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ARTICLE

Bimetallic Compound Catalysts With Multiple
Active Centers for Accelerated Polysulfide
Conversion in Li-S Batteries

Wu-Xing Hua a,#, Jing-Yi Xia a,#, Zhong-Hao Hu a, Huan Li a, Wei Lv b,*,
Quan-Hong Yang a,*

a Tianjin Key Laboratory of Advanced Carbon and Electrochemical Energy Storage, School of Chemical Engineering and Technology,
Tianjin University, Tianjin, 300072, China
b Shenzhen Key Laboratory for Graphene-based Materials and Engineering Laboratory for Functionalized Carbon Material,
Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen, 518055, China

Abstract

Practical applications of lithium-sulfur (Li-S) batteries are hindered mainly by the low sulfur utilization and severe
capacity fading derived from the polysulfide shuttling. Catalysis is an effective remedy to those problems by pro-
moting the conversion of polysulfides to reduce their accumulation in the electrolyte, which needs the catalyst to have
efficient adsorption ability to soluble polysulfides and high activity for their conversion. In this work, we have pro-
posed a bimetallic compound of NiCo2S4 anchored onto sulfur-doped graphene (NCS@SG) to fabricate a catalytic
interlayer for Li-S batteries. Compared to CoS, the NiCo2S4 demonstrated much higher catalytic activity toward sulfur
reduction reaction due to its multiple anchoring and catalytic active sites derived from the coordination of the
bimetallic centers. As a result, the NCS@SG interlayer dramatically improved the specific capacity, rate performance,
and cycling stability of Li-S batteries. Especially, when the areal sulfur loading of the NCS@SG battery increased to
15.3 mg$cm�2, the high-capacity retention of 93.9% could be achieved over 50 cycles.

Keywords: Lithium-sulfur batteries; Lithium polysulfides; Catalysis; Bimetallic sulfide catalyst; Shuttle effect

1. Introduction

Lithium-sulfur (Li-S) batteries show great
promise as the next-generation energy storage
devices [1e3]. However, they suffer from pro-
nounced capacity fading during cycling. One of the
major causes is the shuttling of lithium polysulfide
intermediates (LiPSs, Li2Sn, 3 � n � 8), predomi-
nantly resulting in continuous loss of active mate-
rial and poor coulombic efficiency [4,5]. The
conventional solution is to physically confine or
chemically trap the LiPSs in the cathode side [6e8],
but they are passive solutions to prevent the
dissolution of LiPSs into the electrolyte [9,10].

Consequently, the dissolved LiPSs tend to be
transported from the cathode side to the anode
side driven by the concentration gradient, which
becomes much more serious with high sulfur
loadings [11]. Recently, catalysis has been pro-
posed to accelerate the conversion of the soluble
LiPSs to solid products, decreasing their accumu-
lation in the electrolyte [12e16]. Various catalysts,
such as metal oxides [17,18], sulfides [19,20], ni-
trides [21,22], phosphides [23,24] and their heter-
ostructures [25e27] have been used in Li-S
batteries. However, the single compound catalyst
cannot balance the adsorption and desorption of
LiPSs, resulting in poor catalytic activities.
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Therefore, the catalysts with multiple anchoring
and catalytic active centers are highly required to
provide proper adsorption ability to LiPSs and
accelerate their conversion.
The catalytic sites for sulfur redox reaction can

be realized through the construction of subsurface
defects and vacancies or cooperation of two
different metal components. Recently, Zhao et al.
[28] obtained a highly active cubic Ni3FeN with
abundant vacant defects around the nickel site for
polysulfide catalysis by introducing an extrinsic
metal (iron) in Ni3N, exhibiting superb rate per-
formance. Zeng et al. [29] designed a Fe-Co
bimetallic alloy catalyst, which enhanced the
entrapping-conversion processes of polysulfides. It
is known that the atomic radius of Ni atom is close
to that of Co atom and their outer shell electronic
structures are similar (Ni: 3d84s2; Co 3d74s2), which
would help to form the bimetallic Ni-Co, avoiding
phase separation issues [29]. Besides, metal sul-
fides are widely used in Li-S batteries due to their
easy preparation, good electrical conductivity, and
high catalytic performance [30,31], suggesting a
direction to design a high performance bimetallic
sulfide catalyst.
Herein, we demonstrate that combining the Ni

