 3.04) than C atom (χ =
2.55) have gained more attention. This is because the N-
doping could significantly increase the conductivity of carbon
and induce the charge redistribution at N−C sites, thus leading
to the enhanced Na+ storage performance.31 Besides N, the
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doping of S into C also enhances the sodium ion storage
properties of carbon for SIBs. Compared to C (χ = 2.55 and d
= 77 pm), S has a larger atomic radius of 102 pm and higher
electronegativity.35 As expected, the S-doping could provide
the enlarged interlayer distance for carbon nanosheets, as well
as the creation of structural defects and delocalization of
electrons within the carbon framework, thus leading to rapid
diffusion of Na+ and extra active sites for Na+ storage. In
particular, recent advances in the heteroatoms codoped (e.g.,
N and P,30 N and S,36 N and F37) into carbon nanomaterials
with enhanced electrochemical performance have inspired
further explorations of doped carbon anodes.
Under these situations, herein we designed and synthesized

Sb nanorods encapsulated in N, S codoped ultrathin carbon
networks (Sb@(N, S−C)). Figure S1 shows the scheme of the
fabrication process of the Sb@(N, S−C) hybrid. The Sb@(N,
S−C) hybrid was fabricated by simply annealing the mixture
solution of superfluous thioacetamide (TAA), antimony
acetate (AA), and edetic acid (EDTA) in ethylene glycol
(EG) at 800 °C for 2h in argon atmosphere. As shown in
Figures S2 and S3, with EG as a nucleophilic solvent, the S2−

from TAA reacts with Sb+ from AA to form Sb2S3 nuclei along
the c-axis. The inherent layered-type structure of stibnite
enables the formation of the rodlike Sb2S3@C core−shell
structure38,39 in which the Sb2S3 nanorod is uniformly coated
by a carbon layer. In the annealing process, the Sb2S3 is further

reduced to Sb by carbon and simultaneously transferred to
interconnected Sb nanorods encapsulated by heteroatom co-
doped carbon (N, S−C). The onestep-synthetic procedure was
very convenient. As expected, such a “rodlike” structure not
only effectively enhances the electronic conductivity of the
electrode but also alleviates the volume expansion of Sb during
the sodiation−desodiation process. Moreover, the N, S-co-
doped carbon networks between Sb@(N, S−C) nanorods are
favorable for the enhancement of the electrode conductivity,
preservation of the structural integrity, and the suppression of
the Sb agglomeration during the cycling process.
To investigate the impact of carbon content the Sb@(N, S−

C) hybrids, different mass ratios of EDTA/(TAA + AA)
(0.5:9, 1:9, and 1.5:9, g) were used and the resultant Sb@(N,
S−C) materials are denoted as Sb@(N, S−C)-1, Sb@(N, S−
C)-2, and Sb@(N, S−C)-3, respectively.
Figures 1 and S2 show scanning electron microscopy (SEM)

and transmission electron microscopy (TEM) images of the
Sb2S3@C precursors at 500 °C and Sb@(N,S−C)-2. As shown
Figure 1a,b, the diameter of Sb2S3@C nanorod at 500 °C is
∼210 nm. High-resolution TEM (HRTEM) image (Figure 1c)
reveals an estimated lattice spacing of ∼0.28 nm for the Sb2S3
nanorod, corresponding to the (221) plane of Sb2S3.

40 An
amorphous carbon film with a thickness of ∼5 nm uniformly
coated on the surface of Sb2S3 is also clearly observed in
HRTEM. Compared to Sb2S3@C, the Sb nanorod in the

