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Highlights 

 On the basal planes of 2D WSe2, defects are quantitatively created. 

 The relationship among the defects of the 2D material, catalytic ability, and 

electrochemical performance of lithium sulfur battery are clearly established. 
 The optimal S/WSe1.51/CNT electrode delivers a high areal capacity of 11.3 mAh cm

-2
, 

and outstanding cycle stability with a decay rate of 0.025% during 1000 cycles at 1C 

rate. 

 The effect mechanism of the defects on lithium sulfur battery is revealed deeply. 

 

Abstract 

Introducing defects into 2D materials can increase the coordinatively unsaturated sites that 

are usually also catalytically active sites. How does the level of defects influence catalytic 

performance and how to take advantage of defects to optimize the 2D materials? In this work, 

anionic Se vacancies and edge dislocations are regulated in 2D WSe2 as a model of transition 

metal dichalcogenide host material for the sulfur cathode. The defective 2D WSe2 with 

different W/Se ratios are quantitatively investigated the influence of the defects on enhancing 

the cathodic process in lithium sulfur (Li-S) batteries. With a moderate level of defects, 

WSe1.51 shows the optimal performance for adsorbing polysulfides, catalysing polysulfides 

conversion, and promoting liquid-solid transformation, all of which are crucial steps for Li-S 

battery. The corresponding sulfur cathode delivers a high initial areal capacity of 11.3 mAh 

cm 
-2

, and excellent cycle stability with a decay rate of 0.025% during 1000 cycles at 1C rate. 
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Even in a pouch cell, the excellent cyclability and flexibility are still available. The results 

show the feasibility of enhancing the catalytic ability of 2D transition metal dichalcogenide by 

controlling the level of defects by which a long-cycle and high-energy Li-S rechargeable 

battery can be achieved. 

 

Keywords: lithium-sulfur battery, 2D material, defect, electrochemistry, catalysis 

 

1. Introduction 

 

Benefit from the high theoritical energy density of 2600 Wh/Kg, lithium sulfur (Li-S) 

batteries have been widely studied as a potential high-energy alternative for lithium ion 

batteries [1-4]. The total reaction of lithium sulfur battery is very complicated solid–liquid–

solid phase conversion processes involving many sequential steps, in which kinetics of 

polysulfide conversion in the sulfur cathode is one of the most important factors to determine 

the final performance of lithium sulfur battery [5-8]. In particular, high sulfur loading in 

cathodes needed to meet high energy density outputs must demand a fast kinetical conversion 

of the polysulfide immediates in the electrode reaction, which normally depends on the 

catalytic effect provided by the host materials of sulfur in the cathodes [9, 10].  

Therefore, catalytic ability of host materials for polysulfide conversion has become one of 

the most concerned issues for lithium sulfur battery in the near fulture. Compared with the 

carbon-based host materials in the early research of lithium sulfur battery, transition metal 

composites could provide relatively high catalytic ability due to the interaction between the 

metal composites and polysulfides [11-14]. Transition metal dichalcogenides (TMDCs) have 

the characteristic sandwiched configuration of X–M–X (M, transition metal; X, chalcogen) 

pillared by Vander Waals forces, resulting atomic-scale thickness, direct bandgap, strong 

spin–orbit coupling and favourable electronic and mechanical properties [15-18]. The lamellar 

morphology and the good compatibility with polysulfides make TMDCs have great potential 
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to be used as host materials in sulfur cathodes [16, 19-21]. However, as catalytic materials, 

TMDCs usually provide active sites on the edge planes rather than the basal planes because 

the basal planes have relatively low surface Gibbs free energy and few coordination 

unsaturated sites [19, 22-24].  

As an effective approach, introducing defects such as site vacancies and dislocations in 

catalytic materials can raise coordination unsaturated sites that are usually also catalytically 

active sites. In some cases of Li-S batteries, the vacancies in the polar configuration cause the 

electron coordination unsaturated to reduce electron transfer energy barrier and enhance 

electrophilic adsorption [25-30]. It has been demonstrated that the defects in Nb2O5 and MoS2 

could significantly enhance the adsorption and catalytic conversion kinetics of polysulfide 

intermediates [31, 32]. Moreover, acceleration of electron transport from polysulfides to 

electron-vacancy sites can trigger strong chemical polar-binding performance and improved 

catalytic kinetics [27, 33-35]. However, owing to the complicated reaction mechnism, it is 

actually difficult to demonstrate clearly how the defects influence Li-S batteries on electrode 

process and final electrochemical performance, in particular, quantitatively.  