and Co to produce a highly active NiCo2S4 catalyst
can effectively promote polysulfide conversion.
The synthesized NiCo2S4 catalyst loaded onto the
sulfur-doped graphene (NCS@SG) is used as a
catalytic interlayer, where the sulfur-doped gra-
phene functions as a physical barrier to block
polysulfide shuttling at the same time. Thus, the
assembled battery showed remarkable capacity
retention at a high sulfur loading of 15.3 mg$cm�2

as the diffusion and shuttling of LiPSs were effec-
tively suppressed. This work enlightens the great
potential of bimetallic compound catalysts for
high-performance Li-S batteries.

2. Experimental

2.1. Preparations of NCS@SG, CS@SG and SG
composites

The graphene oxide (GO) was synthesized by the
modified Hummers' method as reported previ-
ously [32]. The NCS@SG was synthesized via a
facile one-pot solvothermal method and the
following heat treatment. In typical, the dispersion
of GO (2 mg$mL�1) was obtained by an ultra-
sonication treatment of graphite oxide (160 mg) in
ethylene glycol (80 mL) for 2 h. Then, 0.2 mmol
Ni(AC)2 and 0.4 mmol Co(AC)2 were added to the
above dispersion with heating and stirring at 80 �C
for 1 h. Afterward, 1.2 mmol thiourea was added to

the above solution. The mixture was transferred to
a 100 mL Telfon-lined autoclave and heated at
200 �C for 6 h. The obtained sample was rinsed
with deionized water several times and freeze-
dried for 48 h. Finally, the product was heated at
500 �C for 1 h with a heating rate of 5 �C$min�1 in
an Ar atmosphere. For comparison, CoS catalyst
loaded onto the sulfur-doped graphene (CS@SG)
without adding Co(AC)2, and sulfur-doped gra-
phene (SG) without adding Ni(AC)2 and Co(AC)2
were synthesized with the same procedure.

2.2. Preparations ofCNT/S cathodewithNCS@SG,
CS@SG or SG interlayer

The carbon nanotube/sulfur (CNT/S) composite
was prepared by a simple melt-diffusion method
[33]. Typically, a mixture of CNT and sulfur with a
mass ratio of 3:7 was ground uniformly and heated
at 155 �C for 12 h. The CNT/S cathode was pre-
pared by mixing CNT/S powder, conductive agent
(CNT) and poly(vinylidene fluoride) as a binder
with the ratio of 8:1:1 dissolved in N-methyl-2-
pyrrolidone (NMP) to form a slurry, which was
then coated onto a carbon-coated aluminum foil
current collector and vacuum-dried at 55 �C over-
night. The total sulfur content in the cathode was
56%. The NCS@SG, CS@SG or SG interlayer was
coated on the CNT/S cathode as previously re-
ported [34]. Typically, the NCS@SG, CS@SG or SG
composite was dispersed in NMP to form a slurry
that was then coated on the dried CNT/S cathodes
by a spreader. After drying, Al foil to cover both
the cathode and interlayer was cut into circles of a
diameter of 10 mm. The mass of the NCS@SG,
CS@SG or SG interlayer was ca. 0.2 mg$cm�2 and
the sulfur loading of each electrode was ca.
1.0 mg$cm�2.

2.3. Preparationof a freestandinghighsulfur-loaded
cathode with NCS@SG interlayer

The freestanding high sulfur-loaded cathode was
prepared as reported previously [20]. In typical,
CNT/S composite, conductive agent (CNT), and
polytetrafluoroethylene (PTFE) binder with a mass
ratio of 80:15:5 were dissolved in ethanol under
ultrasonication, which was evaporated at room
temperature to form a slurry. Afterward, the pre-
pared slurry was rolled into a thin sheet, which
was cut into circular electrodes as freestanding
CNT/S cathodes with a diameter of 10 mm. The
diameter shrank to ca. 8.0 mm after vacuum drying
at 55 �C overnight. To introduce the NCS@SG
interlayer, the prepared NCS@SG composite was
added to ethanol and ultrasonically dispersed to
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form a homogeneous solution, which was then
vacuum filtrated on the separator to obtain the
modified separator. Photos of the as-prepared
NCS@SG interlayers are shown in Fig. S1.

