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a b s t r a c t

The sluggish redox kinetics of polysulfides in lithiumesulfur (LieS) batteries are a significant obstacle to
their widespread adoption as energy storage devices. However, recent studies have shown that tungsten
oxide (WO3) can facilitate the conversion kinetics of polysulfides in LieS batteries. Herein, we fabricated
host materials for sulfur using nitrogen-doped carbon nanotubes (N-CNTs) and WO3. We used low-cost
components and simple procedures to overcome the poor electrical conductivity that is a disadvantage of
metal oxides. The composites of WO3 and N-CNTs (WO3/N-CNTs) create a stable framework structure,
fast ion diffusion channels, and a 3D electron transport network during electrochemical reaction pro-
cesses. As a result, the WO3/N-CNT-Li2S6 cathode demonstrates high initial capacity (1162 mA$h$g�1 at
0.5 C), excellent rate performance (618 mA$h$g�1 at 5.5 C), and a low capacity decay rate (0.093% up to
600 cycles at 2 C). This work presents a novel approach for preparing tungsten oxide/carbon composite
catalysts that facilitate the redox kinetics of polysulfide conversion.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

To achieve a sustainable future, it is widely believed that there is
a pressing need to replace traditional energy sources. Lithium-ion
batteries are widely appreciated as a green storage device with
high energy density and a long cycle life [1]. However, their limi-
tations in energy density and high material costs have prompted
researchers to explore new energy storage systems that can meet
the growing demand for high-performance batteries [2e4]. With
their high energy density, low cost, and non-polluting cathode
sulfur, LieS batteries are considered a promising new energy stor-
age device. LieS batteries operate on a different principle than Li-
ion batteries, where Liþ moves between the anode and cathode
during charge and discharge cycles. In LieS batteries, sulfur un-
dergoes a redox reactionwith Liþ to form lithium sulfides, resulting
in high theoretical specific capacity [5e8]. Unfortunately, issues
such as low cycle life, low sulfur utilization, and poor rate perfor-
mance disturb the practicality and application of LieS batteries
[9e11]. To overcome these challenges, researchers are developing
low-cost, highly efficient, and highly stable electrocatalysts for the

cathode, such as porous carbon matrices, metal oxides, and con-
ducting polymers, to improve the electrochemical reaction kinetics
and stability of polysulfides. Thus, the incorporation of cathode
host materials in LieS batteries can enhance their electrochemical
performance and contribute to the safety of the LieS batteries
[12,13].

Recent studies have concentrated on the design of metal oxide/
carbon composite materials for use in LieS batteries [14e17].
Sericin-derived carbon/Co3O4 hollow microspheres enhance sulfur
cathode performance through polar chemisorption, physical
encapsulation, and high conductivity. This approach shows promise
for creating high-performance sulfur cathodes [18]. Another study
has demonstrated that utilizing a-MoO3 as cathode host materials
for sulfur can alleviate the volume change caused by the electro-
chemical reaction of active sulfur and make more sulfur participate
in electrochemical reactions, thus enhancing the energy storage
characteristics of LieS batteries [19].

Tungsten oxide, in particular, has shown great potential as a
cathode host material in LieS batteries due to its high electronic
conductivity and ability to promote sulfur utilization [20e23]. It
has been reported that a three-dimensional hierarchical structure
made of reduced graphene and tungsten oxide framework catalyze
the conversion of polysulfides, resulting in improved performance* Corresponding author.
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of lithium-sulfur batteries [20]. Overall, the combination of metal
oxide and carbon-based materials offers a promising strategy for
overcoming the current issues faced by LieS batteries, and tungsten
oxide has shown particular potential as an effective metal oxide
material for use in LieS batteries. Overall, the combination of
tungsten oxide and carbon-based materials represents a promising
approach to improving the performance of LieS batteries.