In this work, WSe2-x is used as the host material in sulfur cathode on account of its merits 

like electronic structure of enhanced spin-orbit coupling (SOC) feature that is helpful for 

eletron transport, compared with the other TMDCs [15, 16, 36, 37]. In WSe2-x, Se vacancies 

are generated quantitatively by varying preparation conditions, and the site vacancies can 

induce the formation of dislocations in basal planes, which leads to the formation of a series 

of WSe2-x samples with gradient Se defects. The influence of the defects on adsorption of 

polysulfide and catalytic effect for polysulfide conversion is investigated by theory 

calculations and experiments. The sample WSe1.51 with a moderate number of defects shows 

the optimal adsorption ability and catalytic ability of polysulfides. With carbon nanotubes 

(CNTs) as electrical connection, the S/WSe1.51/CNT electrode deliveries high capacity and 

stable cycling for Li-S batteries with a high sulfur areal loading.  
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2. Results and discussion 

 

2.1 Defect regulation of tungsten selenium 

 

 

Fig. 1. Characterization of WSe2-x/CNT. (a, b) XRD patterns; (c) Raman spectra; (d) Pore size 

distribution plots; (e) Electron spin resonance spectra; and (f, g) XPS of Se 3d and W 4f. 

 

The solvothermal method allows to synthesize stoichiometric WSe2. CNTs as one-

dimensional electrically conductive materials are added into the solvent to form finally the 

three-dimensional interlinked structure like the reported previously (Fig. S1) [38, 39]. With a 

little change of annealing conditions described in the experimental section, WSe2-x with 

various amounts of Se vacancies are obtained. According to the determination results of 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), the ratio of W to Se 

for the as-prepared sample is 1.96, very close to the stoichiometric atomic ration, and the 
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ratios for the three regulated samples are 1.61, 1.51, and 1.33 (Table S1), respectively, marked 

as WSe1.96/CNT, WSe1.61/CNT, WSe1.51/CNT, and WSe1.33/CNT. The X-ray diffraction 

(XRD) patterns shown in Fig. 1a confirm that all the obtained WSe2-x samples have the same 

hexagonal structure (PDF#38-1388), and the defect reglution in the designed range has no 

effect on the basal crystalline phase. However, the comparison of the diffraction peaks of 

(002), (100) and (103) planes presents a very slight shift to low angle with the increase of 

defects (Fig. 1b), indicating lattice parameters enlarge marginally due to the more Se 

vacancies. In the Raman spectra, the peak at 250 cm
-1

 is attributed to    
   mode of WSe2, and 

the peaks located at 1347 and 1589 cm
-1

 are the D band (disorder induced band) and G-band 

(graphitic band) of carbon, respectively (Fig. 1c) [20, 40, 41]. For all the samples, the peak 

intensity of the ratio of ID/IG for CNT are very close, demonstrating the defect regulation 

processes make no difference in the side of CNTs [42]. With increase of defects, the pore size 

distribution of the samples has no obvious change, but the specific surface area has light 

improvments from 685.1 m
2
 g

-1
 for WSe1.96/CNT to 761.5 m

2
 g

-1 
for WSe1.51/CNT (Fig. 1d, 

Table S2). The ESR results in Fig. 1e indicate clearly the gradual increase of defects from 

WSe1.96/CNT to WSe1.33/CNT, in which the ESR signal g=2.004 is correlated to Se-vacancy 

in WSe2-x, further confirming the quantitative regulation of defects [43, 44]. In addition, in the 

XPS results, the peaks of Se3d show a gradual shift towards higher binding energy, the 

position of Se 3d5/2 from 54.31 eV for WSe1.96/CNT to 54.48 eV for WSe1.33/CNT. This can 

be understood as a consequenc of W-Se bonds strengthening owing to the lack of Se (Fig. 1f) 

[26]. Conversely, the regular shift of binding energy also confirms the gradient change of 

defects. The W4f spectra also show consistent results, except for the two additional peaks at 

35 eV and 37.6 eV derived from the inevitable surface oxidation in the XPS measurements 

(Fig. 1g) [26, 45].  
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Fig. 2. Morphology and microstructure. (a) The SEM and (b) EDS elemental mapping of 

WSe1.51/CNT. (c) HRTEM images of WSe1.51/CNT and the corresponding FFT patterns show 

that the prepared materials match the crystalline planes of hexagonal-phase WSe2 (PDF#38-

1388). (d) SAED image of WSe1.51/CNT. (e, f) the IFFT pattern of the selected area by the 

yellow rectangle in image (c). (e, in the overlaid crystal models, blue circles represent 

tungsten atoms, yellow circles represent selenium atoms; red circles represent Se defect; f, 

yellow mark represent dislocation). 

 

As designed, the SEM images show that 2D WSe2-x and 1D CNTs can form a 3D 

interlinked structure which is beneficial for loading of sulfur (Fig. 2a and S2). The element 

mapping from energy dispersive spectroscopy (EDS) of WSe1.51/CNT in Fig. 2b verifies that 

WSe1.51 and CNTs are homogeneously composited, and the CNTs mass content is 39.7 wt% 

(Fig. S3), essentially in agreement with the result determined by the elemental analysis 

method in Table S1 (40.47 wt%). The TEM images for all the WSe2-x/CNT samples clearly 

display 2D feature of the few-layer WSe2-x and the contection between WSe2-x and CNTs (Fig. 