2.4. Assembly of the symmetric batteries

Li2S6 electrolyte was prepared via adding Li2S
and sulfur powder with a molar ratio of 1:5 to
1.0 mol$L�1 LiTFSI in a DOL/DME solution (1:1, V/
V). The concentration of the obtained Li2S6 elec-
trolyte was 0.2 mol$L�1. The commercial carbon
paper (CP) was punched into small disks with a
diameter of 10.0 mm. The prepared NCS@SG or
CS@SG composite was loaded onto CP disks and is
named as CP-NCS@SG or CP-CS@SG electrode.
The loading methods were the same as those
previously reported [20]. Two identical electrodes
were assembled into a standard 2032 coin battery
with Celgard 2400 as the separator and 40 mL of
Li2S6 electrolyte (20 mL for each side of the
separator).

2.5. Measurement for the nucleation of Li2S

Li2S8 electrolyte was prepared by adding Li2S
and sulfur powder with a molar ratio of 1:7 to tet-
raglyme and stirred at 60 �C for 24 h. The con-
centration of the Li2S8 electrolyte was 0.2 mol$L�1.
NCS@SG or CS@SG powder was loaded onto CP
with a diameter of 10 mm (denoted CP-NCS@SG
or CP-CS@SG) for use as the cathode and lithium
foil was used as the anode. 20 mL Li2S8 electrolyte
was used as the catholyte and 20 mL of the elec-
trolyte without Li2S8 was used as the anolyte. The
assembled batteries were first galvanostatically
discharged under a current of 0.112 mA until the
voltage decreased to 2.06 V and then discharged
potentiostatically at 2.05 V for Li2S nucleation and
growth [14].

2.6. Battery assembly and electrochemical
measurements

The battery with NCS@SG, CS@SG or SG
interlayer (denoted as NCS@SG, CS@SG or SG
battery) was assembled in an Ar-filled glovebox
using lithium foil as the anode, Celgard 2400 as the
separator and 1.0 mol$L�1 LiTFSI in a DOL/DME
solution (1:1, V/V) with 1.0 wt% LiNO3 as the
electrolyte. The E/S ratios were about 20 and
15 mL$mg�1 for the normal Li-S batteries and
freestanding high sulfur-loading batteries, respec-
tively. The galvanostatic discharge/charge mea-
surements were conducted through Neware
battery test system with a potential range of

1.7e2.7 V (vs. Liþ/Li). Cyclic voltammetric (CV)
results of the symmetric batteries were obtained
using an Autolab workstation at a scan rate of
20 mV$s�1 with a voltage window between �0.8 V
and 0.8 V, and EIS measurements were carried out
with a frequency range of 10�2e105 Hz on the same
workstation. The temperature-dependent CV
measurements were conducted on an IVIUM
workstation at a scan rate of 0.1 mV$s�1.

2.7. Structure characterizations

The morphologies and structures of the samples
in this work were examined by TEM (JEMe2100 F,
Japan). The crystal structures of the samples were
characterized by X-ray diffraction (Bruker D-8,
Germany) with Cu K radiation (l ¼ 0.154 nm).
Thermogravimetric (TG, Rigaku, Japan) analysis
was performed in the air atmosphere from room
temperature to 1000 �C at a heating rate of 10 �C
per minute to calculate the content of sulfide in the
composite. XPS data were recorded by an ESCA-
LAB Xiþ (Thermo Fisher Scientific) with Al Ka
source to analyze the surface species and their
chemical states.

