
This is the submitted version of the journal article:

Gong, Qianhong; Yang, Dawei; Yang, Huiping; [et al.]. «Cobalt Ditelluride
Meets Tellurium Vacancy : An Efficient Catalyst as a Multifunctional Polysulfide
Mediator toward Robust Lithium-Sulfur Batteries». ACS Nano, Vol. 18, Issue
41 (October 2024), p. 28382-28393. DOI 10.1021/acsnano.4c11068

This version is available at https://ddd.uab.cat/record/308863

under the terms of the license

https://ddd.uab.cat/record/308863


 Department of Chemistry and the Oden Institute for Computational Engineering and Sciences,

The University of Texas at Austin, Austin, TX, 78712 USA.

& School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450052, P. R. 

China.

§ State Key Laboratory of Physical Chemistry of Solid Surfaces, College of Materials, Xiamen

Page 1 of 35

University, Xiamen, Fujian, 361005 China

±  Longmen Laboratory, Luoyang 471023, Henan, China

// Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST, Campus UAB, 

Bellaterra, 08193 Barcelona, Spain.

1

Cobalt Ditelluride Meets Tellurium Vacancy: An Efficient 

Catalysts as Multifunctional Polysulfide Mediator toward 

Robust Lithium-Sulfur Batteries

Qianhong Gong,† Dawei Yang,*,†,‡ Huiping Yang,§ Konglin Wu,∆ Jie Zhang,† Wei Bi,† Jiefeng 

Diao,*,◊ Canhuang Li,‡ Jing Yu,‡,// Chao Yue Zhang,‡ Mengyao Li,& Graeme Henkelman, 

Jordi Arbiol,§,//,$ Qiaobao Zhang,*,§,± Andreu Cabot*,‡,$

† Henan Key Laboratory of Quantum Materials and Quantum Energy, School of Quantum 

Information Future Technology, Henan University, Kaifeng, 475004, China.

‡ Catalonia Institute for Energy Research - IREC, Sant Adrià de Besòs, Barcelona, 08930, Spain.

∆ Carbon Cycle and Emission Control Research Center of Low-Carbon Research Institute, 

Institute of Clean Energy and Advanced Nanocatalysis, School of Chemistry and Chemical 

Engineering, Anhui University of Technology, Maanshan, 243002, China.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



$  ICREA, Pg. Lluís Companys 23, 08010 Barcelona, Spain.

Email: dwyang@henu.edu.cn

Email: diaojf@utexas.edu

Email: zhangqiaobao@xmu.edu.cn

Email: acabot@irec.cat

Page 2 of 35

2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:dwyang@henu.edu.cn
mailto:diaojf@utexas.edu
mailto:zhangqiaobao@xmu.edu.cn
mailto:acabot@irec.cat


Page 3 of 35

Abstract

The commercialization of lithium-sulfur batteries (LSBs) faces significant challenges due to 

persistent issues such as the shuttle effect of lithium polysulfides (LiPS) and the slow kinetics 

of cathodic reactions. To address these limitations, this study proposes a vacancy-engineered 

cobalt ditelluride catalyst (v-CoTe2) supported on nitrogen-doped carbon as sulfur host at the 

cathode. Density functional theory (DFT) calculations and experimental results indicate that 

the electron configuration modulation of v-CoTe2 enhances the chemical affinity and catalytic 

activity towards LiPS. Specifically, v-CoTe2 can strongly interact with polysulfides through 

multi-site coordination, effectively facilitating the kinetics of the LiPS redox reaction. 

Furthermore, the introduction of Te vacancies generates a large number of spin-polarized 

electrons, further enhancing the reaction kinetics of LiPS. As a result, the v-CoTe2@S cathode 

demonstrates high initial capacity and excellent cyclic stability, maintaining 80.4% capacity 

after 500 cycles at a high current rate of 3 C. Even under a high sulfur load of 6.7 mg cm‒2, a 

high areal capacity of 6.1 mAh cm‒2 is retained after 50 cycles. These findings highlight the 

significant potential of Te vacancies in CoTe2 as sulfur host material for LSBs.

Keywords: Tellurium vacancies, cobalt ditelluride, lithium polysulfides, catalytic conversion, 

lithium-sulfur batteries
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Lithium-sulfur batteries (LSBs) have been recognized as a promising candidate for the next 

generation energy-storage systems owing to its outstanding theoretical specific capacity and 

energy density, the low cost/abundance of sulfur, and the environmentally friendly components 

and process.1-3 However, several persistent limitations such as the electrically insulating nature 

of the final discharge/charge products (S and Li2S2/Li2S),4 the dissolution and migration of the 

intermediate LiPS in the commonly used electrolytes, known as the shuttle effect,5 and the 

volume expansion restrain the commercialization of LSBs.6 All those barriers result in the loss 

of sulfur, the reduction of Coulombic efficiency and the degradation of cell capacity.7 From the 

reaction and failure mechanism of LSBs, it can be inferred that enhancing the adsorption of 