S4). Influenced by the regulated vacancies, the interplanar spacing of (002) basal plane has a 
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gradual increase with the growing of defects (Fig. S5), consistent with the analysis of XRD 

results. Fig. 2c shows a typical TEM image of WSe1.51/CNT, in which the interplannar 

spacing of 2.56 angstroms corresponds the (103) plane of WSe2, the inserted Fast Fourier 

Transform (FFT) pattern and the corresponding selected area electron diffraction (SAED) 

pattern in Fig. 2d show clearly the diffraction patterns of (002), (100), (103) and (110) planes 

of hexagonal WSe2 in P63/mmc space group. More importantly, it is found from the Inverse 

Fast Fourier Transform (IFFT) results based on the selected region in Fig. 2c that, besides the 

observable atomic point defects (Se vacancies) shown in Fig. 2e, lots of linear defects (edge 

dislocations) appear in the basal planes of tungsten selenide (Fig. 2f), around which there is a 

strain field as the atomic bonds have been compressed or stretched. For the near-

stoichiometric sample WSe1.96/CNT, few Se vacancies and edge dislocations are observed in 

the HRTEM analysis (Fig. S6), while plenty of defects can easily be found in the cases of 

WSe1.61/CNT and WSe1.33/CNT (Fig. S7 and S8).  

As host materials, WSe2-x/CNT is loaded with sulfur by the melt diffusion method [33, 46]. 

In the prepared S/WSe2-x/CNT materials, sulfur exists as monoclinic phase (XRD, Fig. S9). 

The sulfur content in all the four samples are almost equal (~72 wt%), and the detailed data 

are determined by Thermogravimetric Analysis (TGA) shown in Fig. S10. The S/WSe2-x/CNT 

materials generally keep the original morphology of WSe2-x/CNT (Fig. S11), and sulfur is 

homogeneously distributed in the host materials (Fig. S12).  

 

2.2 Electrochemical performance of S/WSe2-x/CNT 

 

In the potential range of Li-S battery (1.7~2.8 V vs Li
+
/Li), the WSe2-x/CNT host materials 

are inactive and have negligible capacity contribution (Fig. S13). The batteries with 

S/WSe1.96/CNT, S/WSe1.61/CNT, S/WSe1.51/CNT and S/WSe1.33/CNT as the cathode were 

assembled to measure the electrochemical performances. Fig. S14 displays the CV curves of 
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the cathodes at a scan rate of 0.05 mV s
-1

. The peak shapes of S/WSe1.51/CNT electrode are 

stronger than those of the other electrodes based on different defects materials, indicating 

faster kinetics of the S/WSe1.51/CNT electrode. Compared with the S/WSe1.96/CNT, 

S/WSe1.61/CNT and S/WSe1.33/CNT electrodes, the anodic peaks of S/WSe1.51/CNT electrode 

shift to lower potentials in the charge sweep and the cathodic peaks of S/WSe1.51/CNT 

electrode shift to higher potentials in the discharge sweep, indicating that the S/WSe1.51/CNT 

electrode facilitates faster sulfur redox reactions and significantly faster kinetics for 

conversion reaction of polysulfides during cycling [33]. The initial charge-discharge curves in 

Fig. 3a show that S/WSe1.51/CNT delivers the highest discharge capacity of 1345.9 mAh g
-1

 

and the near-stoichiometric S/WSe1.96/CNT provides the lowest value of 1053.7 mAh g
-1

 at 

0.05C with a clear order: S/WSe1.51/CNT > S/WSe1.33/CNT > S/WSe1.61/CNT > 

S/WSe1.96/CNT. For S/WSe1.51/CNT, the relatively low potential difference between charge 

and discharge means a low overpotential, related to a low activation energy in the catalytic 

electrode reaction. Obviously, the potential difference for the near-stoichiometric 

S/WSe1.96/CNT is relatively high. Fig. 3b shows the cycle performance of the Li-S batteries 

with the different host materials. Remarkably, S/WSe1.51/CNT shows an outstanding cycle 

performance, retaining a capacity of 886.1 mAh g
-1

 after 200 cycles at 0.2C with a coulombic 

efficiency of 99.3%, while 787.9 mAh g
-1

 for S/WSe1.61/CNT, 680.7 mAh g
-1

 for 

S/WSe1.33/CNT and 551.4 mAh g
-1

 for S/WSe1.96/CNT. Therein, the capacity of 

S/WSe1.33/CNT during the early tens of cycles is higher than that of S/WSe1.61/CNT, but a 

faster capacity decay ocurrs, indicating a relatively poor cycling stability. The EIS analysis of 

