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Rational design of Li-S batteries requires eﬃcient prevention of sulfur mobility and fast redox kinetics while
accommodating the volumetric expansion of the sulfur cathode. Herein, we propose a multifunctional Chinese
knot-like electrode design for advanced Li-S batteries. NiCo2S4 nanotubes are closely interwoven to form Chinese
knot-like designs as a sulfur host. The unique interconnectivity of the 2D Chinese knot-like networks constructed
by 1D nanostructured nanotubes enables fast electron transfer for high capacity. Furthermore, the hollow
structure can simultaneously provide enough space for volumetric expansion of sulfur and conﬁne lithium
polysulﬁdes (LiPSs) in the internal void space by structural encapsulation. Besides these, experimental and
theoretical analysis demonstrates that NiCo2S4 can eﬀectively capture the LiPSs and then catalyze the captured
LiPSs into solid Li2S2/Li2S. More importantly, the transition between low-spin and high-spin of Co ions, induced
by extra sulfur atoms from LiPSs, provides an electronic way to stabilize the adsorption system and reduce
system energy, leading to the inhibition of the shuttle eﬀect in Li-S batteries. As a result, the Chinese knot-like
S@NiCo2S4 electrodes show a high capacity of 1348 mA h g−1 at 0.1 C and long cycling life up to 1000 cycles
with a slow capacity decay of 0.02% per cycle at 1 C. Even with a higher sulfur loading of 5 mg cm−2, the
electrodes still deliver good electrochemical performance.

1. Introduction
Lithium-sulfur (Li-S) batteries have been spotlighted in view of their
high energy density and abundant resources [1–3]. However, the
practical application of Li-S batteries remains hindered by low utilization of sulfur and short cycle life [4,5] due to the poor conductivity of
sulfur [6–8], the dissolution of intermediate lithium polysulﬁdes
(LiPSs) into the electrolyte, slow redox kinetics of LiPSs, and the severe
volumetric expansion (~ 80%) during cycling [9–11]. To improve the
electrochemical performance of Li-S batteries, extensive research eﬀorts
have been devoted to overcoming these challenges. In the early years,
various carbonaceous materials have been studied as the sulfur host due
to their high conductivity [12–18]. However, their nonpolar nature is
not able to help eﬃciently trap the LiPSs [19].
Recently, polar materials including metal hydroxides [20,21], metal
oxides [22–26], nitrides [27–30], and sulﬁdes [31–37] have been demonstrated to strongly bind LiPSs. However, due to sluggish redox kinetics of LiPSs, it is diﬃcult for the ﬁxed LiPSs to fully convert to Li2S2/

Li2S, resulting in low utilization of sulfur and low rate capability. More
seriously, a mass of LiPSs will gather in the areas far away from the host
materials. The high concentration of LiPSs is easy to dissolve in the
electrolyte to diﬀuse onto lithium anode, and then react with lithium,
thus resulting in severe shuttle eﬀect. Recent studies have shown that
some catalysts, such as Pt [38], CoS2 [39], and TiC [40] can accelerate
polysulﬁde redox kinetics. Therefore, the sulfur host materials need
possess polar chemisorptive capability and the ability to facilitate the
transformation between the soluble LiPSs and insoluble products simultaneously. Unfortunately, these solid host materials with the irregular morphology show some serious problems. For example, the
shuttle eﬀect is still severe when these electrodes with high sulfur
loading because the irregular solid hosts are only able to conﬁne and
catalyze the LiPSs near their surface [41]. One feasible way is to design
these host materials with some hollow nanostructures. Compared to
solid counterpart, the hollow nanostructure has the following advantages: i) providing enough internal void space for high sulfur
loading; ii) accommodating the volumetric expansion of sulfur; iii)
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Fig. 1. Schematic illustration of the Chinese knot-inspired electrode design and characterization of the prepared materials. (a) Illustration of the synthesis of the
Chinese knot-like S@NiCo2S4 composites. (b-d) FESEM and (e) TEM images of the knot-like precursors. (f-h) FESEM and (i) TEM images of the knot-like NiCo2S4
matrixes.

