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Abstract
Due to the low conductivity of sulfur and the dissolution of polysul des, the research and application of
lithium-sulfur (Li-S) batteries have encountered certain resistance. Increasing conductivity and
introducing polarity into the sulfur host can effectively overcome these long-standing problems. Herein,
We rst prepared Co3W3C@ C@ CNTs / S material and used it in the cathode of lithium-sulfur batteries,
The existence of carboxylated CNTs can form a conductive network, accelerate the transmission of
electrons and improve the rate performance, and polar Co3W3C can form a strong interaction with
polysul de intermediates, effectively inhibiting its shuttle effect, improving the utilization of sulfur
cathode electrodes, and improving the capacity and cycle stability. The Co3W3C@C@CNTs / S electrode
material has a capacity of 1,093 mA h g-1 at a 0.1 A g− 1 and 482 mA h g-1 at 5 A g− 1. Even after 500
cycles of 2 A g− 1, the capacity of each cycle is only reduced by 0.08%. The excellent stability of this
material can provide a new idea for the future development of lithium-sulfur batteries.

Introduction
Nowadays, considering the increasing demand for portable power supply, the application of
electrochemical energy storage devices has been widely developed [1, 2, 3].Traditional lithium-ion
batteries (LIB) based on plug-in electrodes are close to their energy density limits, making it di cult to
meet the rapidly increasing demand for electric vehicles and portable electronic devices[4, 5]. Therefore,
rechargeable batteries and supercapacitors have become popular and have been further explored. For
rechargeable lithium-sulfur (Li-S) batteries, due to their high energy density (2,600 Wh kg‒1) and large
theoretical speci c capacity (1,675 mA h g‒1), they increasingly meet the needs of human development
[6] .People think this is the next generation of promising electrochemical energy storage devices. However,
the commercialization of Li-S batteries faces many problems. For example,1) lithium polysulfur
compounds are dissolved in the electrolyte; 2)Sulfur has poor conductivity; 3) The volume expansion of
sulfur during charging and discharging may cause battery damage [7, 8, 9].
The above problems achieve high conductivity and long cycle stability by combining sulfur with other
material encapsulation.Among various carrier materials, carbon materials are widely introduced as host
in LSBs [10]. Such as Porous carbon [11], graphene [12, 13], carbon nanotubes (CNTs) [14, 15], hollow
carbon nano bers/nanospheres [16–18]. These carbon-based nanocomposites show excellent speci c
capacity compared with pure sulfur cathodes in the initial cycles. However, considering the limited
capacity of non-polar carbon substrates to encapsulate polar polysul de, the capacity will decline rapidly
in the following cycles [19, 20]. The main role of carbon materials in the immobilization of polysul des is
physical absorption rather than chemical interaction[21]. Therefore, chemical absorption between polar
matrix and polar polysul de is the focus of future research. Conductive polymers [22], MXene [23], nitride
[24], and hydroxide [25] have been used as host materials for lithium-sulfur batteries [26, 27]. These
materials show good electrochemical performance and inhibit the shuttle effect to some extent [28].
Transition metal carbides (e.g., TiC, WC, and NbC) [29] are used in Li–S batteries because of their unique
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metal properties, such as high conductivity (104 S cm− 1).The above materials can not only improve the
conductivity of the sulfur anode, but also can effectively inhibit the blocking of polysul des through
strong bond cooperation.
The excellent performance of W2C and Co in Li–S batteries serves as basis for the combination of W2C
and Co to prepare bimetallic carbides.[30, 31]. Herein, we prepared Co3W3C@C@CNTs/S by using
Co(NO3)2·6H2O,(NH4)10H2(W2O7)6, C2H4N4, CNTs and elemental sulfur through a simple one-step
pyrolysis and melt diffusion method. The Co3W3C was used as a battery material for the rst time, and
these materials have shown good chemical performance. The Co3W3C@C@CNTs/S electrode exhibited a
capacity of 1,093 mAh g− 1 at 0.1 A g− 1 and 482 mAh g− 1 at 5A g− 1. Even after 500 cycles of 2 A g− 1, the
capacity of each cycle is only reduced by 0.08% each cycle.