3. Results and discussion

The NCS@SG was synthesized through a one-
pot solvothermal and the following heat treatment
process. During the solvothermal reaction, the
Co(AC)2, Ni(AC)2, thiourea, and graphene oxide
(GO) were used as precursors, and ethylene glycol
as the solvent (Fig. 1a). Note that ethylene glycol
acts as a mild reducing agent to reduce GO and a
chelating agent to avoid agglomeration of nano-
particles at the same time. The thiourea was used
as the sulfur source to form metal sulfides, and
simultaneously, traces of sulfur were doped into
the reduced graphene oxide (rGO) during the re-
action. The final products were characterized by X-
ray diffraction (XRD) (Fig. 1b), and the diffraction
peaks at 26.8�, 31.6�, 38.3�, 50.5� and 55.3� well
match the (220), (311), (400), (511) and (440) planes
for the cubic phase of NiCo2S4 (PDF#20e0782) [35].
The XRD patterns in Fig. 1c also confirm the for-
mation of a hexagonal phase CoS (PDF#65e3418).
The incorporation of nickel induces the hexagonal-
to-cubic phase transformation. The morphologies
of the prepared NCS@SG and CS@SG were char-
acterized by transmission electron microscopy
(TEM) (Fig. 1d and e), showing the uniformly
dispersed NiCo2S4 and CoS on the sulfur-doped
graphene (SG) substrate, and both NiCo2S4 and
CoS are found as nanoparticles of 15e35 nm in
size. The EDX elemental maps (Fig. S2) illustrate
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the homogenous distributions of Ni, Co, C and S
elements in the NCS@SG, which ensures the uni-
form distribution of Li2S deposition and dissolu-
tion during the battery cycling. The high-
resolution TEM image in Fig. 1f clearly shows the
lattice fringe of 0.28 nm spacing of (311) crystal
plane of NiCo2S4, and the crystal of CS@SG in
Fig. 1g illustrates a lattice fringe of 0.19 nm, cor-
responding to the (102) plane of CoS.
To determine the contents of NiCo2S4 and CoS in

the NCS@SG and CS@SG hybrids, thermogravi-
metric analysis (TGA) was conducted under the air
atmosphere at a heating rate of 10 �C$min�1

(Fig. 2a and b). Between 200 and 430 �C, the weight
increase is ascribed to the oxidation of sulfides to
sulfates, and the weight loss at 430e560 �C is
associated with the decomposition of rGO. In order
to identify the final products over 660 �C, the
prepared NCS@SG and CS@SG hybirds were
calcined at 850 �C in air for 1 h. The XRD patterns

in Fig. 2c and d confirm that the calcined products
of NCS@SG were NiO and Co3O4, and of CS@SG
was Co3O4. Therefore, the contents of NiCo2S4 and
CoS in the NCS@SG and CS@SG can be calculated
to be 33.7 wt% and 34.1 wt%, respectively,
accordingly, the contents of NiCo2S4 and CoS in
the whole sulfur cathode are about 4.7 wt% and
4.8 wt%, respectively.
Effective adsorption of LiPSs is the precondition

for their fast conversion on the catalyst. Therefore,
X-ray photoelectron spectroscopy (XPS) was used
to analyze the surface states of NCS@SG and
CS@SG before and after the adsorbing polysulfide
(Li2S6). As shown in Fig. 3a, the Co 2p core-level
XPS spectrum in the pristine CoS can be decon-
voluted into six peaks, in which two pair peaks of
778.5, 793.6 eV and 781.1, 796.9 eV are corre-
sponding to CoeS and CoeO bonds, respectively.
The peak positions are not changed after the
adsorption of Li2S6, indicating the poor interaction

Fig. 1. (a) The fabrication process of the NCS@SG hybrid; XRD patterns of the prepared (b) NCS@SG and (c) CS@SG hybrids; TEM images of (d,
f) NCS@SG and (e, g) CS@SG hybrids.
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between CoS and polysulfides. However, for
NiCo2S4, the characteristic peaks of Co 2p and Ni
2p, corresponding to the CoeS and NieS bonds,
respectively, show obvious upshift to higher
binding energy, indicating the transfer of electrons
from NiCo2S4 to electron-rich S atoms in Li2S6
(Fig. 3b and c) [28,36,37]. These results confirm that
the NiCo2S4 catalyst can provide multiple active
centers to adsorb the soluble LiPSs. In addition, the
effective interaction between NiCo2S4 and LiPSs
can also be verified by the S 2p spectra. As shown
in Fig. 3d, the S 2p peaks located at 161.3 and
162.4 eV in the pristine NiCo2S4 are attributed to
the metal-sulfur (M�S) bond [38]. After the
adsorption experiment, the peaks of the M�S bond
shift to lower binding energies, demonstrating the
strong interaction between NiCo2S4 and Li2S6.
CV curves of Li-S batteries with CNT/S coupled