S/WSe1.33/CNT after 200 cycles reveals that the increase of charge transfer impedance and the 

larger resistance of the insoluble Li2S2/Li2S layer  
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Fig. 3. Electrochemical performance of S/WSe2-x/CNT. (a) The first charge and discharge 

curves at 0.05 C; (b) Cycling performance at 0.2 C (1-3rd for activation at 0.05 C); (c) 

evaluation of the rate capacities; (d) Charge-discharge curves at various rates for the 

S/WSe1.51/CNT electrode; (e) The initial charge-discharge curves at 0.05 C and with sulfur 

loading of 9.3 and 12.7 mg cm
-2

; (f) cycling performance of the lithium-sulfur cells with high 

sulfur loading and low E/S ratio; (g) Long cycling performances and coulombic efficiency at 

1 C rate. 
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than S/WSe1.61/CNT during cycling (Fig. S15, Table S3). Besides the advantages in capacity 

and cycle performance, S/WSe1.51/CNT also has an excellent rate performance as shown in 

Fig. 3c. The average discharge capacity at 0.1, 0.2, 0.5, 1 and 2 C, are 1241.5, 1041, 944.8, 

903.2, and 839.2 mAh g
-1

, respectively. S/WSe1.61/CNT and S/WSe1.33/CNT have close rate 

performance, with ups and downs on both at various rates, but it is clear that the near-

stoichiometric S/WSe1.96/CNT is relatively poor. Moreover, with improving discharge rates, 

S/WSe1.51/CNT presents a smaller potential drop which is calculated by subtracting the 

median potential at the midpoint of discharge capacity from the counterpart of charge curve, 

compared with the others (Fig. 3d, Fig. S16). In particular, at 2C rate, S/WSe1.51/CNT still 

deliveries the typical multi-step discharge profile of Li-S battery, however obviously 

increased overpotential appear as dotted in the Fig. S16. The long-cycle performance at 1C 

rate is also investigated, as shown in Fig. 3g and S17. As expected, S/WSe1.51/CNT still 

shows the best cycle performance at the relatively high rate, and the discharge capacity after 

1000 cycles are maintained at 741.4 mAh g
-1

 and the coulomb efficiency at the 1000th cycle 

is still up to 99.2% with fading rate per cycle only being 0.025% (based on the 4rd cycle). As 

comparison, the capacities of S/WSe1.96/CNT, S/WSe1.61/CNT and S/WSe1.33/CNT after 1000 

cycles are only 359.4, 602.5 and 478.1 mAh g
-1

, respectively, with lower coulomb efficiency 

95.9%, 97.6 and 96.8%, corresponding faster capacity decay rate of 0.053%, 0.032% and 

0.048%, respectively. The electrochemical performances indicate clearly that there exists 

direct relation between the defects of WSe2-x and the electrode reactions, and a moderate 

number of defects can help Li-S battery achieve an optimal electrochemical performance. 

Even under harsh operating conditions i.g. lean electrolyte/sulfur ratio (E/S) and high sulfur 

areal loading, S/WSe1.51/CNT still provides statisfied electrochemical performance. With 

increasing sulfur loading from 1.5 mg cm
-2

 to 9.3 and 12.7 mg cm
-2

, and the corresponding 

E/S decreases to 5.5 and 3.9 μL mg
-1

, respectively. Though the harsh conditions inevitably 

cause a light fall in initial capacity and discharge potential (Fig. 3e), the area capacity can 
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maintain 5.6 mAh cm
-2

 (50 cycles) and 7.7 mAh cm
-2

 (150 cycles) at the current density of 

0.1C (1-3 rd at 0.05C for activation of the thick electrodes), respectively (Fig. 3f), even to be 

stable at 0.15 C and 0.2 C (Fig. S18, S19). Compared to the similar reports containing typical 

2D materials in recent years, this result is very encouraging (Fig. S20 and Table S4).  

 

Fig. 4. Pouch cell performance of the S/WSe1.51/CNT electrode. (a) First discharge-charge 

cycle; (b) cycling performance at room temperature; (c) photographs of an LED illumination 

test-driven by the assembled pouch cell of size; (d) photographs showing the ability of the 

pouch cells to empower LED under bending. 

 

In addition, to further demonstrate the practical potential of S/WSe1.51/CNT electrode, Fig. 

4 shows the test for pouch cell. The loading sulfur is 7.6 mg cm
-2

, and the contact area of the 

electrode is 15.75 cm
2
 (3.5×4.5 cm; ratio of negative to positive, N/P=1.6). Fig. 4a and 4b 

shows that S/WSe1.51/CNT still has a typical discharge-charge curve and stable cyclic capacity 

in pouch cell. After 86 cycles, S/WSe1.51/CNT can still provide a capacity of 5.4 mAh cm
-2

 

(with a current density of 0.05C and electrolyte to sulfur ratio E/S=10 μL mg
-1

), which is 

significantly higher than that of commercial lithium-ion batteries (LIBS, 4.0 mAh cm
-2

) (Fig. 