Experimental Section
Synthesis of carboxylated carbon nanotubes
To effectively disperse homogeneous carbon nanotubes in water, we carboxylated the original carbon
nanotubes before usage. First, ultrasonic dispersion of the original CNTs (XiLong Scienti c) was carried
out in deionized (DI) water followed by agitation of 30% H2O2 for 5 h. After washing and drying, the CNTs
obtained were dispersed in nitric acid solution, re uxed for 5 h at 100 ℃, washed to neutral, and dried at
80 ℃ for later use.
Synthesis of the Co3W3C@C@CNTs/S, Co3W3C@C/S, and CNTs/S Composite
Typically, 0.84 mmol of cobalt nitrate hexahydrate (Co(NO3)2·6H2O, Aladdin), 0.07 mmol of ammonium
tungstate hexahydrate ((NH4)6W7O246H2O, Aladdin), 1 g of dichrodicylamine (C2H4N4, Aladdin), and an
appropriate amount of carboxylated CNTs were dispersed in 40 mL of DI water. continuously stirred and
dried at 60 ℃ for 10 h and placed in a tubular furnace under N2 ow at 800°C for 2 h. The heating rate
was controlled at 5°C min− 1. Subsequently, Co3W3C@C@CNT composites (without CNTs) were obtained.
Then, Co3W3C@C@CNTs and sulfur powders (95% purity, Aladdin) were milled and mixed evenly at a
mass ratio of 1:4. The mixture obtained by grinding was placed in a reaction kettle lled with inert
protective gas, and the Co3W3C@C@CNTs/S composite was prepared by a simple fusion–diffusion
method (155 ℃, 12 h). CNTs/S and Co3W3C@C/S composites were also obtained.
Material Characterizations
The samples were characterized by XRD with a Bruker D8 diffractometer, the 2θ was 10–80°, and the
tube pressure and tube ow were 40 kV and 30 mA, respectively. Use Quanta 200FEG and JEM-2100
electron microscopes to observe the morphology, crystal structure, element composition and distribution
of samples.Use TGA/DSC 3 + differential thermal and thermogravimetric analyzer to test samples within
the range of 30–800℃,10℃min− 1 to weight loss behavior. ESCALAB25OXI X-ray energy spectrometer
was used to characterize the element composition and valence state of the sample surface. we
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performed BET measurements on a 3H-2000PS1 Surface Area and Porosimetry Instrument to
characterize the speci c surface area and pore size .Use XploRA PLUS Raman spectrometer to perform
Raman test on the sample, and the test laser wavelength is 633 nm.
Electrochemical measurements
Take appropriate amount of CNTs/S, Co3W3C@C/S and Co3W3C@C@CNTs/S composite materials and
Super P, PVDF according to the mass ratio of 7:2:1, add appropriate amount of NMP as solvent, stir and
mix evenly. The obtained slurry was uniformly coated on aluminum foil, and after being completely dried,
it was punched into a disc with a diameter of 12 mm, and the sulfur loading was 1.2–1.5 mg cm− 2. Take
CNTs/S, Co3W3C@C/S and Co3W3C@C@CNTs/S composite materials as the cathode electrode, lithium
sheet as the anode electrode, Celgard 2300 as the separator, LiTFSI (1.0 M) and LiNO3 (0.2 M),and
DOL/DME ( 1:1, v/v) The solution is electrolyte and assembled into 2025 button cell in an argon glove
box. PARSTAT 2273 and CHI-660B electrochemical workstation are used to conduct ESI and CV tests on
the battery, and Xinwei battery test system is used to test the cycle performance of the battery.
Lithium polysul de adsorption study
To intuitively understand the chemical adsorption capacity of materials to polysul de lithium, we used
the CNT, Co3W3C@C, and Co3W3C@C@CNT composites as adsorbents for the Li2S 8 adsorption
experiment. First, weigh a certain amount of lithium sul de and sulfur element in a stoichiometric ratio
(1:7) and dissolve it in DOL/DME (v/v = 1: 1) to prepare a 5 mM Li2S 8 solution. Take 5 mL Li2S 8 solution
and add 5 mg CNTs, Co3W3C@C and Co3W3C@C@CNTs samples respectively, and observe the color
change of the solution over time.