NCS@SG, CS@SG or SG interlayer as the cathode
and lithium foil as the anode (named as NCS@SG,
CS@SG or SG battery) are shown in Fig. 4a. During
the discharge process, the two reduction peaks at
ca. 2.3 V (C1) and 2.0 V (C2) are, respectively,

attributed to the reductions of sulfur to Li2Sn and
then to the discharge products Li2S2/Li2S. On the
forward scan, two apparent oxidation peaks at ca.
2.3 V (A1) and 2.4 V (A2) are observed, corre-
sponding to the conversions from Li2S to Li2Sn, and
finally to elemental sulfur, respectively [17,39]. For
the battery with NCS@SG, a remarkable positive
shift in the reduction peaks and a negative shift in
the oxidation peaks indicate the better catalytic
activity of the NiCo2S4 catalyst [40,41]. Besides, the
battery with NCS@SG shows higher current in-
tensity, and narrower peak separation between the
reduction peak (C2) and oxidation peak (A1) than
those of the other two batteries, suggesting the
enhanced conversions from LiPSs to Li2S and then
to LiPSs with the help of NiCo2S4 catalyst [40].
These results demonstrate that the accumulation of
LiPSs in the electrolyte can be greatly alleviated
with a NiCo2S4 catalyst.
Tafel plots are plotted to evaluate the catalytic

activities of NiCo2S4 and CoS catalysts. As shown
in Fig. 4b, the battery with NCS@SG shows a
smaller Tafel slope of 48.3 mV$dec�1 than those

Fig. 2. TGA curves of (a) NCS@SG and (b) CS@SG hybrids; XRD patterns of (c) NCS@SG and (d) CS@SG after calcination at 850 �C for 1 h in
air.
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with CS@SG (95.7 mV$dec�1) and SG
(188.6 mV$dec�1), indicating the fast conversion
from Li2Sn to Li2S with NiCo2S4 catalyst [17,42].
The electrochemical impedance spectroscopic
(EIS) curves of the Li-S batteries with NCS@SG,
CS@SG and SG interlayers at open-circuit voltage
are shown in Fig. 4c. The Nyquist plots consist of
two parts: a semicircle at high frequency and a
sloped line at low frequency, which, respectively,
correspond to the charge transfer resistance (Rct)
and ion diffusion process. Based on the equivalent
circuit fitting results, the battery with NCS@SG
interlayer shows much smaller Rct value (30.2 U)
than the batteries with CS@SG interlayer (119.5 U)
and SG interlayer (155.8 U), confirming that the
NiCo2S4 effectively reduces the charge transfer
resistance due to its good conductivity and cata-
lytic activity [43]. The activation energy (Ea) is an
important parameter to describe the catalytic

activity of catalysts [20]. It is widely accepted that
the conversion of Li2S4 to Li2S2/Li2S is the rate-
determining step [15]. To obtain the Ea in this step,
the temperature-dependent CV measurements
were conducted (Fig. 4d and e). The peak current
(j) is proportional to the reaction rate (k), thus the
Ea can be calculated according to the Arrhenius
equation j f k ¼ A � eeEa/RT, where R is the gas
constant, A is the pre-exponential factor, and T is
the temperature [20,44]. The calculated results are
shown in Fig. 4f, and the battery with NCS@SG
shows a much lower Ea (12.1 kJ$mol�1) for the
conversion from Li2S4 to Li2S2/Li2S than that of the
CS@SG battery (22.9 kJ$mol�1), confirming the
high catalytic activity of NiCo2S4 catalyst. The
dissolution of Li2S is an important process, which
affects the utilization of active sulfur [45]. The
conversion of Li2S to soluble Li2Sn is accelerated
with NiCo2S4 catalyst as the activation energy for