In this work, a novel material composed of nitrogen-doped
carbon nanotubes embedded with tungsten oxide (WO3/N-CNT)
was investigated as a potential host material for sulfur in LieS
batteries. This material was found to have Liþ diffusion tunnels
and an integrated conductive structure, which improved the elec-
trochemical performance of LieS batteries. Additionally, the WO3/
N-CNT material was shown to have active sites with superior af-
finity and catalytic ability to polysulfides, resulting in improved
cycle life and rate capability of LieS batteries. TheWO3/N-CNT-Li2S6
cathode exhibited high initial discharge capacity (1162mA$h$g�1 at
0.5 C, 1 C ¼ 1675 mA$h$g�1), excellent rate performance
(635mA$h$g�1 at 5.5 C), and good cycling stability (0.093% capacity
decay per cycle after 600 cycles at 2 C). This study contributed
valuable insights into the selection and design of functionalized
WO3-based cathode host materials in LieS batteries.

2. Results and Discussion

The scheme presented in Fig. 1 illustrates the process of pre-
paring WO3/N-CNT composites using sodium tungstate, citric acid,
and C19H42BrN as raw materials. Carbon materials, such as carbon
nanotubes (CNTs), are commonly employed as catalyst supports
due to their excellent electronic conductivity and mechanical
flexibility. In this scheme, sodium tungstate, citric acid, and
C19H42BrN are dissolved in an aqueous solution, leading to a three-
component reaction that forms a white gel-like precursor. The
precursor is then subjected to high-temperature annealing,
resulting in the formation of the WO3/N-CNT composite material in
a single step. WO3, as an oxide, possesses poor electronic conduc-
tivity, which hinders its efficient catalytic effect. To address this
issue, it is combined with CNTs to facilitate electron transport
within the electrode. However, carbon materials alone have a weak
affinity for polysulfides, which can lead to the undesirable shuttling
effect of polysulfides. To enhance the ability of CNTs to anchor
polysulfides, nitrogen (N) elements are doped into the CNT struc-
ture. The incorporation of N into CNTs improves their interaction
with polysulfides, effectively inhibiting the shuttling effect.
Consequently, the combination of WO3 and N-CNTs alleviates the

Fig. 1. (a) Illustration of synthetic process for the WO3/N-CNT.
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polysulfide shuttling effect and accelerates the conversion of pol-
ysulfides, thereby enhancing the electrochemical performance of
LieS batteries.

Fig. 2(a) shows the X-ray powder diffraction (XRD) pattern of
WO3/N-CNT, which exhibited main diffraction peaks that matched
well with the characteristic peaks of WO3 (JCPDS no. 46-1096),
confirming the successful synthesis of WO3. However, one broad
diffraction peak was observed at 2q of 24�, corresponding to the
amorphous carbon material [24e26]. Since the carbon materials in
WO3/N-CNT are amorphous or nanocrystalline, little structural in-
formation can be obtained from XRD analysis. To investigate the
heteroatoms that are doped in the carbon material and their
chemical states, X-ray photoelectron spectroscopy (XPS) analysis
was also performed. The full scan spectrum of XPS analysis is
presented in Fig. 2(b), showing that themain composition elements
of WO3/N-CNT were O, N, C, and W. Deconvolution of the XPS C 1s
spectra of WO3/N-CNT revealed three peaks that could be attrib-
uted to the CeC, CeN, and C¼¼O groups located at around
284.33 eV, 285.14 eV, and 288.05 eV, respectively (Fig. 2(c)) [27].
Additionally, the W 4f spectrum displayed two doublets of the W6þ

ion at 38.2 and 36.1 eV, as well as the W5þ ion at 34.9 eV (Fig. 2(d))
[28]. Overall, XPS analysis provided insight into the chemical
composition and bonding states of WO3/N-CNT.