4b). Moreover, the pouch cell provides continuous energy output despite a series of folding 
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operations from 0° to 180° (Fig. 4d). Therefore, it can be further expected that S/WSe1.51/CNT 

also has potential for practical application in Li-S batteries.  

 

2.3 Effect mechanism of defects in WSe2-x on electrochemcial performance 

 

The cathode reaction of Li-S battery involves a complicated solid-liquid-solide phase multi-

step process, in which the core steps include adsorption of polysulfides on the host and 

electron transfer under the catalytic effect of the host, in particular the precipitation process 

from soluble Li2Sx to insoluble Li2S2 and Li2S [30]. The adsorption ability of the WSe2-x/CNT 

materials is firstly evaluated by the static adsorption experiment of Li2S6. The supernatant 

after adsorbed by WSe2-x/CNT for 2 hours is separated and analyzed by UV-Vis adsorption 

spectroscopy (Fig. 5a, Fig. S21). Based on the analysis of lithium polysulfides in the UV-vis 

spectrum of Li2S6 etheryl solution, the ~350 nm absorption band are assigned to Li2S6 and 

LiS6
-
, the strong absorbance at ~420 nm is derived from LiS6

-
, and the band at ~620 nm is 

contributed by LiS3
•
 radical [33, 47]. Interestingly, the intensity of the dominant band for 

Li2S6 shows gradient derease with increasing defects of WSe2-x/CNT, convincingly 

demonstrating the defects can provide adsorption sites for polysulfides. The adsorption 

behavior is further studied by density functional calculations (DFT), and the modeling 

simulation details are listed in the Experimental Section. Fig. 5b presents the optimized 

configuration of Li2S6 on the (002) plane with the optimal configuration of 2D TMDs crystal. 

With the increase of defects from the near-stoichiometric WSe1.96/CNT to WSe1.33/CNT, the 

disorder degree of atomic arrangement of the configuration of (002) planes raises gradually. 

The change of atomic arrangement can affect the coupling interaction between WSe2-x and 

Li2S6 which corresponds to the polar electrophilic bonding of Sx
2-

-W
δ+

 and Li
+
-Se

δ-
. On the 

near-stoichiometric WSe1.96/CNT, the coupling interaction is dominantly from Li
+
-Se

δ-
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bonding, and the bonding energy Eb= -0.17 eV. However, in the cases of the WSe2-x with a 

number of defects, the atomic rearrangements  

 

Fig. 5. Mechanism and kinetics. (a) UV-Vis spectra of the Li2S6 solution before and after 

static adsorption by WSe2-x/CNT; (b) DFT calculation results of stable configurations (i-iv) 

and charge transfers (v-viii), where pink and cyan isosurface represent the spatial regions 

augmented and reduced charge densities, respectively; (c) EIS spectra of the symmetric 

configuration with various electrodes and Li2S6 solution; (d) CV curves of the symmetric 

configuration with Li2S6 solution; (e-h) potentiostatic discharge curves of Li2S8/tetraglyme 

solution at 2.0 V on various surfaces of WSe2-x/CNT; (i) quantitative comparison of the 

electrochemical behavior based on results from (b, c, d) and the schematic showing in (j). 
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provide additional coupling interaction Sx
2-

-W
δ+

 with stronger bonding energy (Fig. 5b(ii-iv)). 

Moreover, the bonding energy gradually increases with increasing defects, -0.61 eV for 

WSe1.61, -2.6 eV for WSe1.51, and -2.91 eV for WSe1.33, respectively. The difference in the 

interactions is also shown visually by charge difference isosurface shown in Fig. 5b(v-viii). 

Different from Li
+
-Se

δ-
, the bonding of Sx

2-
-W

δ+
 means that electrons shift from the host 

materials to the adsorbed polysulfides, which is helpful for the electron transfer in the cathode 

reactions during discharging. To compare the charge disserence isofurface, it can be found 

that, in the case of WSe1.51/CNT, the adsorbed polysufide presents improved charge density 

with sulfur, while increase and decrease coexist for sulfur atoms in the cases of WSe1.61/CNT 

and WSe1.33/CNT. This will make the polysulfides on WSe1.51/CNT easier to capture lithium 

ions from the electrolyte to compelete the cathode reactions.  

Charge transfer processes of polysulfides on WSe2-x/CNT are further investigated by 

electrochemical impedance spectra (EIS) of the symmetric configuration with Li2S6 solution. 