LiPS can lead to a longer lifespan and higher capacity.8, 9

Recently, various sulfur hosts and additives, including carbonaceous materials,10-12 metal 

oxides13, 14 and transition metal chalcogenides (TMCs),15, 16 have been extensively investigated 

for LSBs. Among them, TMCs show much stronger bonding with polysulfide and higher 

catalytic activity than carbon materials due to the polar-polar interaction.17, 18 Compared with 

transition metal sulfides and selenides, transition metal tellurides (TMTs) exhibit higher 

electrical conductivity, high catalytic activities related to the metal cation and similar 

polarities.19 Stoichiometric cobalt ditelluride (CoTe2) presents a relatively high degree of 

covalency in the metal-anion bonding, which provides it with metallic conductivity, but 

moderate catalytic activity.20-23

Although some progress has been made in the application of TMCs in LSBs, it is still a 

challenge to suppress the shuttle effect effectively and boost the kinetics of electrochemical 

reactions.24 Vacancy engineering has been proven a feasible strategy to tune the electronic 
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structures of metallic compounds thus adjusting their adsorption and electrocatalytic 

properties.25, 26 The introduction of anionic vacancies can bring more active sites and charge 

carriers to the material, thereby improving conductivity to enhance the sulfur utilization.27 In 

addition, it is worth noting that the presence of vacancies increases the number of unpaired 

electrons, which may lead to changes in the electron spin state, thus enhancing the overall 

magnetization and generating a large number of potential spin-polarized electrons that can 

accelerate the Li-S reaction kinetics.28-31

Herein, vacancy-engineered cobalt ditelluride electrocatalysts (v-CoTe2) are produced and 

explored as sulfur hosts in LSBs. The electronic configurations modulation of v-CoTe2 with 

polyhedral architecture expose abundant active sites and strengthen the chemical affinity to 

LiPS. Besides, spin polarization induced by tellurium vacancies lowers the reaction barrier, 

thereby exhibiting enhanced catalytic ability, and accelerating the reaction kinetics of LiPS 

conversion. Therefore, LSBs based on v-CoTe2@S cathodes display more stable cycling 

performance and superior rate capability. Moreover, stable cycling under the conditions of high 

sulfur loading with lean electrolyte is demonstrated, further validating the practical application 

potential of v-CoTe2. 
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Results and Discussion

DFT calculations were used first to determine the CoTe2 and v-CoTe2 configurations, band 

structures and surface charge distributions at the atomic scale. After geometry optimization, we 

observe the introduction of surface Te vacancies to result in a surface reconstruction as shown 

in Figure 1a, v-CoTe2 can strongly interact with polysulfides like Li2S4 through multi-site 

coordination (Figure 1b). This is explained by the increase in the d-band centre of surface Co 

atoms (-0.539 eV for CoTe2, -0.452 eV for v-CoTe2). The stronger interaction associated with 

the presence of Te vacancies leads to a high filling fraction of the Li2S4 lowest occupied 

molecular orbital (LUMO), which not only results in high adsorption energy but also facilitates 

polysulfide decomposition by weakening the S-S bond. Comparing the surface configurations 

of CoTe2 and v-CoTe2, we can see that with the surface reconstruction, more Te atoms are 

directly exposed on the surface. Interestingly, the changes in surface geometric configurations 

are associated with charge rearrangements (Figure 1c). The charge transfer diagram clearly 

shows that for the v-CoTe2 surface, a large amount of electrons are transferred from Co atoms 

to Te atoms, resulting in a higher electronic spin state in Co. Bader charge calculated the charge 

distribution on each surface atom (Figure 1d). Overall the surface layer of v-CoTe2 gains 0.353 

electrons (per unit cell) from the layers underneath; and the surface Co atoms lose 0.968 

electrons while Te atoms gain 1.321 electrons. This charge redistribution appears to be 

significantly larger than that of the CoTe2 surface, with Co atoms losing 0.111 electrons and Te 

atoms gaining 0.309 electrons. Taking advantage of the electronic rearrangements, it is easier 

for polysulfides to adsorb on the surface with multiple coordination. Besides, v-CoTe2 also 

appears to have more electrons around the Fermi surface (Figure 1e). All these results explain 
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Figure 1. (a) Surface structures of CoTe2 (left) and v-CoTe2 (right). (b) Scheme of orbital 

interactions between polysulfides and CoTe2/v-CoTe2. (c) Charge transfer diagram of v-CoTe2 

after surface reconstruction (yellow and blue isosurfaces indicate the gain and loss of electrons). 

(d) Bader charge analysis of the different surface atoms. (e) Density of states of surface Co 

atoms for CoTe2/v-CoTe2. (f) Schematic illustrations of the multi-site coordination mechanism 

of LiPSs on the matrix of CoTe2 (left) and v-CoTe2(right).

