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A B S T R A C T

In the present study, Fe3O4@S-CNTs-1, Fe3O4@S-CNTs-2 and Fe3O4@S-CNTs-3 were prepared via one-pot hy-
drothermal approach. The core–shell Fe3O4@S structures (20–30 nm) are embedded/coated on the oxidized
CNTs, inhibiting the huge volume expansion effect of active materials during the cycling process. The Fe3O4@S-
CNTs-2 cathode presented an initial discharge of 986 mAhg−1 (0.2 C) and gradually decreased to 503 mAhg−1

after 200 cycles, exhibiting the best cycling performance among the prepared hybrid materials. Even at a high
current density of 1 C, the Fe3O4@S-CNTs-2 cathode still exhibited a discharge capacity of 914 mAhg−1, and
maintains a high capacity (466 mAhg−1) after 400 cycles. The Coulombic efficiencies of the synthesized Fe3O4@
S-CNTs hybrid materials always are 99%, indicating they could effectively diminish the shuttle effects of
polysulfide Li2Sn (2 < n < 8) intermediates in the cycling process. As for the rate performance of Fe3O4@S-
CNTs hybrid materials, the capacity still can reach up to ∼400 mAhg−1 at a high discharge rate of 5 C. The
synergy between the Fe3O4@S nanoparticles and oxidized CNTs in the Fe3O4@S-CNTs cathode endows the
electrode with good electrical conductivity, structural stability and high charge capacity thus providing excellent
electrochemical performance.
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1. Introduction

In recent years, the rapid development of electric vehicles, hybrid
electric vehicles and plug-in hybrid electric vehicles requires high en-
ergy storage devices that can not only provide high energy density, long
cycling life and safety, but also need high power density and low cost
[1–5]. Lithium ion batteries (LIBs) are believed to be one of the pro-
mising candidates for the energy storage because they can offer a high
energy density [6,7]. However, the relatively low specific capacity of
conventional LIBs can’t satisfy with the increasing demands of electric
vehicles. Furthermore, the energy density of traditional LIBs is nearly
reaching their theoretical limits [8,9]. Lithium sulfur (Li-S) batteries
have a high specific capacity (1675 mAhg−1) and high theoretical en-
ergy density (2567 WhKg−1), which are about four times than that of
traditional LIBs. Li-S batteries are considered to be the ideal candidates
for the next-generation high performance energy storage devices
[10–12]. In addition, sulfur has a high natural abundance, low cost,
long cycling life, broad operating temperature range, environmental
benignity [13], and its intrinsic property which guarantees the safety of
batteries [14]. As a cathode, sulfur is involved in the following elec-
trochemical redox reaction: 16 Li (s) + S8 (s) = 8 Li2S (s) [15]. It is
very likely that Li-S batteries should be capable of high energy storage
to replace the conventional LIBs. However, the practical application of
Li-S batteries is hindered by several obstacles: (1) the intrinsic poor
electrical conductivity of sulfur (5 × 10−30 Scm−1 at 25 °C) and li-
thium sulfides [16]; this is related to the insulating properties of sulfur
and lithium sulfides; (2) the high solubility properties of polysulfide
intermediates (Li2Sn, 4 < n < 8) in the liquid electrolyte [17], which
will lead to the continuous loss of S in the cathode and shuttle effect; (3)
the huge volume expansion effect of S cathode when the repeated
electrochemical reaction [18], which will lead to the low specific ca-
pacity, low Coulombic efficiency and poor cycling life. Therefore, the
further development of Li-S batteries with high electrochemical per-
formance is highly desired. It has been reported that the Fe3O4/S hybrid
materials is more suitable for lithium batteries [19,20]. However, the
huge volume variation of materials during the cycling will result in the
pulverization of electrodes and often lead to the rapid degradation of
cycling and rate performance [21–23]. One effective strategy to inhibit
the huge volume variation of materials was encapsulated Fe3O4 by a
thickness of S layer. In this work, we expected that the ultrafine Fe3O4