Results And Discussion
The Co3W3C@C@CNTs/S was via a simple one-step pyrolysis and melt diffusion method, as clearly seen
in Fig. 1 .And detailed morphology was obtained by SEM and TEM. Figure 2a–b show that
Co3W3C@C@CNTs are irregular block materials with rough surface. Based on the elemental distribution
map (Fig. 2c), Co, W, and C are uniformly distributed in the material. When sulfur was loaded, the rough
surface of Co3W3C@C@CNTs became relatively smooth (Fig. 2d–e). This nding indicates that sulfur is
not only loaded into the pores of Co3W3@C@CNTs materials, but also exist on the surface of
materials.Besides, according to the elemental distribution map (Fig. 2f), sulfur was uniformly distributed
in the Co3W3C@C@CNT composites, thus illustrating the successful preparation of Co3W3C@C@CNTs/S.
Figure3 shows the TEM diagram of Co3W3C@C@CNTs composite material. The gure shows that the
particle size of Co3W3C particles is 5–30 nm (Fig. 3a–c) and is uniformly distributed in carbon blocks,
indicating that the presence of carbon matrix can inhibit the agglomeration of Co3W3C nanoparticles and
improve the utilization ratio of Co3W3C. CNTs can connect Co3W3C@C to form a conductive network and
accelerate the electron transfer rate in the material [32]. Many micropores are distributed on each slice.
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The TEM (HRTEM, Fig. 3d) demonstrates the lattice spacings of 0.63 and 0.34 nm, belonging to the
crystal surface of Co3W3C (111) and graphite carbon (002), respectively [33].
The XRD patterns of Co3W3C@C@CNTs (Fig. 4a) and Co3W3C@C@CNTs/S (FigureS1) indicate that
Co3W3C has a good crystal structure. Figure 4a shows that in the composite material, Co3W3C has a
crystalline structure, and its characteristic diffraction peak is compounded with JCPDS NO. 27-1125
standard card phase [34]. In addition, according to the relative strength of carbon (24°) and Co3W3C
characteristic peaks, Co3W3C@C@CNT composites were successfully prepared through a simple one-step
thermal decomposition method. Figure S1 explain that sulfur in the composite material has a distinct
crystal structure, and its characteristic diffraction peak is compounded with JCPDS NO. 08-0247 standard
card phase[35]. In the composite materials with high sulfur content, sulfur content is easy to deposit and
adhere to the surface of the carrier material, thus showing strong XRD characteristic peak, and even
masking the characteristic diffraction peak of the carrier material.
Figure4b describes the Raman spectrum of CNTs, Co3W3C@C, and Co3W3C@C@CNTs composites. The D
peak (1,338 cm− 1) and G peak (1,572 cm− 1) peculiar to carbon materials appeared in the Raman spectra
of the three samples. The ID/IG ratio represents the degree of graphitization of carbon. The ID/IG ratios of
CNT, Co3W3C@C, and Co3W3@C@CNT composites are 0.32, 1, and 0.9, respectively. This nding
description that added highly graphitized CNTs can improve the graphitization degree of
Co3W3C@C@CNT composites,signi cantly improve the conductivity of composite materials, cathode
sulfur utilization rate and lithium-sulfur battery performance to a certain extent[36, 37].In Fig. 4c, we can
see that Co3W3C@C@ CNTs shows a typical type I isotherm. In relatively low pressure areas, gas
adsorption increases very rapidly.The speci c surface area and pore volume ratios of Co3W3C@C@CNTs
were 132.25 m2 g− 1 and 0.1595 cm3 g− 1, and the pore diameter distribution was mainly concentrated at
4 nm. When sulfur was loaded, Co3W3C@C@CNTs/S were reduced to 28.43 m2 g− 1 and 0.0412 cm3 g− 1,
respectively. Figure S2 shows the TG curve of Co3W3C@C@CNT composite material in air atmosphere of
30–800 ℃. The mass loss below 200 ℃ was caused by the steaming of crystal water adsorbed on the
surface of the material, and the relatively gentle weight loss at 400–600 ℃ was caused by the oxidation
of partial carbon and all Co3W3C to generate CO2 and CoWO4. The rapid weight loss between 600 ℃ and
700 ℃ was caused by the total oxidation of the remaining carbon. Results showed that the content of C
in the Co3W3C@C@CNT composite was 50 wt%.In order to determine the S content in the composite
material, the sample was subjected to TGA test under a nitrogen atmosphere in Fig. 4d, at 200–300℃,
elemental sulfur is heated and vaporized, and the quality of the sample drops sharply. The thermal weight
loss curve shows that the S content in the Co3W3C@C@CNTs sample is about 80 wt%.
The electronic state, chemical state, and element composition of Co3W3C@C@CNTs were studied by XPS.
In Fig. 5a, the peak at 781.9 eV, 532.8, 285.9 and 35.8 eV are ascribed to Co 2p, O 1s, C 1s and W 4f,
respectively. Figure 5b can be seen that the Co 2p orbital is split into Co 2p3/2 and Co 2p1/2 ,located at
782.0, 797.5 eV, respectively.And S1 and S2 exist at 784.9 and 803.8 eV, because of the presence of Co2+
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[38]. In addition ,Co0 at 778.8 eV Veri es the existence of Co–W bimetallic carbide. W 4f signals in
Co3W3C@C@CNTs at 31.6 and 33.8 eV are corresponds to W 4f7/2 and W 4f5/2, these indicate the
presence of WC bonding(Fig. 5c)[39, 40].Lastly, C 1s was observed at 284.6 eV, indicating the existence of
sp2 bonded carbon. (Fig. 5d).
In order to explore the feasibility of Co3W3C@C@CNTs/S composite material as Li-S battery cathode.
Figure 6a shows the CV diagrams of CNTs/S, Co3W3C@C/S, and Co3W3C@C@CNTs/S at 0.1 mVs− 1 with