The schematic illustration of the preparation process of v-CoTe2 is shown in Figure 2a. First, 
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the higher adsorption energies on v-CoTe2 compared to CoTe2. As schematized in Figure 1f, 

the stronger multi-site coordination adsorption of polysulfides on the v-CoTe2 surface should 

significantly block the migration effect of polysulfides from cathode to anode and 

simultaneously accelerate their conversion, particularly the conversion from insoluble Li2S6 to 

soluble Li2S.
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the Co-ZIF-67 precursor with polyhedron-shaped structure was prepared by the coordination 

reaction between the transition-metal-ion precursor (Co(NO3)2·6H2O) and 2-methylimidazole 

in methanol. Afterwards, the obtained ZIF powder was reacted with tellurium powder in an Ar-

filled tube furnace to produce a composite powder made of carbon and CoTe2 particles.16 

Subsequently, Te vacancies were generated by annealing the powder in a reducing atmosphere 

(Ar/H2).32 

The architecture of the v-CoTe2 based composite and its precursor materials was characterized 

by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). SEM 

images of ZIF-67 and v-CoTe2 are displayed in Figure 2b,c and S1. The precursor ZIF-67 has 

a smooth surface and shows a typical polyhedral shape with the size of 200-300 nm. The v-

CoTe2 obtained after tellurization and annealing in a reducing atmosphere maintained the 

morphology of ZIF-67 but presented a rougher surface (Figure 2c).33 v-CoTe2 appears to be 

formed by a porous dodecahedral polyhedron carbon matrix loaded with nanoparticles of about 

20 nm (Figure 2d). EDS and EELS elements mapping confirmed the homogeneous distributions 

of Co, Te, C, and N elements on the v-CoTe2 polyhedron (Figure 2e and S2). The crystal 

structures of v-CoTe2 and CoTe2 were verified by HRTEM and XRD characterization in Figure 

2f and g. All the diffraction peaks were indexed to the orthorhombic CoTe2 (JCPDS No.74-

0245), respectively.34 Small peak upshifts about 0.1° was observed in the magnified XRD 

pattern (Figure S3), indicating the gradually decreased lattice parameters in v-CoTe2.35 Also 

the magnified XRD pattern shows the peak shift of v-CoTe2, which may attribute to the changed 

Te-Co-Te bond distance induced by the Te vacancies.20, 36 Meanwhile, the HRTEM image in 

Figure 2f shows a lattice distance of 0.28 nm that can be attributed to the (111) plane of 
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orthorhombic CoTe2, consistently with XRD data.

The electron paramagnetic resonance (EPR) spectrum of v-CoTe2 showed a sharp signal peak 

at g=2.003 not obtained for the CoTe2 sample. This signal is associated with unpaired electron 

spins associated with the presence of Te vacancies generated during annealing under the 

reducing (Ar/H2) atmosphere (Figure 2h). Besides, v-CoTe2 exhibited a relatively high 

electrical conductivity, 518.6 S cm-1, well above that of CoTe2, 351.2 S cm-1, as measured via 

the four-point probe characterization . 

X-ray photoelectron spectroscopy (XPS) was applied to determine the composition and valence 

state of each element of v-CoTe2 and CoTe2. The analysis results illustrated the presence of N, 

C, O, Co, and Te in both samples (Figure S4a). The Co 2p XPS spectrum of v- CoTe2 (Figure 

2h) exhibited one doublet at 780.5 eV (Co 2p3/2) and 796.4 eV (Co 2p1/2) associated with Co2+.37 

These binding energies are redshifted compared with CoTe2 (780.8 and 796.7 eV). The other 

two observed peaks in the Co 2p spectra are assigned to satellite bands.38 The Te 3d XPS 

spectrum of CoTe2 displayed the doublet at 573.1 and 583.5 eV that can be assigned to Te 

within the CoTe2 lattice, while the doublet at 575.9 and 586.4 eV is assigned to a surface 

oxidised Te-O component generated during air exposure of the sample prior to XPS analysis 

(Figure 2i).20, 32, 39 Furthermore, a slight negative shift of the Te 3d spectrum was also observed 

for v-CoTe2 when compared with CoTe2. The high-resolution C 1s spectrum (Figure S4b) of v-

CoTe2 exhibits four peaks attributed to C-C, C-N, C-O and C=O, respectively. The N 1s 

spectrum (Figure S4c) displays three peaks at the binding energy of 389.6, 399.8 and 402.1 eV, 

corresponding to pyridinic-N, pyrrolic-N and graphitic-N respectively.9, 40 Pyridine nitrogen 

and graphitic nitrogen have little effect on the carbonaceous-structure because the bond length 
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Figure 2. (a) Schematic illustration of the production of CoTe2 and v-CoTe2. (b) SEM image 

of ZIF-67. (c) SEM image of v-CoTe2. (d) TEM image of v-CoTe2. (e) TEM-EDS mapping 

images of v-CoTe2.(f) HRTEM image of v-CoTe2. (g) XRD pattern of v-CoTe2 and CoTe2. (h) 

EPR spectra of the v-CoTe2 and CoTe2. (i) Co 2p XPS spectra and (j) Te 3d XPS spectra of v- 

CoTe2 and CoTe2.