nanoparticles (8–10 nm) can be coated by S layer leading to the for-
mation of smaller size Fe3O4@S hybrid nanoparticles (20–30 nm). We
hope the Fe3O4@S interface may possess novel electronic and structural
properties to help reduce the dissolution of Li2Sn (2 < n < 8) inter-
mediates. On the other hand, we expect the smaller sized Fe3O4@S
hybrid nanoparticles can be simultaneously embedded/coated on the
multi-wall carbon nanotubes (CNTs) to promote the electrical con-
ductivity of Fe3O4@S and reduce the huge volume expansion effect of
the cathode enhancing the cycling stability and rate performance of
lithium batteries. In order to confirm this idea, herein we proposed one-
pot hydrothermal strategy for the preparation of three kinds of Fe3O4@
S-CNTs hybrid composites by varying the amount of oxidized CNTs
(0.5 mL, 1 mL and 1.5 mL, concentration: 0.01 g/mL), namely Fe3O4@
S-CNTs-1 (0.5 mL), Fe3O4@S-CNTs-2 (1 mL) and Fe3O4@S-CNTs-3
(1.5 mL) hybrid materials, respectively. When the Fe3O4@S-CNTs hy-
brid composites were evaluated as cathode materials, the discharge
capacity of Fe3O4@S-CNTs-2 cathode is 914 mAhg−1, and a high ca-
pacity of 466 mAhg−1 still can be maintained after 400 cycles. The
initial specific capacity and capacity retention of Fe3O4@S-CNTs-2
cathode are superior to those of Fe3O4@S-CNTs-1 cathode and Fe3O4@
S-CNTs-3 cathode. As for the rate performance of synthesized Fe3O4@S-
CNTs composites, the three kinds of Fe3O4@S-CNTs hybrid composites
all exhibit good performance at different current densities (0.1 C, 0.2 C,
0.5 C, 1 C, 2 C and 5 C).

2. Materials and methods

2.1. Synthesis of Fe3O4@S-CNTs hybrid materials

The chemical reagents such as FeSO4·7H2O, NaOH, ferric citrate and
sulfur are all analytical grade (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China). The oxidation of multi-wall CNTs in mixed acid was
according to our reported procedure [23]. The Fe3O4@S-CNTs hybrid
materials were synthesized using FeSO4·7H2O, ferric citrate, sulfur and
the oxidized CNTs in alkaline solution. Briefly, 0.5 g FeSO4·7H2O, dif-
ferent amounts (0.5 mL, 1 mL and 1.5 mL, respectively) of oxidized
CNTs suspension (0.01 g/mL) and 0.1 M ferric citrate (5 mL) were
poured into the solvent containing 15 mL non-ionic TX-100 and 35 mL
ethylene glycol (EG). After stirring 10 min, 0.4 g sulfur was mixed with
the solution, and the mixture was treated by ultra-sonication for about
15 min. After ultra-sonication, the solution was sufficiently stirred
about 20 min and 0.1 g Vitamin C (Vc) was added. Then, 0.4 M NaOH
solution (20 mL) was added, and the solution was continuously stirred
for about 20 min. After that, the solution was heated to 220 °C for 12 h
in a Teflon-lined stainless autoclave. When the autoclave is cooled to
room temperature, the obtained Fe3O4@S-CNTs hybrid materials were
washed by deionized water under ultra-sonication several times and
dried via a freeze-drying apparatus.

2.2. Characterization

The as-prepared Fe3O4@S-CNTs hybrid materials were character-
ized by X-ray powder diffractometer (XRD, Rigaku, Japan) using Cu Kα
radiation (λ = 0.15418 nm), scanning electron microscopy (SEM,
CAMScan MX2500, Cambridge, UK) with EDS analyzer, transmission
electron microscopy (TEM, JEM-2010), high-resolution transmission
microscopy (HRTEM) and selected area electron diffraction (SAED). X-
ray photoelectron microscopy (XPS, Leybold LHS10 spectrometer with
Al and Mg anodes) analysis was used to analyze the chemical compo-
sition of Fe3O4@S-CNTs hybrid materials.