Fig. 3. (a) XPS spectra of Co 2p for CS@SG before and after Li2S6 adsorption. XPS spectra of (b) Co 2p, (c) Ni 2p and (d) S 2p for NCS@SG before
and after Li2S6 electrolyte adsorption.
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the oxidation of Li2S to Li2Sn is decreased by
2.9 kJ$mol�1 for the battery with NCS@SG inter-
layer compared to the battery with CS@SG inter-
layer in Fig. S3. This result indicates that the
NiCo2S4 catalyst can catalyze the deposition and
dissolution of Li2S (Li2Sn-to-Li2S and Li2S-to-
Li2Sn).
The liquid-liquid conversion kinetics of LiPSs

was probed through CV measurement using the
symmetric batteries with Li2S6 in the electrolyte
(Fig. 4g). The battery with CP-NCS@SG exhibited a
higher current density than that with CP-CS@SG
at 20 mV$s�1, indicating the enhanced conversion
of LiPSs with the NiCo2S4 catalyst [38]. Potentios-
tatically Li2S precipitation was tested to evaluate
the conversion from LiPSs to Li2S. The coin

batteries for the tests were assembled with the
NCS@SG or CS@SG loaded on carbon fiber paper
(CP) as the cathode, coupled with Li anode and
Li2S8 electrolyte. As shown in Fig. 4 hei, the initial
nucleation of Li2S was earlier on CP-NCS@SG
than that on CP-CS@SG. Moreover, the precipita-
tion capacity of Li2S on CP-NCS@SG (129.6
mAh$g�1) was higher than that on CP-CS@SG
(84.3 mAh$g�1), confirming that the NiCo2S4 cata-
lyst accelerates the LiPSs-to-Li2S conversion, and
then, reducing their accumulation in the electro-
lyte to suppress the shuttle effect [17,22,27].
To confirm the role of NiCo2S4 catalyst in facili-

tating sulfur reduction reaction (SRR), the rate
performances of the three batteries assembled by
coupling CNT/S cathode with NCS@SG, CS@SG

Fig. 4. (a) CV curves at 0.1 mV·s�1 for the batteries with NCS@SG, CS@SG and SG interlayers; (b) Tafel plots corresponding to the reductions of
Li2Sn to Li2S; (c) EIS curves of Li-S batteries with NCS@SG, CS@SG and SG interlayers (the inset is the equivalent circuit); (dee) CV curves for
the batteries with NCS@SG (d) and CS@SG (e) interlayers at 20, 30, 40, and 50 �C; (f) Relationship between the peak current of the Li2S4
conversion step in the CV curves and temperature; (g) CV curves of symmetrical batteries with CP-NCS@SG and CP-CS@SG with Li2S6 in the
electrolyte at 20 mV·s�1; (hei) Potentiostatic discharge curves of the Li2S deposition tests using CP-NCS@SG (h) and CP-CS@SG (i) electrodes.
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and SG interlayers and lithium anode were eval-
uated (Fig. 5a). An initial capacity of 1408 mAh$g�1

at 0.1 C (1.0 C ¼ 1675 mA$g�1) was achieved for the
battery with NCS@SG, much higher than those
with CS@SG (1260 mAh$g�1) and SG (1140
mAh$g�1). As the current density increases, the
capacity difference between NCS@SG and the
other two batteries becomes noteworthy. The bat-
tery with NCS@SG exhibited much higher capacity
at higher rate (713 mAh$g�1 at 2.0 C) than those
with CS@SG and SG. The galvanostatic charge-
discharge curves of the battery with NCS@SG at
various current densities (0.1e2.0 C) are shown in
Fig. 5b, revealing two distinct discharge plateaus
even at 2.0 C. In contrast, the second plateau cor-
responding to the conversion from LiPSs to Li2S
cannot be observed for the batteries with CS@SG
and SG at 2.0 C (Fig. 5c and d). These results

clearly confirmed the enhanced SRR process with
the NiCo2S4 catalyst.
The cycling performances of the three batteries