Figure 1. (a,e) SEM images, (b,f) TEM images, (c,g) HRTEM images, and (d,h) schematic representation of (a−d) Sb2S3@C (500 °C) and (e−h)
Sb@(N,S−C)-2. (j) AFM image of Sb@(N, S−C)-2, (i,k) its selected areas, and (l) corresponding height profile along the white line overlaid in
(i,k). (m−q) Elemental mapping images of (m) Sb@(N, S−C)-2: (n) C, (o) S, (p) N, and (q) Sb.
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Sb@(N, S−C)-2 has the reduced rod size with a diameter of
120−160 nm (Figure 1f). Moreover, the “silk-like” carbon
networks in the Sb@(N, S−C)-2 hybrid are nonuniformly
distributed around the Sb nanorods, however, they can be
regarded as a highly conductive bridge for each Sb@C
nanorod. HRTEM image of Sb@(N, S−C)-2 (Figure 1g)
further reveals the amorphous carbon and a clear lattice (∼0.31
nm) corresponding to the plane (012) of Sb. The existence of
hollow carbon networks in Sb@(N, S−C)-2 is due to the Sb
volatilization. The thickness of the Sb in Sb@(N, S−C)-2 was
further determined using atomic force microscope (AFM)
(Figure 1i−l). As can be seen, the thickness of Sb nanorod is
∼130 nm in Figure 1i,l (top), which is consistent with TEM
results (Figure 1f). The thicknesses of carbon coating on the
surface of Sb@(N, S−C)-2 is only 1−5 nm (bottom of Figure
1i,l). Furthermore, the elemental mappings of Sb@(N, S−C)-2
(Figure 1m−q) also confirm the uniform distribution of N, S,
C, and Sb, in Sb@(N, S−C)-2 hybrid.
Figure 2a presents the X-ray diffraction (XRD) patterns of

Sb@(N, S−C)-1, Sb@(N, S−C)-2, and Sb@(N, S−C)-3. As
can be seen, the sharp XRD peaks of all the hybrids can be well
indexed to hexagonal structured Sb (JCPDS card No. 35-
0732).16 Raman spectra (Figure 2b) also display typical signals
of Sb at ∼101 and ∼138 cm−1, and two characteristic peaks of
the carbon centering at ∼1343 cm−1 (D-band) and ∼1581
cm−1 (G-band).17 The surface electronic states of Sb@(N, S−
C)-2 were characterized using X-ray photoelectron spectros-
copy (XPS). As shown in Figure S4, all XPS spectra of the
Sb@(N, S−C)-2 (Figure S4g−i) show the strong characteristic
peaks of Sb 3d5/2 at ∼528.0 (Sb metal) and ∼530.2 eV (Sb
oxidization), Sb 3d3/2 at ∼537.3 (Sb metal), and ∼539.5 eV
(Sb oxidization). C 1s at ∼284.0 eV is also observed (Figure
S4m−o).11,17 The S 2p3/2 at ∼161.7 eV and S 2p1/2 at ∼162.9
eV in the S 2p XPS peaks of Sb@(N, S−C)-2 (Figure 2c) can

be assigned to −C−S−C− covalent bond.41 In addition, the
existence of pyridinic N at ∼398.0, pyrrolic N at ∼400.7, and
graphitic N at ∼401.9 eV42 are also confirmed in Figure 2d.
Figure 3a shows initial five cycles cyclic voltammogram

(CV) curves of Sb@(N, S−C)-2 at a scan rate of 0.1 mV s−1

between 0.01 and 2.50 V. During the first cathodic scan, a
sharp peak at ∼0.27 V is clearly observed, which can be
ascribed to the alloy of Sb with Na forming NaxSb and the
formation of a solid electrolyte interphase (SEI) layer.16 In the
subsequent cycles, two new reduction peaks appear at ∼0.66
and ∼0.52 V. This is due to the multistep conversion from Sb
to NaxSb (x ≤ 3) and deep sodiation to Na3+xSb. The
increased alloy reaction potential of Sb with Na after the first
charge/discharge cycle is due to reduced stress/strain after
formation of cracks in the first sodiation−desodiation cycle.16

During the anodic scan, the broad peak at ∼0.9 V is attributed
to the extraction of Na+ from NaxSb. These similar
electrochemical behavior are also observed from the CV
curves of Sb@(N, S−C)-1 and Sb@(N, S−C)-3 electrodes
(Figure S7). Figure 3b displays the galvanostatic discharge/
charge curves of the Sb@(N, S−C)-2 at a current density of
100 mA g−1 in the voltage range of 0.01−2.50 V. As can be
seen, the capacity loss in the first discharge/charge cycle is
mainly due to the irreversible formation of the SEI film. The
observed distinct two obvious discharge−charge plateaus
correspond to the phase changes in successive Li−Sb alloying
processes, which agrees well with the two peaks in the
corresponding CV curve (Figure 3a).
In order to further investigate the phase changes and the

reaction mechanism, the Sb@(N, S−C)-2 electrodes at
different states of charge/discharge in the first three cycles
were analyzed using in situ XRD. As shown in Figure 3c, at
stage I (i.e., discharged to 0.75 V), the intensities of three main
Sb peaks at ∼28.7°, ∼39.9°, and ∼41.9° become weaker and