As shown in Fig. 5c, the semicircle in the high-frequency region presents a descending order: 

WSe1.96/CNT > WSe1.33/CNT > WSe1.61/CNT > WSe1.51/CNT, indicating the effect of the 

defects on charge transfer impedance (Rct) in the electrochemical process, and WSe1.51 with a 

moderate number of defects has the lowest impedance for charge transfer [29, 43]. Generally 

the defects are beneficial for charge transfer in the electrochemical process. However, 

excessive defects could have negetive effect on electron transport of the material itself due to 

a large number of dislocations and structural distortions (Fig. S8c) [29, 48, 49]. Furthermore, 

the electrode process, especially catalytic ability, of the WSe2-x/CNT samples are also 

investigated by cyclic voltammetry (CV). In Fig. 5d, the three cathodic peaks correspond the 

reduction processes from S8 to S6
2-

(0.16 V), S6
2-

 to S4
2-

(-0.19 V), and S4
2- 

to Li2S (-0.42 V), 

respectively; and the three anodic peaks are the oxidation processes from Li2S to S4
2-

 (-0.16 

V), S4
2-

 to S6
2-

 (0.19 V), and S6
2-

 to S8 (0.42 V), respectively (Fig. S22) [33, 50]. As well 

known, the peak current density and peak sharpness can reflect catalytic ability for 
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polysulfides of the host materals in the research of Li-S battery [51, 52]. Generally, the peak 

current density shows the same order as that from the EIS spectra, and WSe1.51/CNT presents 

the optimal ability. Especially, the peak attributed to S4
2- 

to Li2S at -0.42 V and the one 

corresponding to S6
2-

 to S8 at 0.42 V in the case of WSe1.51/CNT clearly suggest that 

WSe1.51/CNT support a rapid catalytic redox process for the core steps of solid-liquid phase 

transformation.  

Another key step in the cathode reaction is the liquid-solid phase conversion from soluble 

Li2Sx to Li2S2 and Li2S because the insolubility means a large energy barrier for nucleation 

and growth of Li2S on host materials [53]. Therefore, the situation of Li2S deposition on the 

host materials can reflect the key electrochemical process. The results in Fig. 5e-h show that 

the deposition amount and deposition time change following a consistent trend with the EIS 

analysis. The deposition amount of Li2S increases gradually from WSe1.96/CNT and 

WSe1.61/CNT to WSe1.51/CNT, but decreases in the case of WSe1.33/CNT with excess defects. 

The calculated Li2S conversion capacity for WSe1.51/CNT is 310.4 mAh g
-1

, higher than that 

of WSe1.96/CNT(193.3 mAh g
-1

), WSe1.61/CNT(271.2 mAh g
-1

) and WSe1.33/CNT (253.1 mAh 

g
-1

), on the basis of Faraday's law [54]. Moreover, WSe1.51/CNT takes a shorter deposition 

time than the others, indicating a faster nucleation rate for Li2S with a reduced energy barrier; 

this is exactly the essence of catalytic effect. To further evaluate the conversion ability of host 

materials, the initial activation energy barrier of Li2S on various electrode materials was 

investigated (Fig. S23). Of note, the charge voltage plateaus after the short jump due to the 

phase conversion reaction from Li2S to LiPSs [55]. Obviously, the S/WSe1.51/CNT cathode 

displayed the lower potential barrier at about 2.276 V with a mild voltage jump peak than 

S/WSe1.96/CNT (2.326 V), S/WSe1.61/CNT (2.297 V) and S/WSe1.33/CNT (2.311 V), 

indicating an accelerated activation process with low charge transfer barrier. And 

simultaneously, cyclic voltammetry (CV) testing at 0.05-0.3 mV s
−1

 rates were used to 

evaluate the lithium ion diffusion coefficient (Fig. S24). The corresponding fitted lines of 
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peak current versus scan rate plots at cathodic/anodic peaks (named as C1, C2, A1, A2) [25]. 

The slopes of the hosts show linearly quantized value, which present an ascending order: 

WSe1.96/CNT < WSe1.33/CNT < WSe1.61/CNT < WSe1.51/CNT, suggesting the progressively 

enhanced lithium ion diffusion capability among these four hosts. It is a remarkable fact that 

the C2 peaks (at around 2.0 V) and the A1 peaks (at around 2.3 V) of the S/WSe1.51/CNT, 

indicating the strongest redox kinetics of LiPSs to insoluble Li2S and reverse process, 

respectively. 