To determine the adsorption ability of different compounds with LiPS, the Li2S6 adsorption 

experiment was carried out. Equal mass of v-CoTe2 and the reference materials CoTe2 and 
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of C-N (1.41 Å) is similar to C-C (1.42 Å).41, 42 However, pyrrolic N disrupts the six-atomic 

ring structure of graphitic carbon. Therefore, the existence of the three types of nitrogen is 

accompanied by structural defects in the carbonaceous material and non-cyclic structure leading 

to disordered structures, thus exposing more active sites, and potentially increasing electron 

density and interaction with sulfur/polysulfide.43, 44
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Super P, were introduced into Li2S6 solutions and left undisturbed overnight. After this time, 

obvious differences in the solution colour, assigned to the concentration of Li2S6, can be 

observed in the optical photographs (inset of Figure 3a). The Li2S6 solution containing v-CoTe2 

showed a much paler colour than the solution with CoTe2 and Super P. This lightened colour 

indicates more effective adsorption of Li2S6. The Li2S6 absorption test was further confirmed 

by UV-vis spectroscopy (Figure 3a). The absorbance of the four Li2S6 solutions in the region 

of 350-400 nm is significantly different, corresponding to the adsorption ability of different 

materials shown in Figure 3a.45, 46 

The high-resolution Co 2p and N 1s XPS spectra after and before the Li2S6 adsorption test are 

shown in Figure 3b and c. After the adsorption of Li2S6, the peaks of Co 2p shifted to a lower 

binding energy, associating with the Co interaction with the more electronegative S atom that 

leads to a higher electron density of Co 2p.47 Besides, when Li2S6 is adsorbed on v-CoTe2, a 

clear blueshift was observed in the N 1s bands related to a higher electronegativity environment 

that we attribute this phenomenon to the interaction between Li and N. This result indicates that 

the N doping improves the interaction with LiPSs and that overall, v-CoTe2 exhibits a dual-

anchoring mechanism to trap LiPS.48

Additional DFT calculations were futher investigated to gain insight into the interaction of the 

host materials with LiPS. The optimized surface adsorption configurations of LiPS at six 

different lithiation stages on CoTe2 and v-CoTe2 surfaces are shown in Figure S5 and S6. The 

calculation results confirmed that v-CoTe2 displayed multi-site coordination with LiPS, which 

endows it with a strong interaction with LiPS. Figure 3d displays the configurations of Li2S6 on 

v-CoTe2 and CoTe2, and the calculated binding energy (Eb) for Li2S6 anchored on v-CoTe2 and
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CoTe2 surface to be -5.92 and -5.80 eV. Figure 3e presents the Eb of the different LiPS adsorbed 

on the surfaces of v-CoTe2 and CoTe2. Overall, the consistent experimental results and DFT 

calculations proved a high affinity of v-CoTe2 toward LiPSs, associated with the multiple and 

effective LiPS coordination sites on the v-CoTe2 surface.49 

The redox kinetics of LiPS were further studied by DFT calculation. The three states of Li2S 

decomposition on CoTe2 and v-CoTe2 are exhibied in Figure S7. v-CoTe2 showed a 

significantly lower Li2S decomposition energy barrier (0.26 eV) than CoTe2 (0.35 eV). Besides, 

the Li-ion diffusion energy barriers (Ebarrier) in different states on the surface of CoTe2 and v-

CoTe2 are displayed in Figure 3f. The calculated Ebarrier for v-CoTe2 was only 0.20 eV, which 

is considerably smaller than that of CoTe2 (0.28 eV). The calculated results indicate the 

presence of Te vacancies to have associated enhanced LiPS redox kinetics and catalytic activity. 

Besides, the Gibbs free energies of discharge intermediates and their optimized structures on 

the surfaces of CoTe2 and v-CoTe2 are shown in Figure 3g. The reduction process from Li2S2 

to Li2S contributes half of the capacity in the discharge process of LSBs. Generally speaking, 

the largest increase in Gibbs free energy (∆E) from Li2S2 to Li2S is considered the decisive step 

for the evaluation of electrocatalytic activity.50 The much lower ∆E of v-CoTe2 (1.17 eV) 

compared with CoTe2 (2.49 eV) indicates that the presence of Te vacancies in v-CoTe2 can 

catalyze LiPS more effectively, which should translate into an enhancement of the 

electrochemical performance of LSBs.
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Figure 3. (a) UV-vis spectrum of polysulfide solution mixed with different adsorbents 

overnight. Inset shows an optical photograph of Li2S6 solutions containing (from left to right: 

Li2S6 solution, v-CoTe2, CoTe2, Super P). (b, c) High-resolution XPS of the Co 2p and N 1s 

spectra of v-CoTe2 after and before the adsorption of Li2S6. (d) Adsorption configurations for 

Li2S6 on a CoTe2 (left) and v-CoTe2 (right) surfaces. (e) Binding energy between CoTe2, v-

CoTe2 and LiPS species. (f) Energy profile of Li+ diffusion on CoTe2 and v-CoTe2 surfaces. (g) 

Gibbs free energy diagrams and the optimized adsorption configurations of LiPS species on v-

CoTe2 and CoTe2.