fast LiPSs conversion can be realized in the NiCo2S4 nanotube simultaneously, thus eliminating the shuttle eﬀect and improving sulfur
utilization. Third, the internal void space of NiCo2S4 nanotube serves as
a nanoscale electrochemical reaction vessel for immobilizing and catalyzing LiPSs. And the shell of nanotube acts as a gate to encapsulate
the LiPSs in the hollow core. More importantly, these 1D hollow nanotubes are interconnected to form a 2D Chinese knot-like network that
is beneﬁcial to fast transfer of electrons and lithium ions. As a result, the
Chinese knot-like S@NiCo2S4 electrode shows high capacity, good rate
performance and excellent cycling stability.

exposing more adsorption and catalytic sites; iv) promising more eﬃcient encapsulation of LiPSs by locking them in the internal void space.
On the other hand, for the isolated nanoparticles, it is hard for electrons
or lithium ions continuously transport among them, thus leading to
considerable contact resistance. Moreover, the use of nanoparticles
often leads to low packing density of the electrode. An eﬀective method
is to fabricate microstructured interconnected network constructed
from secondary structure of nanomaterials. Based on the aforementioned discussion, an ideal sulfur host is expected to possess these
merits: i) excellent electrical conductivity; ii) strong chemisorptive
capability to LiPSs; iii) an ability to facilitate the conversion reaction of
LiPSs; iv) hollow structure; and v) microstructured conductive network
construct from secondary structure of nanomaterials.
Here we propose a multifunctional Chinese knot-like electrode design to fulﬁll aforementioned requirements. Hollow NiCo2S4 nanotubes
are closely interwoven to form Chinese knot-like designs as the sulfur
host. First, NiCo2S4 shows excellent electrical conductivity, ~ 100 times
higher than that of NiCo2O4. Moreover, binary metal sulﬁde such as
NiCo2S4 often exhibits higher electrochemical activity than mono-metal
sulﬁdes, including Co9S8, NiS and TiS2 [42]. Second, NiCo2S4 can effectively ﬁx the LiPSs due to the polar chemisorptive capability and
catalyze the ﬁxed LiPSs to Li2S2/Li2S. Therefore, strong trapping and

2. Results and discussion
Inspired by the fascinating structure of Chinese knot and the conspicuous merits of hollow structured host materials, this work intends
to combine the advantages of these two structures together to fabricate
hollow Chinese knot-like designs as the sulfur host. The synthesis approach of Chinese knot-like S@NiCo2S4 electrode is schematically
shown in Fig. 1a. First, the precursor, with a Chinese knot-like structure, was prepared by a facile hydrothermal method without any
templates or surfactants. Second, the solid precursor was converted into
hollow NiCo2S4 through a sulﬁdation reaction. Finally, a melting355
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Fig. 2. Characterization of Chinese knot-like S@NiCo2S4 composite. (a, b) FESEM and (c) TEM images of the S@NiCo2S4. (d) Linear elemental distributions and (e)
EDX elemental mappings of S, Co, and Ni. (f) TGA curve and (g) XRD pattern of the S@NiCo2S4 composite.