2.3. Electrochemical measurements

Electrochemical evaluation of the as-prepared Fe3O4@S-CNTs hy-
brid materials was measured in 2025 coin-type cells. The cathode
electrode was prepared by mixing the Fe3O4@S-CNTs hybrid materials
(70 wt%), carbon nanotubes (20 wt%) and polyvinylidene fluoride
(PVDF) (10 wt%) in the N-methyl-2-pyrrolidone solvent. After that, the
active materials were coated on the aluminum foil. The surface area of
working electrode materials in the experiment is 0.785 cm2. The pure
metallic lithium foil act as the anode electrode. The separator was
Celgard 2400 polypropylene micro-porous film.

3. Results and discussion

X-ray photoelectron spectroscopy (XPS) measurements were used to
analyze the chemical compositions of the synthesized Fe3O4@S-CNTs
hybrid materials (Fe3O4@S-CNTs-2 was selected for XPS measure-
ments). Fig. 1a shows the C1s XPS spectrum of the as-prepared product.
The obvious characteristic peak at 284.6 eV can be attributed to the
CeC bond, and the peaks at 286.3 eV, 287.6 eV and 289.1 eV corre-
spond to CeO, C]O and OeC]O bonds, respectively [26]. The C1s
XPS spectrum indicates the successful oxidation of carbon nanotubes in
the mixed acid solution, and these rich-oxygen groups in the oxidized
CNTs may act as the active sites for precipitation reaction of iron ions.
The C1s XPS spectrum indicates the existence of oxidized CNTs in the
synthesized Fe3O4@S-CNTs hybrid materials. Fig. 1b indicates the Fe2p
XPS spectrum of the samples. Two peaks located at 707.6 eV and
720.4 eV are detected in the XPS spectrum, which can be attributed to
Fe2p3/2 and Fe2p1/2 from ferric iron [27]. Three peaks at 711.4 eV,
713.5 eV and 724.9 eV can be observed, indicating the existence of
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Fe3O4 in the products. Fig. 1c showed the O1s XPS spectrum of the
product. The peak at 530.4 eV matches with the oxygen in Fe3O4, and
the two peaks at 531.8 eV and 532.1 eV originated from the oxidized
CNTs [28]. The peak located at 168.8 eV can be assigned to SO4

2−

(FeSO4·7H2O was used in the reaction, and the SO4
2− ions will absorb

on the surface of obtained nanoparticles) on the surface of hybrid na-
noparticles. The peaks at 162.4 eV and 163.8 eV can be attributed to
the S2p3/2 and S2p1/2 of S [29], respectively, and a broad component at
∼164.7 eV was associated with energy-loss processes [30]. XPS ana-
lysis shows that the as-prepared hybrid materials are composed of the
oxidized CNTs, S and Fe3O4.

Fig. 2a indicates the SEM observation of the prepared Fe3O4@S-
CNTs-2 hybrid materials. It is clearly observed that the oxidized CNTs
are embedded/coated with plenty of small nanoparticles (∼30 nm).
Fig. 2b show the energy dispersive spectroscopy (EDS) elemental ana-
lysis of the as-prepared Fe3O4@S-CNTs-2 hybrid materials. The C, O, Fe
and S elements in the hybrid materials are all detected while the Au
element originates from the substrate. The distribution of Fe3O4 and S
in the oxidised CNTs was also characterized by EDS elemental mapping.
It is evident that the C (Fig.2c), O (Fig.2d), S (Fig.2e) and Fe (Fig.2f)
elements can be observed on the Au substrate. The overlay image of
Fig.2g indicates that numerous Fe, O and S elements are aggregated
around the C element, suggesting the successful embedding/coated of
nanoparticles of Fe3O4 and S on the oxidized CNTs.