The electrocatalytic activity was experimentally analyzed by measuring CV curves on 

symmetric cells. The symmetric cells were assembled with the three catalysts in both electrodes 

without sulfur. As shown in Figure 4a, the v-CoTe2 symmetric cell displayed the highest current 

peak, while the CV curves of CoTe2 and particularly Super P symmetric cells exhibited much 

lower current densities, suggesting that CoTe2 and especially the presence of Te vacancies 
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within the telluride significantly promote the redox conversion kinetics of polysulfides. 

Sulfur was introduced by a melt infiltration process. XRD patterns (Figure S8) of the v-

CoTe2@S composite display the peaks of cubic sulfur (JCPDS No.08-0247) and orthorhombic 

CoTe2 (JCPDS No.74-0245).51 The content of sulfur in the composite was detected by 

thermogravimetric analysis (TGA) at about 72% (Figure S9). As observed from SEM analysis 

(Figure S10a, b), the polyhedral particle architecture was well inherited by v-CoTe2 after sulfur 

loading. The presence of sulfur in the composite was further confirmed by nitrogen adsorption-

desorption isotherms of the v-CoTe2@S and v-CoTe2 (Figure S11a, b). The Brunauer–Emmett–

Teller (BET) analysis showed the specific surface area of v-CoTe2 was 98 m2 g−1, and it 

decreased to 0.9 m2 g−1 after the sulfur incorporation. Meanwhile, due to the incorporation of 

sulfur, the pore volume of v-CoTe2@S was reduced to 0.02 cm3 g−1.

Figure 4b showed the CV curve of coin cells based on the different cathode materials (v-

CoTe2@S, CoTe2@S, Super P@S) and Li foil as anode (see details in the SI). All curves exhibit 

two cathodic peaks (peak I and peak II) corresponding to the reduction of S8. The single anodic 

peak (peak III) was related to the oxidation of polysulfides to S8.9, 52 As shown in Figure 4b, the 

v-CoTe2@S composite exhibited more positive peak potentials and more negative peak 

potentials than the other electrodes. 

To quantitatively estimate the catalytic activity, onset potentials (OPs) were defined as the 

potential at a current density of 10 μA cm−2 beyond the baseline current.53 Cells based on v-

CoTe2@S cathodes showed higher OPs of cathodic peaks and lower OPs of anodic peaks than 

the cells with the reference cathodes (Figure 4d and S12). Besides, the cells with v-CoTe2@S 

cathodes exhibited a much smaller Tafel slope during the charge/diacharge process in Figure 
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4c and S13 (36 mV dec‒1 and 58 mV dec‒1), indicating faster reaction kinetics in the presence 

of Te vacancies. 

CV curves at various scan rates were measured to evaluate the Li diffusion properties of the 

prepared cathodes. As shown in Figure 4e and S14, the peak current increased with the increase 

in scan rate, but the preservation of the CV shape confirmed the electrochemical stability of v-

CoTe2. Moreover, the CV curve displayed a linear relationship between the peak currents (peak 

I, peak II and peak III) and the square root of the scan rate, denoting a diffusion-controlled 

process (Figure 4f and S15). Thus the Li+ diffusion constant was calculated by the Randles-

Sevcik formula:54

Ip=(2.69×105)n1.5ADLi+
0.5CLi+v0.5                                   (1) where the Ip 

stands for the peak current, n stands for the number of charge transfer, A stands for the 

electrode area, CLi+ stands for the concentration of Li+ in the electrolyte, and ν stands for the 

scan rate. According to this formula, the v-CoTe2 exhibited the highest Li+ diffusion when 

considering both the cathodic and anodic peaks, 3.26×10−7, 4.47×10−7, 6.35×10−7 cm2 s−1, 

respectively. The improved lithium-ion diffusivity is related to a combination of two main 

factors: i) the higher catalytic activity could reduce the electron transfer barrier; and ii) the 

stronger binding energy with polysulfide reduces the electrolyte viscosity.16

  The catalytic properties of the cathode materials were further assessed by analyzing the Li2S 

nucleation process. From the nucleation processes (see details in the SI), we observe that the 

time required to reach the peak current for the v-CoTe2 cathode is the shortest (Figure 4g). 