XRD pattern of the as-obtained composite indicates cubic sulfur (JCPDS
No. 08-0247) and NiCo2S4 (Fig. 2g).
To identify the chemical interaction between NiCo2S4 and LiPSs, we
employed a combination of visual discrimination and XPS analysis. As
displayed in Fig. 3a, the color of the LiPSs solution remains yellow after
adding the carbon black (CB). However, the yellow solution transforms
to completely colorless after the addition of NiCo2S4 (Fig. 3b), revealing
the strong LiPSs adsorption capability of the polar NiCo2S4. To further
probe the LiPSs absorptivity of NiCo2S4, the XPS test was carried out to
investigate the pristine NiCo2S4 and NiCo2S4 + Li2S4. After contact
with Li2S4, the peaks of both the Ni 2p3/2 and Co 2p3/2 spectrum shift to
lower binding energy as the electron transfers from Li2S4 to the Ni and
Co atoms (Fig. 3c, d), demonstrating the strong chemical interaction
between NiCo2S4 and the LiPSs.
To investigate the eﬀect of NiCo2S4 on LiPSs redox reactions, the
cyclic voltammetry (CV) and galvanostatical discharge-charge tests
were performed. Fig. 3e shows the typical CV proﬁles of the S@NiCo2S4
and S@CB cathodes. Compared to the S@CB electrode, the peaks of S@
NiCo2S4 electrode are sharper with a higher intensity, indicating that
the redox reactions at these potentials are greatly promoted [44,45].
Figs. S9 and S10 show the comparison of the peak potentials and onset
potentials of the two electrodes for the redox reactions, respectively.
Both cathodic peaks for S@NiCo2S4 have a positive shift and the anodic
peak has a negative shift, reﬂecting that NiCo2S4 can signiﬁcantly
suppress the electrochemical polarization [46,47]. Clearly, the S@
NiCo2S4 electrode shows a higher onset reduction potential and a lower
onset oxidation potential than that of S@CB cathodes, showing that
NiCo2S4 plays an important role in reducing the activation energy of the
transformation between LiPSs [48–50].
The galvanostatic discharge-charge proﬁles of S@CB and the S@
NiCo2S4 electrodes at 0.1 C are shown in Fig. 3f. The higher capacity,
longer voltage plateau, and lower polarization of the NiCo2S4-based
electrode suggest that NiCo2S4 can serve as a good catalyst to realize
highly reversible redox process and improve the utilization of active
materials [51]. There is no obvious peak in the CV curve of pure
NiCo2S4 electrodes (Fig. S11). Additional evidence on the catalytic effect of NiCo2S4 was provided by CV and electrochemical impedance
spectra (EIS) of symmetric cells. Fig. S12 shows the CV proﬁles of the

diﬀusion process was employed to steam sulfur into the NiCo2S4 nanotubes, enabling the Chinese knot-like S@NiCo2S4 composite.
The morphology of the precursor was characterized by ﬁeld-emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM). After a hydrothermal treatment, the precursor displays a 2D structure which is interwoven by 1D solid nanorods (Fig. 1bd). The diameter of the nanorod is estimated to be about 80 nm
(Fig. 1e). The hydrothermal reaction time plays an important role in the
formation of the unique Chinese knot-like structure (Figs. S1 and S2).
After a sulﬁdation reaction, the XRD pattern of the product is perfectly
assigned to NiCo2S4 (Fig. S3). The NiCo2S4 still maintains the Chinese
knot-like morphology (Fig. 1f, g). Meanwhile, the solid nanorod can be
turned into hollow tubular structure by an anion exchange reaction
(Fig. 1h, i), thus perfectly combining the merits of interconnectivity of
Chinese knot network and hollow structure. The low-magniﬁcation
TEM images exhibits good uniformity of the hollow structure (Fig. S4).
It is obvious that these 1D hollow nanotubes are interconnected, which
is beneﬁcial to fast transfer of electrons and lithium ions. It is worth
mentioning that the shell of the nanotube is extraordinary thin, thus
providing a considerable internal void space for abundant sulfur storage. HRTEM study shows a clear lattice spacing of 0.28 nm, corresponding to the (311) plane of NiCo2S4 (Fig. 1i). The speciﬁc surface
area of the NiCo2S4 is about 36.2 m2 g−1 (Fig. S5).
After the loading of sulfur, as shown in Fig. 2a, the S@NiCo2S4 well
preserved the original Chinese knot-like morphology. It is clear that no
obvious sulfur particles are observed on the outer surface (Fig. 2b).
TEM image manifests that sulfur is uniformly and closely distributed in
the internal void space of the NiCo2S4 nanotube (Fig. 2c), promising
good electronic contact to the nanotube. Some unﬁlled spaces still exist
in the nanotube, which can accommodate sulfur volume expansion
during cycling. Fig. 2d shows linear elemental distributions across a
typical S@NiCo2S4 nanotube, with much higher S intensity than that of
initial NiCo2S4 nanotube (Fig. S6), suggesting successful introduction of
sulfur into the inner void spaces of nanotube. EDX elemental mapping
(Fig. 2e) of S@NiCo2S4 composite also reveals that sulfur is distributed
in the hollow tubules of the NiCo2S4. Based on the TGA and DSC curves
of the pure NiCo2S4 and S@NiCo2S4 composite, the content of sulfur
calculated in the composite is ~ 71 wt% (Fig. 2f, S7, and S8) [43]. The
356
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Fig. 3. NiCo2S4 adsorbs LiPSs and promotes electrochemical reaction kinetics of LiPSs. Polysulﬁde entrapment by (a) carbon black and (b) NiCo2S4. The comparison
of high-resolution XPS spectra of Ni 2p3/2 (c) and Co 2p3/2 (d) of the pure NiCo2S4 and NiCo2S4 + Li2S4 composite. The comparison of (e) CV curves and (f) dischargecharge curves of S@NiCo2S4 and S@CB electrodes.