Fig. 3a shows the TEM image of the synthesized Fe3O4@S-CNTs-2
hybrid materials. It is evident that the surface of oxidized CNTs was
embedded/coated with lots of nanoparticles (‘A’ region, see the arrow).
We also observed that some nanoparticles are completely filled into the
oxidized CNTs (‘B’ region, see the arrow). The higher resolution TEM

image in Fig. 3b illustrated that these embedded/coated nanoparticles
possessed core-shell structures with a diameter of 20–30 nm, and the
core size is 8–10 nm in diameter. The HRTEM images of Fig. 3c and
Fig. 3d show the fringe spacing of the core is 0.481 nm which was
consistent with the (1 1 1) crystal facet of cubic Fe3O4 whereas the shell
appeared to be amorphous. As for the reaction, the precursors of ul-
trafine Fe3O4 nanoparticles were used as seeds to induce the growth of S
in the hydrothermal system. According to the TEM and HRTEM results,
it appears that the Fe3O4 nanoparticles were coated by amorphous S,
and the produced Fe3O4@S hybrid structures which are also simulta-
neously embedded in the oxidised CNTs. The decomposition products of
ferric citrate are Fe3O4, CO2 and H2O. Therefore, formation of carbon
layer on the surface of Fe3O4 is impossible. The as-prepared Fe3O4@S-
CNTs-2 hybrid materials were further characterized by XRD, as shown
in Fig. 3e. The sharp peak at 2θ= 26.2° was consistent with the (0 0 2)
plane in CNTs, and the characteristic peak in the region of
40–45 °confirms the multi-wall nature of CNTs. The HRTEM images of
Fig. 3c and d clearly reveals the high crystallinity of Fe3O4 in the hybrid
materials whereas no diffraction peaks arising from cubic Fe3O4 are
observed, confirming the Fe3O4 nanoparticles are coated by amorphous
S. Fig. 3f and g indicate the TEM observation and HRTEM images of the
as-prepared Fe3O4@S-CNTs-1 hybrid materials, respectively. It is evi-
dent that the oxidized CNTs was embedded/coated by a lot of nano-
particles. The successful embedding/coated of Fe3O4@S hybrid nano-
particles in the oxidised CNTs could inhibit the huge volume expansion
effect of electrode materials during repeated cycling process. Fig. 3h
and i provide the TEM and HRTEM images of Fe3O4@S-CNTs-3 hybrid
materials. It clearly found that the shape of Fe3O4@S-CNTs-3 hybrid
materials is similar to the Fe3O4@S-CNTs-1 hybrid materials and

Fig. 1. XPS analysis of the as-prepared Fe3O4@S-CNTs hybrid materials. C1s region (a), Fe2p region (b), O1s region (c) and S2p (d).
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Fe3O4@S-CNTs-2 hybrid materials. It shows that the Fe3O4@S hybrid
nanoparticles present relatively regular size distribution and well-dis-
persed property in the matrix of oxidized CNTs. It is known that the

oxidized CNTs network could not only act as an effective matrix to
inhibit the agglomeration of nanomaterials, but also provide an im-
provement in the conductivity of the hybrid materials [19]. It is clear

Fig. 2. SEM image (a), EDS (b) of the as-prepared Fe3O4@S-CNTs-2 hybrid materials and EDS elemental mapping analysis: C (c), O (d), S (e), Fe (f) and overlay of all elements (g).
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that the increase in the amount of oxidized CNTs (0.5 mL, 1 mL and
1.5 mL) in hydrothermal system does not significantly influence the
morphology evolution of Fe3O4@S-CNTs hybrid materials. As for the
synthesized Fe3O4@S-CNTs-1 (0.5 mL), Fe3O4@S-CNTs-2 (1 mL) and
Fe3O4@S-CNTs-3 (1.5 mL) hybrid materials, we expect that the in-
troduction of oxidised CNTs could promote the formation of a good
conductive network between the Fe3O4@S hybrid nanoparticles and the
oxidized CNTs, which will be helpful for the fast movement of Li+ and
electrons during the cycling process which will strengthen the cycling
and rate capability.