This cathode also provides the highest discharge peak during the potentiostatic 

measurement. According to Faraday’s law, the Li2S deposition capacity of v-CoTe2 was 

104.52 mAh g‒ Plus Environment
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higher than that of CoTe2 (80.41 mAh g‒1) and Super P (50.56 mAh g‒1). These results 

demonstrate that the introduction of Te vacancies not only significantly improved the 

transformation of polysulfides but also promoted the nucleation reaction of Li2S which is a key 

step in the sulfur lithiation process.22

To further investigate the electrocatalysis performance of the different materials, galvanostatic 

charge/discharge (GCD) curves at 0.1 C were measured (Figure 4h). The galvanostatic 

discharge curves present two discharge plateaus related to the conversion between sulfur and 

long-chain LiPS (S8 → S6
2‒ → S4

2‒) and the further reduction to Li2S (S4
2− → Li2S2 → Li2S). 

In contrast, the charge curves exhibited one charge plateau related to the oxidation of Li2S to 

S8. The voltage difference (ΔE) between the charge/discharge plateaus at 50% discharge 

capacity is defined as the polarization potential.55 The v-CoTe2@S showed a lower value of ΔE 

than CoTe2@S and Super P@S electrodes as exhibited in Figure 4i.
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Figure 4. (a) CV curves of the symmetrical cells with various electrodes. (b) CV curves of 

LSBs with different electrodes at 0.1 mV s−1. (c) Tafel slopes of coin cells equipped with v-

CoTe2@S, CoTe2@S or Super P@S as electrode. (d) Peak voltages and onset potentials of 

different cathodes. (e) CV curves of v-CoTe2@S cathode at different scan rates. (f) Li+ diffusion 

coefficient calculated from the different CV redox peaks (peak I, peak II and peak III). (g) 

Potentiostatic discharge curves of Li2S deposited on different catalyst surfaces. (h) 

Galvanostatic charge/discharge profiles of different electrodes at 0.1 C. (i) The values of ΔE 

and Q2/Q1 obtained from the charge/discharge curves.

The capacity ratio of the first discharge plateaus (Q1) and the second plateaus (Q2) provides an 

idea of the material catalytic activity for LiPS conversion. Q1 is the capacity of the reduction 

of S8 to the soluble polysulfides, providing 4 electrons of the 16 electrons associated with the 
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full S8 lithiation process. Q2 is the capacity related to the further discharge to Li2S and involves 

the other 12 electrons. The theoretical ratio of Q1/Q2 is 3. Because the reaction is rarely fully 

completed and some short-chain polysulfides may be lost in the process, experimentally Q1/Q2 

is always below 3 and its value determines the reaction effectiveness. The Q1/Q2 values of all 

cathode materials are shown in Figure 4i. The v-CoTe2 cathode exhibits the highest Q1/Q2 

value at 2.74, well above the value obtained from CoTe2 (2.15) and Super P (1.99). The high 

Q1/Q2 value obtained from v-CoTe2 indicates an improved catalytic activity.

The facilitated redox kinetics of v-CoTe2 was consistent with lower measured overpotentials 

for phase transformation between LiPS speccies and insoluble Li2S2/Li2S during 

discharge/charge (Figure S16a and b) process.14 The GCD curve of v-CoTe2@S at different 

current densities are displayed in Figure 5a. The charge/dischaegr plateau were well maintained 

even at a high current rate of 3 C. In contrast, the discharge plateaus almost dissapeared for 

CoTe2@S and Super P@S at 3 C (Figure S17). The rate performance of three materials are 

presented in Figure 5b and S18. The v-CoTe2@S electrode exhibits superb rate performance 

with the highest specific capacities: 1365, 1050, 980, 912, 780, and 660 mAh g‒1 from 0.1 C to 

3 C, respectively. When the current density was returned to 0.5 C, the capacity of the v-

CoTe2@S electrode was recovered to 960 mAh g‒1, demonstrating excellent stability and 

reversibility. 

The cycling stability of the three cathodes was evaluated at 1 C (Figure 5c). The coin cell with 

a v-CoTe2@S cathode displayed a high initial discharge capacity of 812, and 89.9% of the 

initial capacity 729 mAh g−1 was still retained after 200 cycles. The Coulombic efficiency (CE) 

of the cell with v-CoTe2@S cathode was above 99%, indicating the shuttle effect was 
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effectively inhibited. Besides, the CoTe2@S and Super P@S cathodes retained 393 and 220 

mAh g‒1 after 200 cycles, respectively (60.6% and 44.6% retention). These results further 

demonstrate the presence of CoTe2 and particularly Te vacancies within this material not only 

enhance the sulfur utilization but also alleviates the shuttle effect. 