Summarizing the above results, the comprehensive performance of the WSe2-x host 

materials can be quantitatively evaluated. Besides the adsorption ability represented by the 

bonding energy Eb, the catalytic ability of the host materials can be reflected by the exchange 

current density of a catalytic electrodes, j0, which can be calculated by the following Equation 

(1) [56, 57]:  

jo=
  

     
                                                                                                                                  

(1) 

in which R is the gas content, T is the absolute temperature, n is the number of elements being 

transfered, F is the Faraday content, and Rct is charge transfer impedance from the Fig. 5c. In 

addition, the peak current intensity Ip in the CV measurement is positively related to diffusion 

of the reactants in the interface of the host materials. Therefore, Eb, j0, and Ip are summarized 

in Fig. 5i for comparison, and a stack lines by Y offsets is also illustrated as function of the 

amount of defects in WSe2-x to more clearly show the comprehensive performance of the 

WSe2-x host materials (Fig. 5j). Distinctly, the introduction of defects promotes all the three 

core parameters, the maximum value is achieved at the moderate number of defects for 

WSe1.51, while excessive defects lead to a decreased comprehensive performance due to fall 

of catalytic ability though strong adsorption.  
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The defects and the crosslinked structure of WSe2-x/CNT can be stably kept during charge-

discharge cycles. After 200 cycles at 0.2C rate, the Li-S battery are disassemblied and the 

cathode is characterized. Fig. S25a, b demonstrate that the crosslinked structure of 

WSe1.51/CNT has not obvious changes compared with the original. The HRTEM and IFFT 

pattern in Fig. S25c-f confirm that the hexagonal phase of WSe2-x, Se atomic vacancies, and 

the dislocations are still maintained afther the long cycling, indicating the defects can 

sustainably play the important role for promoting the cathode reaction in Li-S batteries. 

 

3. Conclusions 

The defects of 2D few-layer tungsten selenide are quantitatively regulated by changing 

simply the preparation conditions. The added defects mainly include anionic Se vacancies and 

edge dislocations distributed dominantly in the basal plane of the 2D material. It is comfirmed 

that the defects in tungsten selenide are not only additional catalytically active sites for the 

conversion reactions of polysulfide immediaters for Li-S batteries, but also have strong 

catalytic ability due to the coupling interaction Sx
2-

-W
δ+

. For the cathode reactions in Li-S 

batteries, the introducation of defects promotes the core steps like adsorption of polysulfides, 

charge transfer to polysulfides and liquid-solid phase conversion. However, excessive defects 

can cause the decrease of catalytic ability owing to transformation of defect site configuration. 

Among the WSe2-x with defects regulated quantitively from the near-stoichiometric WSe1.96 to 

WSe1.33, WSe1.51 shows the optimal performance. The S/WSe1.51/CNT electrode delieveries 

the high areal capacity of 11.3 mAh cm
-2

 with a high sulfur loading of 12.7 mg cm
-2

, and the 

excellent cycling stability with a decay rate of 0.025% during 1000 cycles at 1C. Additionally, 

the corresponding pouch cell shows foldable flexibility and a stable areal capacity of 5.4 mAh 

cm
-2

 with areal loading 7.6 mg cm
-2

. It is encouraging approach that the generation of an 

appropriate proportion of defects in the dominant basal planes of 2D materials improves the 

catalytic ability to achieve a high-performance Li-S battery.  
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4. Experimental 

 

4.1 Preparation 

All chemicals were of analytical grade and used without further purification. The 

solvothermal and annealing method was used to prepare a series of tungsten selenide 

materials, similar to the previous reports [33, 43]. Firstly, carbon nanotubes (CNTs) were 

activated. 2 g CNTs was added in a round-bottom flask containing 60 mL concentrated nitric 

acid, and refluxed continuously at 130 ℃ for 12 h. After cooling to room temperature, CNTs 

were filtered and washed, and then dried in 60 ℃ for 24 h. To preparation of WSe2-x/CNT, 

selenium powder (0.14 M), sodium borohydride (NaBH4) (90 mM), and 0.05 g the activated 

CNTs were added in 60 mL N, N-dimethylformamide (DMF), and mixed ultrasonically for 

0.5 h. Sodium tungstate (Na2WO4·2H2O) (70 mM) was added and kept stirring for more 0.5 h. 

The obtained mixture was transferred into a 100 ml autoclave and kept at 220 ℃ for 24 h. 

After cooling to room temperature, the solid product was washed with deionized water and 

anhydrous ethanol for several times, and then vacuum freeze-dried for 24 h to obtain the 

precursor. To prepare WSe2-x/CNT with defects regulated quantitively, the precursor was 

calcined for 3 h, in 500 ℃ with argon, in 500 ℃ with 5% hydrogen/argon, in 500 ℃ with 

10% hydrogen/argon, and 600 ℃ with 10% hydrogen/argon, respectively, to obtain 

WSe1.96/CNT, WSe1.61/CNT, WSe1.51/CNT, and WSe1.33/CNT, in which the atomic ratio of W 

to Se was determined by ICP-OES. 

Sulfur was loaded by a melt diffusion method. Firstly, the WSe2-x/CNT host material and S 

were continuously ground for 0.5 h according to the mass ratio of 28:72, then transferred in an 

argon-filled autoclave and heated at 155 ℃ for 12 h.  