Fig. 4a indicates the cycling tests of the prepared Fe3O4@S-CNTs
hybrid materials (Fe3O4@S-CNTs-1, Fe3O4@S-CNTs-2 and Fe3O4@S-
CNTs-3) at 0.2 C (1 C = 926 mA g−1) after 200 cycles. Compared with
pure CNTs, the cycling performance of the synthesized Fe3O4@S-CNTs
hybrid materials has been significantly improved. As for the synthesized
Fe3O4@S-CNTs hybrid materials (Table 1), the Fe3O4@S-CNTs-2
cathode exhibits the best cycling performance among the synthesized
Fe3O4@S-CNTs hybrid materials. It can be seen from Fig. 4a that both
the initial specific capacity and capacity retention of Fe3O4@S-CNTs-2
cathode are much superior to those of Fe3O4@S-CNTs-1 cathode and
Fe3O4@S-CNTs-3 cathode. The Fe3O4@S-CNTs-2 cathode presented a
capacity of 986 mAhg−1, and the capacity reduced to 678 mAhg−1

after 20 cycles and fades gradually to 503 mAhg−1 after 200 cycles. The
discharge capacity of the Fe3O4@S-CNTs hybrid materials during the
initial 20 cycles can be attributed to the solid electrolyte interface (SEI)
film, decomposition of electrolyte and the irreversible reaction between
Li, S and the oxidized CNTs [22,24]. For comparison, the discharge
capacity of Fe3O4@S-CNTs-1 cathode and Fe3O4@S-CNTs-3 cathode
exhibited relatively low capacities of 463 mAhg−1 and 402 mAhg−1

after 200 cycles, respectively. It should be noted that the cycling per-
formance decreases with increasing amounts of oxidized CNTs from
1 mL (Fe3O4@S-CNTs-2) to 1.5 mL (Fe3O4@S-CNTs-3). The excellent
electrochemical performance of Fe3O4@S-CNTs-2 cathode can be as-
signed to the good synergy between S and oxidized CNTs in the hybrid
materials, which endows the Fe3O4@S-CNTs-2 cathode with good
electrical conductivity, structural stability and high charge capacity.
Fig. 4b shows the cycling tests of the prepared Fe3O4@S-CNTs hybrid
materials at a high current density of 1 C. It can be seen that even at
1 C, the Fe3O4@S-CNTs-2 cathode still exhibits the best cycling prop-
erty (Table 2). The discharge capacity of Fe3O4@S-CNTs-2 cathode is
914 mAhg−1, while the capacity reduced to 649 mAhg−1 after the 20th
cycle. Even after 400 cycles, a high capacity of 466 mAhg−1 still could
be maintained, indicating that the Fe3O4@S-CNTs-2 cathode has ex-
cellent cycling performance. As for Fe3O4@S-CNTs-1 cathode and
Fe3O4@S-CNTs-3 cathode, high capacities of 420 mAhg−1 and
429 mAhg−1 after 400 cycles can be observed. The cycling performance
of the synthesized Fe3O4@S-CNTs hybrid materials at both low current
density (0.2 C) and high current density (1 C) showed that the capacity
retentions are low, the polarization characteristics are not evident and
the Coulombic efficiencies are always 99%, demonstrating that the
synthesized Fe3O4@S-CNTs hybrid materials could effectively diminish
the shuttle effects of polysulfide Li2Sn (2 < n < 8) intermediates. The
enhanced performance can be attributed to the special structure of
ultra-fine Fe3O4@S nanoparticles embedded/coated in oxidized CNTs
could effectively confine Li2Sn intermediates into the nanopores and
inhibit them from the dissolution/solving into the electrolyte.