The interfacial charge transfer kinetics of the as-prepared cells was investigated by 

electrochemical impedance spectroscopy (EIS). The cell with v-CoTe2 cathode exhibited the 

smallest semicircle diameter at the high-frequency region, assigned to charge transfer resistance 

(Rct) (Figure S19).16, 56 According to the fitting results, using the equivalent circuit dispalyed in 

the inset of Figure S19, the Rct of v-CoTe2 (15.5 Ω) was smaller than CoTe2 (32.3 Ω) and Super 

P (50.8 Ω). The corresponding EIS spectroscopy after cycling is presented in Figure 5d. No 

additional R-C element appears in the equivalent circuit (inset of Figure 5d), but lower Rct were 

obtained for the three active materials due to the activation, S redistribution and improved 

electrolyte wetting of the composite during cycling. After cycling, the v-CoTe2-based cell still 

showed the smallest Rct (6.5 Ω) compared with CoTe2 (10.2 Ω) and Super P (30.5 Ω), indicating 

the fastest polysulfide conversion reaction and charge transfer kinetics. 

Even at a high current rate of 3 C (Figure 5e), v-CoTe2@S cathodes exhibit an excellent initial 

specific capacity and long-term cycle stability (0.039% decay per cycle), and a CE maintained 

above 99%, superior than that of CoTe2@S and Super P@S. On the other hand, as a reference, 

a pure v-CoTe2 cathode (without sulfur) was also tested, showing a negligible capacity when 

cycled under the same electrochemical conditions, thus proving no contribution of a potential 

redox of the telluride compound in the capacity (Figure S20).  

For post-mortem studies on the cells, they were disassembled after 200 cycles at 1 C. The 
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lithium metal foil of the v-CoTe2@S coin cells showed lower corrosion and sulfur signals than 

those of CoTe2@S and Super P@S, as shown in Figure S21. These results indicated the 

improved LiPS shuttling suppression capability of v-CoTe2. Figure S22 shows the SEM images 

of the v-CoTe2@S cathodes displaying the v-CoTe2 polyhedron particles covered with a 

homogeneous Li2S layer after full discharge, indicating both an excellent catalytic activity and 

structural stability as the porous v-CoTe2 particle morphology maintained during 

lithiation/delithiation processes. On the other hand, the morphology of Cote changed from 

rhombic dodecahedron to irregular particles after cycling.

The evaluation of the performance of the host material under a high sulfur loading and a 

minimized amount of electrolyte is key to determining the practical application of the resulting 

LSBs. The performance of v-CoTe2@S cathodes at a higher sulfur loading of 4.5 mg cm‒2 

(electrolyte/sulfur ratio (E/S) = 6 µL mg−1) is displayed in Figure 5f. A stable areal capacity of 

5.4 mAh cm−2 at 0.1 C was obtained after 50 cycles. Even when the sulfur content increases to 

6.7 mg cm‒2, the cell with the v-CoTe2@S cathode still exhibited a preeminent areal capacity 

of 6.1 mAh cm−2 after 50 cycles, which is significantly above that of commercial Li-ion 

batteries. The practicality of the assembled coin cell was subsequently verified by powering an 

electric fan (Figure 5g). Besides a v-CoTe2@S-based pouch cell was assembled and 

demonstrated to power a LED strip (Figure S23). Figure 5h displays a comparison of the v-

CoTe2 with other sulfur host materials reported recently, demonstrating superior areal capacity 

and tiny decay rate per cycle (Figure 5h).13, 57-59
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Figure 5. (a) GCD profiles of v-CoTe2@S from 0.1 C to 3 C. (b) Rate performance of different 

cathodes. (c) Cycling life of v-CoTe2@S, v-CoTe2@S and Super P@S cathodes at 1 C. (d) EIS 

plot of three cathodes after cycling. (e) Cycling performances of three cathodes at of 3 C for 

500 cycles. (f) Cycle performance of v-CoTe2@S under high sulfur loadings and lean 

electrolyte conditions at 0.1 C. (g) Optical picture of electric fan powered by one v-CoTe2 coin 

cell. (h) Comparison of the electrochemical performances of LSBs with v-CoTe2@S electrodes 

with other published works.

To further understand the role of v-CoTe2 in alleviating the shuttle effect of LiPS, in situ Raman 

spectroscopy was used. The Raman signal was obtained from the side of the lithium ring to 

reduce the disturbance of CoTe2 (see details in the SI).60 Figure 6a-d exhibits the in situ Raman 

spectra of coin cells based on v-CoTe2 and CoTe2 at 0.1 C in the discharge process. It is 

noteworthy that three Raman characteristic peaks (located at 152, 217, and 476 cm‒1) emerge 
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at the beginning of the discharge process (≈ 2.31 V) and are associated with S8
2‒.61 Additionally, 

the slight signal at 398 cm‒1 in the CoTe2 cell corresponds to S6
2‒, and indicates a partial sulfur 

conversion into LiPS at the initial stage of discharge. This may be due to the self-discharge 

during the standing time.62 Continuing the discharge, the Raman peak of Li2S8 gradually 

vanishes at the second discharge platform (≈ 2.10 V). Raman characteristic peaks at 398 cm‒1 

begin to emerge and gradually increase to a maximum at 2.1 V, indicating a huge amount of 