capacity of 741 mA h g−1 maintains after 1000 cycles, corresponding to
only 0.02% average capacity decay per cycle, lower than that of most
other polar hosts (Fig. S15). By sharp contrast, the S@CB electrode
fades quickly. In addition, the self-discharge behavior of S@NiCo2S4
cell is alleviated (Fig. S16). It is worth mentioning that pure NiCo2S4
shows almost no contribution to capacity under the same conditions
(Fig. S17). In order to further reveal the merits of Chinese knot-like
network, we prepared ﬂower-like NiCo2S4 as the host of sulfur for
comparison. The ﬂower-like S@NiCo2S4 composites suﬀer from faster
capacity decay and delivers lower capacities at 0.1, 0.2, 0.5, 1, and 2 C
when compared to that of the Chinese knot-like S@NiCo2S4 composite
(Figs. S18 and S19). These results demonstrated the unique advantages
of Chinese knot-like morphology.
The development of high areal sulfur loading is vital to the commercial application of Li-S batteries. Herein, we further studied the
electrochemical performance of S@NiCo2S4 electrode with a high
loading of 5 mg cm−2, which is higher than most other polar host
materials (Fig. S20). The cross section of the high loading electrode is
shown in Fig. S21. The As shown in Fig. 4d and S22, the thick S@
NiCo2S4 electrode delivers reversible discharge capacities of about 1180
(5.9 mAh cm−2), 970 (4.85 mAh cm−2), 840 (4.2 mAh cm−2), and