the voltage range of 1.7 to 2.8 V. It also shows that all the three composite positive electrodes have two
reduction peaks, and one oxidation peak [41]. The rst reduction peak (~ 2.5 V) corresponding to the
conversion of S 8 to order long-chain polysul des, such as Li2S 4, Li2S 5, Li2S 6, Li2S 7, and Li2S 8 [42]. The
second reduction peak at approximately (2.1 V) represents the gradual reduction of long-chain polysul de
to insoluble Li2S 2 and Li2S. In comparison with CNTs/S, the Co3W3C@C/S and Co3W3C@C@CNTs/S
composites have higher peak current, indicating that the presence of Co3W3C@C is conducive to the
transformation of polysul de. The rst discharge capacities(FigureS3a) of CNTs/S,Co3W3C@C/S,and
Co3W3C@C@CNTs/S were 983, 1,040, and 1,093 mA h g− 1, respectively. Besides, Multiplier and cycle
performance are also important parameters for Li–S batteries. Figure 6.b shows that the cathode of
Co3W3C@C@CNTs/S has a good multiplier performance, the discharge speci c capacity is 1,093 mA h
g− 1 at 0.1 A g− 1. When the current density increased to 5 A g− 1, its capacity remained much higher by 482
mA h g− 1 than the cathode electrode of CNTs/S. Figure S3b shows the charge and discharge curves of
each electrode at 5 A g− 1. Even at 5 A g− 1, the cathode of Co3W3C@C/S and Co3W3C@C@CNTs/S
maintained two obvious discharge platforms. The cathode of Co3W3C@C@CNTs/S has good multiplier
performance, because the presence of Co3W3C can accelerate the reaction kinetics of polysul de
transformation. In comparison with CNTs/S and Co3W3C3@C/S, the cathode of Co3W3C@C@CNTs /S
showed better long cycle performance (Figs. 6c–d). The capacity was maintained at 531 mAh g− 1 after
200 cycles at 0.2 A g− 1, and the capacity attenuation rate was 0.18%/time. Even at 2 A g− 1, the capacity
of the rst discharge was 688 mAh g− 1, and the capacity remained at 407 mAh g− 1 after 500 cycles. The
capacity attenuation rate was only 0.08%/time, indicating that the carrier material of Co3W3C@C@CNTs
could effectively inhibit the circulation effect of polyretention and improve the cycling stability of Li–S
batteries. In addition, the Co3W3C@C@CNT electrode can exhibit excellent electrochemical performance
even under high S loading conditions of approximately 3.8 mg cm− 2 (FigureS5a). Therefore, the
Co3W3C@C@CNT electrode even at high sulfur content also has excellent performance.
To further explore the effect of chemical interactions between CNTs, Co3W3C@C, and Co3W3C@C@CNTs
on the redox reaction between sulfur and polysul des, we assembled symmetrical cells for CV and ESI
test. As shown in FigureS4a,Use two identical graphite electrodes loaded with Co3W3C@C and
Co3W3C@C@CNT and CNTs in Li2S 8 to assemble a symmetrical cells. It can be seen that the current
intensity of the Co3W3C@C@CNT electrode is higher than that of Co3W3C@C and CNT. It shows that
Co3W3C@C@CNTs cathode materials, The chemical interaction with polysul des can effectively
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immobilize polysul des, accelerate the rapid transfer of electrons at the battery interface to improve the
redox reaction rate of polysul des. In addition, the EIS results of symmetrical battery (FigureS4b) show
that the Co3W3C@C@CNT electrode has a small charge transfer resistance, indicating that
Co3W3C@C@CNTs can accelerate the reaction kinetics of polysul de conversion[43, 44].
To study the adsorption capacity of CNTs, Co3W3C@C, and Co3W3C@C@CNTs, we made a comparison
and added the material into polysul de solution. After adsorption after 6 h, the solution containing
Co3W3C@C@CNTs and Co3W3C@C, as shown in Fig. 7b, became clearer than the other solutions, while
the solution with CNTs showed no obvious color change compared with the blank solution. This indicates
that Co3W3C@C and Co3W3C@C@CNTs have strong polar-polar adsorption between Li2S 8, which can
effectively adsorb and immobilize polysul des .UV visible absorption spectrum tests can be seen in
FigureS5b. After adding Co3W3C@C@CNTs, the polysul de (S 82−) was signi cantly reduced, This
illustrates the strong adsorption capacity of Co3W3C@C@ CNTs for polysul des from the side [45].After
cycling 100 times at 2 A g− 1, we obtained images of lithium and separator with CNTs/S, Co3W3C@C/S
and Co3W3C@C@CNTs/S as cathodes, respectively. (FigureS6). The images indicate that when
Co3W3C@C@CNTs/S as cathode,The morphological changes of both are relatively small. Figure 7c
shows that CNTs/S, Co3W3C@C/S, and Co3W3C@C@CNTs/S have charge transfer resistance values of
120,100, and 72 Ω, respectively, indicating that the Co3W3C@C@CNTs/S cathode has faster reaction
kinetics [46, 47] and can fully play the advantages of high active substance sulfur capacity[48]. Figure 7d
proves that Co3W3C@C@CNTs/S cathode has a smaller charge transfer resistance, and further shows
that Co3W3C@C can accelerate the reaction kinetics of polysul de conversion[50].
We use a schematic diagram to clearly explain the reason why Co3W3C@C @CNTs/S is used as a battery
cathode material(Fig. 8). Firstly, carbon nanotubes acts as the electronic highway. CNTs can improve the
conductivity of materials to a certain extent.Secondly, the redox reaction of bimetallic carbide has
excellent electronic conductivity [50]Thirdly,Polar Co3W3C can form a strong interaction with polysul de
intermediates, effectively inhibiting its shuttle effect, improving the utilization of sulfur cathode
electrodes .