Fig. 5a indicates the charge (lithium extraction) and discharge (li-
thium insertion) tests of the Fe3O4@S-CNTs-1 cathode at 1 C, which

Fig. 3. TEM images (a-b), HRTEM images (c-d) and XRD patterns (e) of the as-prepared Fe3O4@S-CNTs-2 hybrid materials, TEM image (f) and HRTEM image (g) of the Fe3O4@S-CNTs-1
hybrid materials, TEM image (h) and HRTEM image (i) of the Fe3O4@S-CNTs-3 hybrid materials.
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exhibits discharge capacities of 742, 706, 687 and 667 mAhg−1 and
charge capacities of 761, 722, 698 and 678 mAhg−1 at the 2nd, 20th,
50th and 100th cycle, respectively. As for Fe3O4@S-CNTs-2 cathode
(Fig. 5b), it represents the discharge capacities of 753, 716, 688 and
648 mAhg−1 and charge capacities of 756, 737, 703 and 662 mAhg−1

at the 2nd, 20th, 50th and 100th cycle, respectively. As for Fe3O4@S-
CNTs-3 cathode (Fig. 5c), it shows the discharge capacities of 675, 652,
623 and 590 mAhg−1 and charge capacities of 695, 671, 637 and
603 mAhg−1 at the 2nd, 20th, 50th and 100th cycle, respectively. It is
clearly seen that the discharge capacities of Fe3O4@S-CNTs-2 cathode
at 2nd cycle (753 mAhg−1) and 100th cycle (648 mAhg−1) is higher
than those of Fe3O4@S-CNTs-1 cathode (742 mAhg−1 at 2nd cycle,
667 mAhg−1 at 100th cycle) and Fe3O4@S-CNTs-3 cathode
(675 mAhg−1 at 2nd cycle, 590 mAhg−1 at 100th cycle). As for the
charge/discharge curves of the synthesized Fe3O4@S-CNTs hybrid
materials, the discharge plateau is near 2.4 V, corresponding the for-
mation of Li2S [25]. The capacity of oxidized CNTs can be neglected
because the Li+ intercalation-extraction potential of carbon is less than
0.5 V. The results illustrate that the synthesized Fe3O4@S-CNTs-2
cathode has better electrochemical property than Fe3O4@S-CNTs-1
cathode and Fe3O4@S-CNTs-3 cathode when the cycling process. Rate
performance is also important for the application of high power battery.
Fig. 5d shows the rate capability of the synthesized Fe3O4@S-CNTs

hybrid materials at various rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C and 5 C,
respectively. It can be seen that the Fe3O4@S-CNTs hybrid materials
exhibits a good performance at different rates. As for the Fe3O4@S-
CNTs-1 cathode, the electrode represents a high capacity of 937 (0.1 C),
828 (0.2 C), 717 (0.5 C), 654 (1 C), 606 (2 C) and 419 mAhg−1 (5 C).
As for the Fe3O4@S-CNTs-2 cathode, the capacity can reach 901
(0.1 C), 805 (0.2 C), 719 (0.5 C), 665 (1 C), 614 (2 C) and 391 mAhg−1

(5 C). When the current density of Fe3O4@S-CNTs-1 electrode and
Fe3O4@S-CNTs-2 electrode were returned to 0.2 C, a high reversible
capacity of 752 and 754 mAhg−1 can still be reversed, respectively,
indicating the excellent electrochemical performance of Fe3O4@S-CNTs
hybrid materials. Chen et al. reported the CNTs-RGO/S cathode com-
posite for high performance lithium/sulphur batteries [31]. As for the
synthesized CNTs-RGO/S cathode composite, it exhibited a
613 mAhg−1 at 1 C. Such good electrochemical performance can be
attributed to the unique coaxial structure of CNTs-RGO/S composite.
Jin et al. reported that sulphur/carbon nanotube composite as flexible
cathode for LIBs [32]. The porous and film-like composites can improve
the electrical conductivity of S and promote the diffusion of Li+. It
showed that a reversible capacity of 520 mAhg−1 can be obtained at
2 C. As for our synthesized Fe3O4@S-CNTs-2 cathode composite, the
capacity can reach up to 665 mAhg−1 (1 C) and 614 mAhg−1 (2 C),
respectively, which is higher than that of reported work. The results

Fig. 4. Cycling tests of the obtained Fe3O4@S-CNTs-1, Fe3O4@S-CNTs-2 and Fe3O4@S-CNTs-3 hybrid materials at a low current density of 0.2 C (a), and high current density of 1 C (b).