symmetric cells within a voltage window of − 0.8 to 0.8 V at a scan rate
of 20 mV s−1. The redox current of the NiCo2S4 electrode is much larger
than that of pure CB electrode. Meanwhile, the EIS of NiCo2S4 electrode
shows a decrease of about 71% in resistance compared to pure CB
electrode (Fig. S13), which is similar to other literatures [35,39,40].
These results indicate that NiCo2S4 can dynamically promote the electrochemical reactions between LiPSs.
The electrochemical performance of the sulfur loading of ~ 2 mg
cm−2was evaluated. The thickness of the electrode is about 30 µm (Fig.
S14). As shown in Fig. 4a, the Chinese knot-like S@NiCo2S4 electrode
exhibits excellent rate capability under various current rates. The
cathode delivers reversible discharge capacities of 1348, 1227, 1050,
926 and 842 mA h g−1 at diﬀerent rates of 0.1, 0.2, 0.5, 1 and 2 C,
respectively. In contrast, the S@CB electrode shows much lower discharge capacities. Fig. 4b presents the discharge-charge voltage proﬁles
of the electrode at various current densities from 0.1 to 2 C. The discharge-charge voltage proﬁles at 2 C are similar to that at 0.1 C,
showing long second-discharge plateau and a small polarization. The
long-term cycling performance of S@NiCo2S4 electrode was evaluated
by galvanostatic cycling at 1 C (Fig. 4c). The initial discharge speciﬁc
capacity of S@NiCo2S4 electrode is about 932 mA h g−1 and a discharge
357
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Fig. 4. Electrochemical performances of the Chinese knot-like S@NiCo2S4 electrodes. (a) Rate capabilities, (b) discharge-charge curves, and (c) cycling performance
of Chinese knot-like S@NiCo2S4 electrodes with a sulfur loading of 2 mg cm−2. (d) Rate capabilities and (e) cycling performance of the designs with high sulfur
loading of 5 mg cm−2. (f) Schematic of the structural advantages of Chinese knot-like cathode designs. (g) FESEM images of the S@NiCo2S4 composite after cycling.
TEM images of the S@NiCo2S4 composite at fully (h) charged and (i) discharged state. (j) Schematic of NiCo2S4 nanotube relieving the volumetric expansion of sulfur
during lithiation process.

700 mAh g−1 (3.5 mAh cm−2) at diﬀerent rates of 0.05 C, 0.1 C, 0.2 C,
and 0.5 C, respectively. Moreover, the thick electrode also shows stable
cycling performance. The electrode displays an initial capacity of about
890 mAh g−1 (4.45 mAh cm−2) at 0.1 C and increases to 945 mAh g−1
at the 7th cycle due to the activate process. A high capacity of about
810 mAh g−1 (4.05 mAh cm−2) after 100 cycles can still be achieved,
corresponding to only 0.14% average capacity decay per cycle (Fig. 4e
and S23).
In order to explore the structural stability of the NiCo2S4 network,
we studied the morphology of the S@NiCo2S4 composite after cycling.
As shown in Fig. 4g, the Chinese knot-like interconnected structure is
well preserved after long-term cycling, demonstrating the outstanding
structural stability. To further investigate whether the hollow tubular
structure eﬀectively accommodate the volumetric expansion of sulfur
after lithiation, we tested the NiCo2S4 nanotubes at fully charged and
discharged state after cycling. As shown in Fig. 4h, i, both the size and
shape of the nanotube can be well maintained. There still exists some
void spaces in the nanotube at fully discharged state, indicating that
NiCo2S4 nanotube oﬀers suﬃcient room to accommodate the volume
expansion of sulfur during lithiation process (Fig. 4j). The internal void
space of NiCo2S4 nanotube at fully discharged state is much smaller
than that at fully charged state, which is attributed to the volumetric
expansion of sulfur changed into Li2S2/Li2S. The linear elemental distribution of the discharged nanotubes (Fig. S24) shows that the sulfur
signal in the middle of the nanotube is enhanced as compared with that
of initial S@NiCo2S4 (Fig. 2d), further proving the volumetric expansion of sulfur. The calculated volume expansion based on Fig. 4h and i
(71%) is a little smaller than the theoretical value (80%). This is