Conclusion
In summary, we have successfully prepared Co3W3C@C@CNTs composite through a facile one-step
pyrolysis method, and Co3W3C@C@CNTs/S composites with 80% sulfur content were further prepared by
melting–diffusion. The experimental results show that the Co3W3C@C@CNTs/S composite material
exhibits excellent electrochemical performance when used as the cathode electrode of Li-S
battery.Co3W3C@C@CNTs/S electrode has high initial capacity and good rate performance (a capacity of
1093 mA h g− 1 at 0.1 A g− 1 and 482 mA h g − 1 at 5 A g− 1). The electrode material has good cycle
stability. The Co3W3C@C@CNTs/S electrode delivers a high reversible capacity of 407 mA h g− 1 after 500
cycles at 2 A g− 1. The capacity only decayed by 0.08% per cycle. The good electrochemical properties of
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Co3W3C@C@CNTs are mainly attributed to the synergistic effect of Co3W3C and CNTs. This provides a
new idea for the application of bimetallic carbides in lithium-sulfur batteries.
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Figures

Figure 1
Preparation process diagram of the Co3W3C@C@CNTs/S

Figure 2
(a–c) SEM images and elemental mapping of the Co3W3C@C@CNTs; and (d–f) SEM images and
elemental mapping of Co3W3C@C@CNTs/S
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Figure 3
(a-c)TEM and HRTEM diagram of Co3W3C@C@CNT composites.

Figure 4
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(a) XRD pattern of the CNTs Co3W3C@C and Co3W3C@C@CNTs; (b) Raman spectra of CNT,
Co3W3C@C, and Co3W3C@C@CNT composites; (c) nitrogen adsorption–desorption isotherms of
Co3W3C@C@CNTs Co3W3C@C@CNTs/S; and (d)TGA analysis of Co3W3C@C@CNTs/S

Figure 5
(a) XPS spectra of Co3W3C@C@CNTs, and (b) Co 2p (c) W 4f and(d) C 1s

Figure 6
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(a) CV curves of CNTs/S, Co3W3C@C/S, and Co3W3C@C@CNTs/S at 0.1 mVs−1; (b) Rate performance
of CNTs/S, Co3W3C@C/S, and Co3W3C@C@CNTs/S at different current densities; and the (c–d) cycle
performance and Coulombic e ciency of CNTs/S, Co3W3C@c/S, and Co3W3C@C@CNTs/S at 0.2 and 2
A g-1

Figure 7
( a) Optical photos of Li2S8 solution before and (b)_after adding blank, CNTs, Co3W3C@C, and
Co3W3C@C@CNTs (after 6 h); and (c) EIS pro les of the CNTs/S, Co3W3C@C/S, and
Co3W3C@C@CNTs/S electrodes before cycling and (d) after 500 cycles at 2 A g-1.
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Figure 8
Schematic diagram of Co3W3C@C@CNTs/S
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