are further compared at 1.0 C. As shown in Fig. 5e,
the battery with NCS@SG exhibited a high capacity
of 559 mAh$g�1 after 400 cycles, while the capacities
of the batteries with CS@SG and SG quickly
decreased to 487 and 354 mAh$g�1, respectively.
To evaluate the potential of NCS@SG interlayer

in practical application, freestanding high-sulfur-
loading cathodes were prepared (see the prepa-
ration details in the Experimental Section) [20]. As
shown in Fig. 5f, the battery with NCS@SG
interlayer delivered an initial areal capacity of ca.
8.7 mAh$cm�2 with a high sulfur areal loading of
ca. 10.0 mg$cm�2, much higher than that of the
battery without interlayer (4.4 mAh$cm�2). The
charge-discharge curves at different rates of the

Fig. 5. (a) Rate performance curves of the Li-S batteries with NCS@SG, CS@SG and SG interlayers; (bed) discharge/charge profiles at different
rates; (e) cycling stability at 1.0 C of the three batteries with a sulfur loading of ca. 1.0 mg·cm�2; (f) Rate performance for the freestanding cathodes
with or without NCS@SG interlayer and (g) corresponding discharge/charge profiles of the second cycle at 0.03 C; (h) cycling performance of the
battery with NCS@SG interlayer with a high sulfur loading at 0.1 C.
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battery with NCS@SG-modified PP separator or
commercial PP separator are shown in Fig. S4a
and b. Note that the typical two discharge pla-
teaus of the battery with NCS@SG-modified PP
separator are clearly seen at 0.2 C even when the
sulfur loading was increased to 10.0 mg$cm�2,
while the second plateau of the battery with
commercial PP separator, corresponding to the
conversion of Li2Sn to Li2S2/Li2S, disappears at
such a current. The better rate performance of the
battery with NCS@SG-modified PP separator is
mainly due to the multiple active centers of the
NiCo2S4 catalyst [46]. In addition, the over-
potentials calculated by the voltage difference
between the charge and discharge plateaus at
different rates are much lower for the battery with
NCS@SG-modified PP separator than that with
commercial PP separator, confirming the high
catalytic activity of NiCo2S4 catalyst (Fig. 5g and
Fig. S4c). [17]. Cycling performance for the free-
standing cathodes with NCS@SG interlayer was
further evaluated at 0.1 C. As shown in Fig. S5, the
NCS@SG battery with 7.4 mg$cm�2 sulfur areal
loading delivered an initial areal capacity of ca. 3.7
mAh$cm�2, and a reversible areal capacity was
maintained at 3.2 mAh$cm�2 with the retention of
86.5% after 50 cycles. When the areal sulfur
loading was increased to 15.3 mg$cm�2 (Fig. 5h),
an areal capacity of 4.9 mAh$cm�2 was obtained,
higher than 4.0 mAh$cm�2 of commercially
available Li-ion batteries [47]. Moreover, the bat-
tery could be steadily cycled over 50 cycles with
high capacity retention of 93.9%. The remarkable
cycling stability with high sulfur loadings con-
firms the fast conversion of LiPSs with NiCo2S4
catalyst, which effectively prevents their accu-
mulation from the electrolyte and suppresses the
shuttle effect.

4. Conclusions

We demonstrated an effective way of designing a
bimetallic sulfide to enhance the catalytic activity
of sulfide-based catalysts toward the conversion
from LiPSs to Li2S. The prepared NiCo2S4 effec-
tively promoted liquid-solid nucleation/deposition
of Li2S, synthetically enhancing the sulfur utiliza-
tion and suppressing the shuttling of LiPSs.
Therefore, the Li-S battery with NCS@SG inter-
layer showed high-rate capability, stable cycling
performance and high Coulombic efficiency.
Remarkably, a high areal capacity of 4.9 mAh$cm�2

was obtained when the areal sulfur loading
increased to 15.3 mg$cm�2, and high capacity
retention of 93.9% after 50 cycles for such a battery
was achieved. This work suggests a proactive
strategy to catalyze sulfur redox reactions and

provides valuable inspiration for the design of
catalysts in Li-S batteries.
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