because some sulfur materials are on the outer surface of the nanotubes
and some are in the pores of NiCo2S4 (See Supplementary note). These
observations reveal that NiCo2S4 can act as a robust host with the excellent electrochemical performance.
We further studied the lithium-metal anodes after 50 cycles by
FESEM and EDX analysis. As shown in Fig. S25, no obvious lithium
dendrite is observed on the lithium surface for the S@NiCo2S4 cell.
Meanwhile, the signal of sulfur on the lithium anode is negligible.
However, the lithium anode in the S@CB cell suﬀers serious damage
and its surface is corroded into tiny particles. Moreover, the signal of
sulfur on the lithium anode caused by shuttled polysulﬁde is much
stronger than that of S@NiCo2S4 cell. The S to O ratio on lithium surface from S@NiCo2S4 is also much smaller than that of S@CB cells
(Table S1). These results indicate that the multifunctional hierarchical
electrode can suppress shuttle eﬀect eﬀectively.
We simulated the adsorption processes of LiPSs on several surfaces
of NiCo2S4 to further study the chemical interaction between NiCo2S4
and LiPSs. (400) and (440) surfaces were discovered as stable surfaces
and used for further adsorption calculations, shown in Fig. 5a. Surface
reconstruction has been discovered on several surfaces. For example,
sulfur atoms tend to form small sulfur clusters on some sulfur-rich
surfaces during surface structural relaxations. In our calculation, we
found that all Li2S4, Li2S6 and Li2S8 particles can be adsorbed at multiple sites on both (400) and (440) surfaces. The spin-polarized simulation shows that surface Co ions around adsorption site will experience
a transition between low-spin and high-spin states. On clean NiCo2S4
surfaces, Co ions are in low-spin states. When LiPS particles are adsorbed on surfaces, one or several Co ions around LiPSs transit to high358
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Fig. 5. Theoretical calculations. (a) A Li2S6 particle adsorbed on (440) surface of NiCo2S4. (b) Low-spin and (c) high-spin states of Co d-orbital in low-spin to highspin transition. (d) Density of states of Co d-orbital and S p-orbital. The Co ion is on (440) surface close to adsorption site and the S comes from Li2S6 particle.

maintaining the structural integrity, and suppressing LiPSs outward
diﬀusion simultaneously. Experiment and simulation demonstrate that
NiCo2S4 can serve as a polysulﬁde immobilizer and catalyst simultaneously in Li-S batteries. Beneﬁting from the compositional and structural superiorities, the Chinese knot-like S@NiCo2S4 composite cathode
with a high sulfur loading of 5 mg cm−2 delivers a stable cycle life with
a high discharge capacity.

spin states, number of high-spin Co ions depends on the adsorption site
and conﬁguration of LiPSs particles. Density of states of low-spin and
high-spin d-orbitals are plotted in Fig. 5b, c. Density of states of Co's dorbital and S's p-orbital are shown in Fig. 5d. Electronic conﬁguration
of Ni ion is relatively stable during the adsorption of LiPSs. The charge
state change on Ni has been observed on Ni in some cases. It is possible
that Ni has spin or charge state change to tolerate the LiPSx particles.
Our simulation shows that, other than structural change, the transition
between low-spin and high-spin of Co ions, induced by extra sulfur
atoms from LiPSs, provides an electronic way to stabilize the adsorption
system and reduce system energy, alleviating the shuttle eﬀect in Li-S
batteries.
The Chinese knot-like electrode design provides many advantages
for Li-S batteries. First, for the conventional isolated host materials, as
shown in Fig. S26, it is hard for electrons or lithium ions continuously
conduct among them on account of the considerable contact resistance.
However, for the Chinese knot-like structure, both the 1D substructures
and the interconnectivity of the 2D network are beneﬁcial for fast
electron transfer (Fig. 4f). Second, the interwoven network possesses
good mechanical strength to maintain the structural integrity, thus
enabling excellent cycling performance. Third, the micrometer-sized
network constructed from nanotubes can avoid the low packing density
of nanoparticles. Fourth, hollow structure provides numerous anchoring and catalyzing sites for the polysulﬁde intermediates. Moreover, the internal void space can promise abundant sulfur storage and
act as an ideal reaction vessel for immobilizing and catalyzing LiPSs.
Finally, the relatively large surface area provided by the hollow structure guarantees uniform deposition of Li2S2/Li2S.
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