The morphology and structure of the N-CNT and WO3/N-CNT
were further investigated using scanning electron microscopy

(SEM) and high-resolution transmission electron microscopy
(HRTEM) techniques. Fig. 3(a), (b) and (c), (d) showed the low and
high magnified SEM images of the N-CNT and WO3/N-CNT,
respectively. The N-CNT sample exhibited a porous structure with
irregular shapes and sizes (Fig. 3(a), (b)). The specific surface area
(38.8385 m2$g�1) and micropore volume （0.001442 cm3$g�1）of
WO3/N-CNT were determined through nitrogen adsorption-
desorption experiments (Fig. S1 in Supplementary Material). The
unsatisfactory specific surface area and pore volume ofWO3/N-CNT
powder can be attributed to the introduction of WO3 into N-CNT.
However, this reduction is done intentionally to improve the
powder's ability to adsorb and catalyze polysulfides in the cathode.
By introducing WO3, the cathode becomes more effective in
capturing and reacting with polysulfides, which can enhance the
performance of the LieS batteries. In contrast, the WO3/N-CNT
sample exhibited a well-defined microsphere structure with a
diameter of approximately 2 mm (Fig. 3(c), (d)). The excellent
structure of the WO3/N-CNT benefits from this precursor via a
three-component reaction, which not only increases the number of
sites available for the electrochemical reaction between sulfur and
Liþ but also facilitates faster diffusion of Liþ by enhancing the
effective contact area between the active material and the elec-
trolyte. The WO3/N-CNT microspheres were assembled by
numerous WO3 nanorods with a length of 500 nm and carbon
nanotubes, forming a network-like structure. The topography of

Fig. 2. (a) The XRD pattern and (b)e(d) the high-resolution XPS spectra for WO3/N-CNT: (b) survey spectrum; (c) C 1s; (d) W 4f.
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CNTs, derived from organic polymers, is comparable to that ofWO3/
N-CNT, as shown in Fig. 3(c), (d). However, the presence of large
aggregates in the CNT sample indicates poor dispersion. This may
be attributed to the organic polymer derivation [29]. High-
resolution transmission electron microscopy (HRTEM) images
(Fig. 3(e)) revealed a lattice spacing of 0.36 nm, which corre-
sponded to the WO3 (2 0 0) plane. Moreover, energy dispersive X-
ray spectroscopy (EDS) and elemental mappings suggested the
coexistence and uniform distribution of O, W, and C onWO3/N-CNT
(Fig. 3(f)). The W element was mostly located in the core of the
microspheres, while the C and O elements were uniformly
distributed on the surface of the microspheres. The uniform dis-
tribution of elements in the WO3/N-CNT structure was beneficial
for electron and ion transfer and thus improved the electrochemical
performance of LieS batteries [30,31].

The strong chemical interactions between polysulfides and
WO3/N-CNT play a key role in suppressing the shuttling effect of
polysulfides and enhancing the utilization of sulfur, resulting in
improved electrochemical performance of LieS batteries. To

demonstrate the excellent polysulfide adsorption capability of
WO3/N-CNT, an adsorption test was conducted. Specifically, 100 mg
of WO3/N-CNT, WO3, and N-CNT were added to three beakers
containing 10 ml of diluted Li2S6 solution (5 mmol$L�1). After 12 h
of the adsorption test, the Li2S6 solutions containing WO3/N-CNT,
WO3, and N-CNT showed a significant reduction in color intensity
compared to the blank control experiment, indicating that all three
materials are capable of effectively adsorbing polysulfides
(Fig. 4(a)). After conducting the adsorption test, XPS was used to
characterize the Li2S6-adsorbed WO3/N-CNT. The Li 1s spectrum
(shown in Fig. 4(b)) showed a peak at 56.35 eV corresponding to
LieN bonds and LieO bonds. This peak indicates that Li2S6 is con-
nected with WO3 and N-CNT in the form of chemical bonds.
Fig. 4(c)e(f) presents the scanning electron microscopy (SEM) im-
ages and energy-dispersive X-ray spectroscopy (EDS) analysis of
the WO3/N-CNT-Li2S6 cathode. These images and data allow for a
direct visualization and evaluation of the distribution of Li2S6 on
the surface of theWO3/N-CNTcathode. Thanks to the strong affinity
betweenWO3/N-CNT and Li2S6, the agglomeration of Li2S6 particles