Figure 2. (a) XRD patterns and (b) Raman spectra of Sb@(N, S−C)-1, Sb@(N, S−C)-2, and Sb@(N, S−C)-3. High-resolution XPS spectra of
Sb@(N, S−C)-2: (c) S 2p and (d) N 1s.
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there are no new peaks appearing, indicating the formation of
NaxSb with increasing amounts of amorphous patterns.15,43,44

From 0.75 to 0 V (stage II), new broad peaks at ∼18.5°,
∼18.9°, ∼21.1°, ∼33.3°, and ∼34.1° due to the formation of
Na3Sb are gradually increased, however, the peak at ∼28.7°
becomes weaker until it disappears at 0.0 V.15,45 The decrease
in intensity of these XRD peaks well supports that the
sodiation of Sb follows the mechanism of Sb → NaxSb→
Na3Sb. In the subsequent charge process (stage III), the
charateristic peaks of Na3Sb at ∼18.5°, ∼18.9°, ∼21.1°,
∼33.3°, and ∼34.1° gradually vanish while the peaks assigned
to Sb at ∼28.7°, ∼ 39.9°, and ∼41.9° gradually recover,
corresponding to the reversible desodiation reaction of Na3Sb
→ Sb. However, the XRD peak intensity of the Sb at the end of
stage III is still significantly lower than that in the pristine
electrode. The continuous decrease in the intensity of XRD
peaks in the subsequent cycles demonstrate that the
amorphous Sb is accumulated during the sodiation−
desodiation cycles.
The rate capabilities of Sb@(N, S−C) were evaluated at

various current densities from 0.1 to 10 A g−1 in the voltage
range of 0.01−2.5 V (Figure 3d). At 0.1 A g−1, the Sb@(N, S−
C)-1, Sb@(N, S−C)-2, and Sb@(N, S−C)-3 deliver high
discharge capacities of 812.7, 787.4, and 709.2 mA h g−1,

respectively. When the current density is raised from 0.1 to 10
A g−1, the Sb@(N, S−C)-2 exhibts the best rate capability with
average reversible capacities of 638.7, 588.9, 556.6, 540.1,
534.4, 430.8, and 374.7 mAh g−1 at 0.1, 0.2, 0.5, 1, 2, 5, and 10
A g−1, respectively. Sb@(N, S−C)-1 shows the worst rate
behavior most likely due to the lowest carbon content in
Sb@(N, S−C)-1. This could not preserve the electrode
integrity during the repeat volume changes in the sodiation−
desodiation process. However, too thick of a carbon coating in
the Sb@(N, S−C)-3 is not favorable for the sodium ions’
transportation and thus is fatal to the rate capacity. Moreover,
large amounts of carbon also reduce the capacity contribution
from the Sb. When the current density is reduced back to 0.1 A
g−1, capacities of Sb@(N, S−C)-2 and Sb@(N, S−C)-3
hybrids return to their initial values, demonstrating robustness
to tolerate the current changes. The cycling stability of the
Sb@(N, S−C) hybrids at 0.1 A g−1 was compared in Figure 3e.
As can be seen, Sb@(N, S−C)-2 has the best cycling stability
in 150 cycles. The long-term cycling performance of Sb@(N,
S−C)-2 at a high current of 1 A g−1 was also evaluated. After
1000 cycles, the hybrid still retains a reversible capacity of
390.8 mA h g−1 (Figure S8). The structural robustness of
cycled Sb@(N, S−C)-2 electrode was further evidenced by its