Table 1
Cycling tests of the obtained Fe3O4@S-CNTs hybrid materials at a current density of 0.2 C.

Current density
(0.2 C)

Initial discharge capacity (mAhg−1) Discharge capacity after 20 cycles
(mAhg−1)

Discharge capacity after 200 cycles
(mAhg−1)

Coulombic efficiency (%)

Fe3O4@S-CNTs-1 882 656 463 ∼99
Fe3O4@S-CNTs-2 986 678 503 ∼99
Fe3O4@S-CNTs-3 859 598 402 ∼99
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indicated that the synthesized Fe3O4@S-CNTs-2 materials have good
rate performance. As for the Fe3O4@S-CNTs-3 cathode, the capacity is
slightly lower than that of Fe3O4@S-CNTs-1 cathode and Fe3O4@S-
CNTs-2 cathode at relatively low current densities from 0.1 C to 2 C.
However, the Fe3O4@S-CNTs-3 cathode exhibits a higher capacity
(480 mAhg−1) than that of Fe3O4@S-CNTs-1 cathode (419 mAhg−1)
and Fe3O4@S-CNTs-2 cathode (391 mAhg−1) at the high current den-
sity of 5 C. One of the primary reasons is that the higher amount of
oxidized CNTs in the Fe3O4@S-CNTs-3 hybrid material may be helping

to maintain the structural integrity of electrode at a high current den-
sity (5 C).

4. Conclusions

In summary, a facile one-pot hydrothermal approach has been
successfully developed for embedding/coating Fe3O4@S nanoparticles
on the oxidized CNTs to prevent the huge volume expansion effect of
electrode materials during repeated cycling processes. The Fe3O4

Table 2
Cycling tests of the obtained Fe3O4@S-CNTs hybrid materials at a current density of 1 C.

Current density (1 C) Initial discharge capacity
(mAhg−1)

Discharge capacity after 20 cycles
(mAhg−1)

Discharge capacity after 400 cycles
(mAhg−1)

Coulombic efficiency (%)

Fe3O4@S-CNTs-1 895 637 420 ∼99
Fe3O4@S-CNTs-2 914 649 466 ∼99
Fe3O4@S-CNTs-3 710 598 429 ∼99

Fig. 5. Cycling curves of the obtained Fe3O4@S-CNTs-1 (a), Fe3O4@S-CNTs-2 (b) and Fe3O4@S-CNTs-3 (c) hybrid materials at a current density of 1 C, and rate capability (d).
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nanoparticles (8–10 nm) with high crystallinity are encapsulated by
amorphous S layer, presenting a core–shell Fe3O4@S structure
(20–30 nm) which are embedded/coated in the oxidized CNTs yielding
a Fe3O4@S-CNTs hybrid composites. The results confirm that the ap-
plication of the precursors of ultrafine Fe3O4 nanoparticles as seeds can
induce the growth of S in the hydrothermal system, and reduce the
problems associated with larger S particles. When the synthesized
Fe3O4@S-CNTs hybrid materials were evaluated as cathode for LIBs, the
discharge capacity of Fe3O4@S-CNTs-2 cathode presented a high ca-
pacity of 914 mAhg−1, and a high capacity of 466 mAhg−1 still can be
maintained after 400 cycles. The initial specific capacity and capacity
retention of Fe3O4@S-CNTs-2 cathode are superior to the cathodes
made using the other hybrids prepared. As for the rate performance of
Fe3O4@S-CNTs hybrid materials, the capacity still can reach up to
∼400 mAhg−1 at a high rate of 5 C. The Coulombic efficiencies are
always are 99%, suggesting the Fe3O4@S-CNTs hybrid materials can
effectively diminish the shuttle effects of polysulfide Li2Sn
(2 < n < 8) intermediates. The excellent electrochemical perfor-
mance of Fe3O4@S-CNTs hybrid materials is attributed to the rational
design and the good synergic between Fe3O4@S and oxidized CNTs in
the Fe3O4@S-CNTs hybrid composites.
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