Fig. 3. FESEM images of (a), (b) WO3/N-CNT and (c), (d) N-CNT. (e), (f) TEM image and corresponding elemental mappings of WO3/N-CNT.
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on the electrode surface is prevented, resulting in the even depo-
sition of Li2S6 on the cathode surface. The distribution of Li2S6
species on the cathode surface directly impacts the battery's overall
performance. An even and well-dispersed distribution of Li2S6 en-
sures efficient utilization of active materials and facilitates better
contact with the functional materials (WO3/N-CNT or N-CNT).
Optimizing the distribution of Li2S6 on the cathode surface through
SEM analysis enhances the reaction kinetics of polysulfides, thereby
improving the electrochemical performance of LieS batteries.

The conversion rate of polysulfides in LieS batteries can be
effectively monitored by testing the deposition rate of Li2S on the
surfaces of different cathode materials. In this study, a constant
current discharge was conducted at 0.05 C to learn about the pre-
cipitation phenomenon (Fig. 5(a) and (b)). The cut-off potential was
set at 2.10 V, and the current was limited below 0.01 mA. The peak
current of the WO3/N-CNT cathode appeared earlier (at 12382 s)
than that of the N-CNTcathode (at 16910 s), indicating thatWO3/N-
CNT can efficiently reduce the nucleation overpotential of Li2S and
promote the precipitation of Li2S [32]. To gain a deeper under-
standing of the kinetic mechanism, more detailed cyclic

voltammetry (CV) analysis was conducted for the two cathode
materials, and the results are presented in Fig. 5(c) and (d). In the
cathodic scan, the two cathodic peaks at different potentials corre-
spond to the two-step reduction reaction of elemental sulfur (S8) to
long-chain polysulfides (Li2Sx, 4 � x � 8) at the higher potential,
followed by the reduction of polysulfides to Li2S at the lower po-
tential. Compared to theN-CNTcathode, the CV curve of theWO3/N-
CNT cathode exhibited higher current and smaller voltage polari-
zation of the cathodic/anodic peaks, indicating improved redox re-
action kinetics (Table S1). Upon further analysis of the CV curves for
the two cathodes, itwas confirmed thatWO3/N-CNTwas superior to
as cathode host materials [33]. The results are shown in Fig. S2(a),
where the WO3/N-CNT-Li2S6 cathode demonstrated remarkable
advantages compared to the N-CNT-Li2S6 cathode. Notably, the CV
curves of theWO3/N-CNT-Li2S6 cathode than that of theN-CNT-Li2S6
cathode displayed a lower oxidation potential and a higher reduc-
tion potential at all three peaks. These results indicate a higher re-
action reversibility and a lower polarization of polysulfides in the
WO3/N-CNT-Li2S6 cathode, making WO3/N-CNT more suitable as
cathode host material for LieS batteries. Moreover, both WO3/N-

Fig. 4. (a) The optical photographs of the Li2S6 solution after exposure to the different materials. (b) XPS (Li 1s spectra) of WO3/N-CNT after the adsorption test. (cei) SEM images
and corresponding elemental mappings of the WO3/N-CNT- Li2S6 cathode.
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CNT-Li2S6 cathodes exhibited sharper and higher current peaks,
indicating a faster reduction rate of polysulfides. In contrast, poly-
sulfides in the N-CNT-Li2S6 cathode had a slower reduction rate, as
evidenced by a broad and low current peak at the second plateau.
Overall, the results strongly support the use of WO3/N-CNT as the
cathode host material for LieS batteries due to its superior proper-
ties. In Fig. S2(b), Gap 1 is between peak 1 and peak 3, and Gap 2 is
between peak 1 and peak 2. The “Gap” values represent the differ-
ence in voltage values between specific peaks. From Fig. S2(b), it
appears that the Gap 1 and Gap 2 values for the WO3/N-CNT-Li2S6
cathode are lower (i.e. the voltage difference between peaks is
smaller) than those of the N-CNT-Li2S6 cathode. This could indicate
that the WO3/N-CNT-Li2S6 cathode has better electrochemical re-
action kinetics than the N-CNT-Li2S6 cathode. Furthermore, elec-
trochemical impedance spectroscopy (EIS) was performed to study
the impedance of the cathode materials. The EIS curves, shown in