Figure 3. (a) CV curves at 0.1 mV s−1 and (b) discharge−charge profiles of Sb@(N, S−C)-2 for initial five cycles. (c) In situ XRD measurements
of Sb@(N, S−C)-2 for initial three cycles. (d) Rate capability at various current densities from 0.1 to 10 A g−1, and (e) cycling performance at 0.1
A g−1 of Sb@(N, S−C)-1, Sb@(N, S−C)-2, and Sb@(N, S−C)-3.
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well-preserved electrode morphology after 150 cycles (Figure
S9).
Figure 4b−e shows the adsortion energies of a Sb atom in

these four models. The lower adsorption energy indicates
strong and preferential adsorption ability. As expected, the Sb−
C with low adsorption energy could effectively decrease the Sb
splitting up from the C layer during the Na+ insersion/
extraction. As can be seen, the adsorption energy for Sb@(N,
S−C) (−6.80 eV) is much smaller than those for Sb@(N−C)
(−5.87 eV), Sb@(S−C) (−0.18 eV), and Sb@C (−0.17 eV),
indicating the superiority and strong synergistic effect of the N,
S codoping.31,35 Moreover, to verify the sodium storage
properties of Sb@(N, S−C) influenced by N, S codoping into
the 2D C layer, nine feasible models were also developed, as
shown in Figures 4f−i and S10. When the Na+ is adsored
between the C layer and the Sb layer (Figure 4f−i), the

Sb@(N−C)-Na3 (−4.04 eV) and Sb@(N, S−C)-Na4 (−4.02
eV) show the lower adsorption energies than Sb@C−Na1
(−1.44 eV) and Sb@(S−C)-Na2 (−1.41 eV). When the Na+

is adsorbed upon the pure Sb layer (Figure S10a) and the C
layer of Sb@C (Figure S10b−f), the adsorption energies for
the Sb@Na5, Sb@C−Na6, Sb@(S−C)-Na7, Sb@(N−C)-Na8
and Sb@(N, S−C)-Na9 are −1.26, −0.83, −0.86, −4.99, and
−5.00 eV, respectively. From these results (Figures 4f−i and
S10), the enhanced Na+ adsorption on the Sb@(N, S−C) is
mainly induced by the N doping rather than S doping. Despite
this, the Na+ adsorption energy upon the C layer of the
Sb@(N, S−C)-Na9 (−5.00 eV) is not significantly decreased
by the introduction of S doping (−0.86 eV), compared to
Sb@(N -C)-Na8 (−4.99 eV). When Na+ adsorbed between C
layer and Sb layer, the adsorption energy of Sb@(N, S−C)-
Na4 (−4.02 eV) is even higher than Sb@(N−C)-Na3 (−4.04

Figure 4. (a) Scheme of the reaction mechanism during the charge/discharge process for Sb@(N, S−C). (b−e) Four feasible models for optimal
adsorption sites of Sb atom on single C layer. (f−i) Four feasible models for optimal adsorption sites of Na+ between the C layer and the Sb layer.
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eV). This is because the S doping within Sb@(N, S−C)
probably changes the charge and spin densities of carbon,46

which is believed to contribute to the enhanced sodium storage
properties. Therefore, the codoping of N and S in the carbon
(N, S−C) provides more significant contribution to adsorb Sb
without sacrificing the sodium storage properties of Sb@(N,
S−C), leading to the enhanced electrochemical performance.
In summary, the Sb@(N, S−C) hybrids in which Sb

nanorods are uniformly coated with highly conductive and
cross-linked N, S codoped carbon networks were synthesized
using a simple but effective method. The Sb@(N, S−C)-2
hybrid as the anode for SIBs maintains a high reversible
capacity of 621.1 mAh g−1 at 100 mA g−1 after 150 cycles and
390.8 A g−1 at 1 A g−1 after 1000 cycles. In addition, the
Sb@(N, S−C)-2 still displays a high capacity of 534.4, 430.8,
and 374.7 mAh g−1 when the current densities are increased to
2, 5, and 10 A g−1, respectively. The outstanding electro-
chemical performance was attributed to the unique cross-
linked carbon frameworks, which provides conductive frame-
works for the adsorption of Sb nanorods, rapid diffusion of
ions and electrons, alleviation of the volume changes, and
prevention of the Sb nanorods agglomeration during the
cycles. Moreover, the N, S codoping to carbon not only
enables the hybrid with improved conductivity and adsorption
abilities for Sb and Na+ but also creates extra active sites for
Na+ storage. As expected, the as-synthesized Sb@(N, S−C)
hybrid makes it promising as a high-performance anode for
SIBs in the future.
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