Li2S6 has left the CoTe2@S cathode due to severe shuttling behavior. As the discharge continues, 

the peaks at 456 cm‒1 gradually increase until the discharge process is completed (≈ 1.7 V), 

correspond to Li2S4 + Li2S5. The existence of S5
2‒ and S4

2‒ illustrates the convesion of long-

chain LiPS to short-chain LiPS.63, 64 Overall, the CoTe2@S cathode consistently show the peaks 

of LiPS throughout the entire discharge process, evidencing the severe shuttle effect in 

CoTe2@S cell. On the contrary, only weak Raman signals can be detected from the contour 

plot of the v-CoTe2@S cell throughout the entire discharge process. This comparison of the in 

situ Raman spectra confirms that the presence of Te vacancies within the porous CoTe2 

effectively alleviate the migration of polysulfide to the surface of anode during cycling as a 

result of an improved adsorption and enhanced electrocatalytic conversion.20 Overall, the 

superior adsoption capacity and catalytic activity of v-CoTe2 for the conversion of polysulfides 

is schematically shown in Figure 6e.
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Figure 6. (a, c) In situ Raman spectra. (b, d) Raman spectra at different discharge voltages with 

the cells based on v-CoTe2@S and CoTe2@S cathodes. (e) Schematic of sulfur species trapping 

and conversion on v-CoTe2 and CoTe2 hosts.

Conclusions

In summary, we designed and prepared an efficient electrocatalyst using vacancy-defected 

CoTe2 (v-CoTe2) nanoparticles within a carbon framework as a sulfur host for LSBs. DFT 

calculations validated that v-CoTe2 presents surface reconstruction around the surface 

vacancies of Te sites, exposing more Te atoms directly on the surface. This results in a robust 

multi-site coordination interaction between v-CoTe2 and polysulfides like Li2S4, enhancing 

adsorption and preventing polysulfide migration from cathode to anode, thereby reducing active 

material loss. Additionally, the strong interaction facilitated by Te vacancies not only provides 
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high adsorption energy but also accelerates polysulfide decomposition by weakening the S-S 

bond, thus promoting the redox conversion of LiPS. The experimental results are supported by 

DFT calculations, demonstrating v-CoTe2’s superior catalytic activity compared to CoTe2. 

Cells based on v-CoTe2@S cathodes exhibit stable performance, retaining 80.4% capacity after 

500 cycles at 3 C, with an average capacity decay of 0.039% per cycle. Even at a higher sulfur 

loading of 6.7 mg cm‒2, after 50 cycles, v-CoTe2@S cathodes maintain a commendable areal 

capacity of 6.1 mAh cm−2. This work underscores the potential of defect engineering as an 

effective strategy for optimizing the electrochemical performances of LSBs cathode materials. 

Experimental Section

Chemicals: Cobalt(II) nitrate hexahydrate (analytical reagent, AR, Co(NO3)2·6H2O), 2-

methylimidazole (AR, C4H6N2), tellurium powder (AR, Te), and methanol (AR, CH3OH) were 

obtained from Adamas. Polyvinylidene fluoride (PVDF), N-methylpyrrolidone (NMP), 1,3-

dioxolane (DOL) and 1,2-dimethoxyethane (DME) were purchased from Canrd. All chemicals 

were used as received, without further processing.

Synthesis of Co-ZIF-67: 5.82g cobalt(II) nitrate hexahydrate was dissolved in 150 mL of 

methanol, and 6.16g 2-methylimidazole was dissolved in another 150 mL methanol, 

representing solution A and solution B, respectively. Solution A was added to solution B with 

stirring and continued to stir for 24h at room temperature. The precipitate was then centrifuged 

with methanol and dried overnight.

Synthesis of v-CoTe2: The obtained powder and tellurium powder were placed on the 

downstream and upstream of the furnace in a mass ratio of 1:3. The products was annealed at 
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600 °C in Ar atmosphere for 3h. The v-CoTe2 powders were obtained by annealing at 350 °C 

for another 3h in Ar/H2 atmosphere, while CoTe2 requires no additional annealing. 

Synthesis of v-CoTe2@S, CoTe2@S and Super P@S: The obtained v-CoTe2 power was first 

grounded with sulfur at a mass ratio of 1:3 and heated at 155 °C for 12 h. CoTe2@S and Super 

P@S were prepared in the same process as v-CoTe2@S.

Synthesis of Li2S6 Solution and Adsorption Test: Sulfur and Li2S were dissolved in same 

quantity of 1,2-dimethoxyethane (DME) and 3-dioxolane (DOL) with a molar ratio of 1:5, and 

then stirred overnight. v-CoTe2, CoTe2 and Super P (10mg) were immersed into 5 mL of 10 × 

10−3 M Li2S6 solution overnight.

Supporting Information

The supporting information is available free of charge via the Internet at http://pubs.acs.org. 

The supporting information includes Figure S1-S23 and Table S1 as described in the text, 

specifically, additional SEM, TEM, XRD, TGA, CV, electrochemical performance, DFT 

simulation results, and crystal structure.
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