Fig. 5(e) and (f), were composed of several components, including Re
(the impedance resulting from the nature impedance of electrolyte
resistance), Ra (the impedance attributable to charge transfer), RLi2S6
(the impedance originating from the generation of Li2S6), and RS8
(the resistance of the formation of S8) [34]. The Ra of WO3/N-CNT
after one cycle was found to be the lowest among the samples,
suggesting that the “shuttle effect” was inhibited and the electron
transfer was enhanced. After cycling, it becomes apparent that the
resistance of both electrodes has significantly decreased. This can be
attributed to the chemical activation process, which involves the
dissolution and redistribution of active materials [35]. One notable
change observed is the stark contrast in the EIS equivalent circuits
before and after cycling. This disparity arises from the formation of
S8 as a result of the conversion of soluble Li2S6. In summary, the
combination of various electrochemical techniques provided a
comprehensive understanding of the superior electrochemical

Fig. 5. Potentiostatic discharge profiles of LieS batteries with (a) WO3/N-CNT cathode and (b) N-CNT cathode; CV curve of (c) WO3/N-CNT cathode and (d) N-CNT cathode; and EIS
curves of (c) before cycling and (d) after 1 cycle.
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performance of WO3/N-CNT as a Li2S6 host material, which is
attributed to the excellent structure of the WO3/N-CNT composite
and the synergistic interaction between WO3 and N-CNT.

The imbalance between adsorption and catalytic conversion in
LieS batteries can lead to adverse consequences, impeding the
subsequent “diffusion-conversion” process. To address this issue,
the effectiveness of WO3/N-CNT as a coordinator for regulating
polysulfide capture/conversion and Li2S decomposition was inves-
tigated. Li2S6 symmetric batteries were assembled, and the ob-
tained CV curves are shown in Fig. 6(a)e(c) [36]. These tests were
conducted to evaluate the catalytic ability of WO3/N-CNT and N-
CNT in reducing polysulfides in batteries containing Li2S6 solution.
The results demonstrated that the WO3/N-CNT electrode had the
strongest response current compared to the other electrodes at
various scan rates, indicating that WO3/N-CNT possesses the
highest catalytic activity in reducing polysulfides. A high Li ion
diffusion rate is a reflection of excellent reaction kinetics of poly-
sulfides and a reduced rate of Li dendrite formation, which in-
dicates the improved cycle stability and rate performance of LieS
batteries [37,38]. A more detailed CV analysis of these electrodes is
required to understand the kinetic mechanism involved. According
to the classic Randles-Sevcik equation, the Li ion diffusion rate can
be estimated by the following equation [39]:

Ip ¼ 2:69� 105n3=2AD1=2
Li V1=2CLi

To understand the Li ion diffusion rate on the surface of different
materials, the classic RandleseSevcik equation was used, where Ip
represents the peak current, n represents the number of reaction
electrons in the redox process (in this case, n¼ 2), A is the electrode
area (1.13 cm2 in this study), CLi is the concentration of lithium ions,
V is the scan rate, and DLi is the diffusion coefficient of lithium ion.

The absolute value of the slope observed in the Ip vs. n0.5 plot in
Fig. 6(d) serves as a measure of the diffusion coefficient (DLi) of
lithium ions. By analyzing the fitted slope values presented in this
figure, it becomes apparent that the WO3/N-CNT cathode exhibits a
higher slope compared to the N-CNT cathode. This higher slope
signifies a greater diffusion rate of lithium ions in the WO3/N-CNT
cathode. The observed enhancement in the diffusion rate of lithium
ions in the WO3/N-CNT cathode is indeed indicative of a more
favorable reaction of polysulfides within the cathode. These char-
acteristics are highly favorable in the context of LieS batteries, as
they contribute to enhanced cycle stability and rate capability [40].
However, further detailed electrochemical data analysis is needed
to fully understand the kinetic mechanism underlying this
improvement. To demonstrate the superiority of the high-
temperature in situ synthesis of WO3/N-CNT as the host material
for LieS batteries, a control experiment was conducted using a
mixture of WO3/N-CNT and N-CNT materials. The mass ratio of the
WO3/N-CNT composite material to the N-CNT material in the
hybrid electrode was set at 1:0.5. This ratio was chosen to maintain
consistency in the control experiment and to emphasize the effect
of incorporating additional N-CNT composites on electrochemical
performance. The results of the experiment revealed that the
hybrid electrode exhibited the strongest response current, indi-
cating that the introduction of WO3 enhances the reaction kinetics
of polysulfides (Fig. S3(a)). This observation suggests that the
presence of homogeneously dispersed WO3 in the hybrid electrode
improves the electrochemical performance. The enhanced reaction
kinetics can lead to more efficient utilization of sulfur species and
improved battery performance. Furthermore, Fig. S3(b) illustrates
that the ion diffusion coefficient (DLi) of the composite electrode is
not higher than that of the WO3/N-CNT electrode. This could be
attributed to the superior synthesis method employed for WO3/N-

Fig. 6. (aec) CV profiles of symmetric cells; (d) CV peak current of symmetric cells versus the square root of the scan rates.
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CNT, which ensures a more uniform distribution of WO3 and N-CNT
within the electrode.

The use of WO3/N-CNT as an efficient sulfur host enables the
absorption of soluble polysulfides by strong chemical interaction,
owing to their intrinsic polarity, while also promoting the redox
kinetics of polysulfide conversion. The excellent conversion reac-
tion kinetics of LieS batteries can be observed through their
outstanding rate performance and cycle stability, which are crucial
parameters for their commercial application [41]. The rate perfor-
mance tests were conducted to demonstrate the improved reaction
kinetics of polysulfides when the WO3/N-CNT cathode was used
(Fig. 7(a)). The WO3/N-CNT cathode (Li2S6 loading: 1 mg$cm2)
showed better rate performance and reversibility compared to the
N-CNTcathode. The tests at different current rates (ranging from 1.1
C to 5.5 C) were carried out to evaluate their practicable application
capability. The WO3/N-CNT-Li2S6 cathode delivered discharge ca-
pacities of 944, 862, and 793 mA$h$g�1 when cycled at current
rates of 1.1 C, 2.2 C, and 3.3 C, respectively, with a high coulombic
efficiency of 98.0%. Evenwith the current rate increased to 4.4 C and
5.5 C, the WO3/N-CNT-Li2S6 cathode still showed excellent revers-
ible discharge capacities (711 and 618 mA$h$g�1). In contrast, the
N-CNT-Li2S6 cathode showed much lower capacities under the
same rate conditions. The addition of WO3/N-CNT accelerated the
kinetics of polysulfides and suppressed the shuttle effect, thus
restoring the high reversible capacity of the WO3/N-CNT-Li2S6
cathode (952 mA$h$g�1) when the current density returns to 1.1 C.
The charge and discharge curves of these three cathodes at
different rates (Fig. 7(b) and (c)) were analyzed to evaluate the
capacity loss mechanism at high current density. The charge-
discharge profile of the WO3/N-CNT-Li2S6 cathode showed an
obvious voltage plateau and a smaller voltage hysteresis compared

to the N-CNT-Li2S6 cathode, demonstrating the kinetic improve-
ment and polarization control achieved in the WO3/N-CNT-based
LieS batteries via fast electrochemical reactions at elevated current
density (Fig. 7(d)) [38].

The cyclic stability of traditional LieS batteries is usually poor,
resulting in a gradual decrease in their discharge capacity over
multiple cycles. However, the WO3/N-CNT-Li2S6 cathode exhibited
remarkable capacity retention of 72% of its initial capacity even
after 200 cycles, as shown in Fig. 8(a). Additionally, the conversion
of polysulfides was evaluated for both electrodes. The LieS batte-
ries using the WO3/N-CNT-Li2S6 cathode demonstrated signifi-
cantly better cycling stability compared to the N-CNT-Li2S6 cathode,
as shown in Fig. 8(b). In Fig. S4(a) and (b), the charge-discharge
curves of LieS batteries with different cathodes at the 10th,
100th, and 200th cycles are analyzed in order to understand why
the electrochemical performance ofWO3/N-CNT-Li2S6 is superior to
that of N-CNT-Li2S6. The galvanostatic discharge/charge curves of
cathodes were compared at 1 C over 200 cycles. It was observed
that the charge-discharge plateaus of both batteries gradually
shortened and the polarization increased over time. However, the
performance of WO3/N-CNT-Li2S6 remained better than that of
N-CNT-Li2S6 throughout the cycles. The results suggest that
WO3/N-CNT inhibits the “shuttle effect”more strongly than N-CNT.
This means that more active materials are not deactivated in a
short time, leading to better performance over the long term. The
WO3/N-CNT-Li2S6 cathode displayed good cyclic stability for up to
600 cycles at 1 C during the continuous discharge-charge tests,
with a high capacity retention rate of 55% even after 600 cycles,
whereas the N-CNT-Li2S6 cathode only retained 33% of its initial
capacity after 230 cycles. The improved cycling stability of theWO3/
N-CNT-Li2S6 cathode is attributed to its improved reaction kinetics.

Fig. 7. (a) Rate performance and (bec) corresponding charge/discharge curves; (d) charge/discharge curves of different electrodes at 4.4 and 5.5 C.
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Notably, when the current density was increased to 2 C, theWO3/N-
CNT-Li2S6 cathode still maintained a discharge capacity of
455 mA$h$g�1 after 600 stable cycles, with a coulombic efficiency
of 99% and an average capacity attenuation per cycle of only 0.093%,
as shown in Fig. 8(c). There are two discharge platforms in the
discharge process in the charge/discharge profiles at 2 C (Fig. S5).
The first platform occurs at a voltage range of 2.30e2.40 V and
corresponds to the formation of long-chain polysulfides. The sec-
ond platform occurs at a lower voltage range of 2.10e2.15 V and
corresponds to the transformation of long-chain polysulfides into
short-chain polysulfides. This transformation is important because
short-chain polysulfides are less soluble in the electrolyte and have
lower migration rates, which can help improve the cycling stability
and the overall performance of LieS batteries. The WO3/N-CNT-
Li2S6 cathode exhibits a longer discharge plateau and a higher
discharge platform voltage compared to the N-CNT-Li2S6 cathode,
indicating that the WO3/N-CNT-Li2S6 cathode has lower electrode
polarization and improved electrochemical reaction kinetics during
charge and discharge processes. This suggests that the addition of
WO3/N-CNT to the cathode can enhance the overall performance of
the LieS battery system.

3. Conclusions

In summary, this study demonstrates that WO3/N-CNT com-
posites can act as highly efficient Li2S6 host materials, offering su-
perior electrochemical performance and enhanced catalytic activity
in LieS batteries. The WO3/N-CNT-based cathode features abun-
dant electron and ion transport channels, and its polar surface can
provide anchoring sites for insoluble Li2S and S. The experimental
results reveal that WO3/N-CNT can effectively catalyze the rapid
conversion of polysulfides to Li2S2/Li2S, leading to faster redox re-
action kinetics and inhibition of the shuttle effect. Comparing to the
N-CNT-Li2S6 cathode, the WO3/N-CNT-Li2S6 cathode exhibits
outstanding electrochemical performance with high specific

capacitance, remarkable rate capability (618 mA$h$g�1 at 5.5 C),
and long-term cycling stability (470 mA$h$g�1 after 600 cycles),
benefiting from the synergistic interaction between WO3 and N-
CNT. This work not only provides new insights into the preparation
of WO3-based cathodes but also opens up new possibilities for the
development of high-performance LieS batteries.
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