4.2 Characterization 
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Morphology and microstructure of the materials were characterized by scanning electron 

microscopy (SEM, JSM-7800F) and transmission electron microscopy (TEM, JEM-2800). 

The X-ray diffraction (XRD) analysis was carried out with a Rigaku Smart Lab (3kW). The 

Raman spectra were collected by a Microconfocal Raman Spectrometer (SR-500I-A) with a 

532 nm laser and a power of the laser ≥100 mW. Nitrogen adsorption was used to determine 

specific surface area with the Brunauer-Emmet-Teller (BET) model, and pore size distribution 

with BJH method (JW-BK112 Instrument). Sulfide content was determined on a 

thermogravimetric analyzer (Mettler Toledo, TGA/DSC) in the range of 30-800°C in argon 

with a temperature rate of 10° C min
-1

. Element chemical state was analyzed by X-ray 

Photoelectron Spectroscopy (XPS, Escalab 250XI, Thermo Scientific) with Al Kα source. 

Electron Spin Resonance (ESR) spectra were measured on a Bruker A300 machine. A Vario 

MICRO Element Analysis Instrument was used to determine carbon content and Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Agilent 5110 ICP-OES) 

measured the content of W and Se elements. 

4.3 Electrochemical Measurements 

To prepare sulfur cathode, WSe2-x/CNT, conductive agent (Super-P) and polyvinylidene 

chloride (PVDF) were ground for 0.5 h at the weight proportion of 8:1:1, and soaked in N-

methylpyrrolidone (NMP) with stirring to obtain a uniform slurry. The slurry was coated on 

aluminum foil containing carbon and dried at 60 °C for 24 h. Finally, the electrode plates with 

sulfur loading of 1.1-1.5 mg cm
-2

 and diameter of 10 mm were prepared for the routine 

electrochemical measurements. For the high sulfur loading of 9.3-12.7 mg cm
-2

, the same 

methods were used except for carbon cloth as the current collector. Using Celgard 2325 as a 

separator and lithium foil (with a diameter of 14 mm and thick of 0.7 mm) as a counter 

electrode, the Type 2032 coin cells were assembled in a glove box filled with argon gas. The 

electrolyte was made of 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.2 

M lithium nitrate (LiNO3) additives, in 1, 2-dimethoxyethane (DME) and 1,3-dioxolane 
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(DOL) (V/V, 1:1). The ratio of electrolyte to sulfur (E/S) was controlled at 10 μL mg
-1

 in the 

routine tests, and 5.5, 5.3, 4.8 and 3.9 μL mg
-1

 in high sulfur loading experiments. The 

charge/discharge measurements were carried out on a LAND-CT2001A instrument with a 

voltage window of 1.7-2.8 V (vs. Li
+
/Li). Cyclic voltammetry (CV) measurements were made 

on the CHI600E electrochemical workstation with a scanning rate of 0.1 mV s
-1

 and a voltage 

range of 1.7 to 2.8 V. Electrochemical Impedance Spectra (EIS) were performed on a Zahner 

IM6EX electrochemical workstation with frequency ranging from 10 mHz to 100 kHz. 

4.4 Polysulfide absorption 

Li2S6 was selected as the indicator of polysulfides. 1 M of Li2S6 was prepared by the 

configuration of Li2S and sulfur stoichiometry (5:1) in DOL/DME (V/V, 1:1) mixed solvent 

with a continuous stirring at 60°C for 48 h. 45 mg WSe2-x/CNT was added into 5 mL of 

solution ( diluting to 2 mM with DME), respectively. After static settlement for 2 h, the 

supernatant was separated and charaterized using a Ultraviolet Visible Spectrometer (UV–vis, 

Varian Cary 100 Conc). All the tests were performed in a glove box filled with argon gas. 

4.5 Deposition of Li2S 

0.5 M Li2S8 solution was prepared by adding Li2S and S (molar ratio of 1:7) into 

Tetraglyme containing 1.0 M LiTFSI. WSe2-x/CNT (1 mg cm
-2

) was used as work electrode 

and lithium foil as counter electrode. 20 μL Li2S8 electrolyte was added to the work electrode 

side and 20 μL contrast electrolyte without Li2S8 was added to the counter electrode side. 

Firstly, it was discharged to 2.06 V at 0.03 C, and then discharged at 2.0 V at LK2005 

workstation until the current was lower than 10
-5

A to nucleate Li2S. 

4.6 Computational Details 

The model simulation was implemented in Vienna Ab-initio simulation package (VASP) 

[58] using the projector augmented wave (PAW) method [59]. The generalized gradient 

approximation (GGA) based on Perdew Burke Ernzerhof (PBE) parameterization scheme was 
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used to optimize the structure [60]. In order to simulate the adsorption ability of the (002) 

plane, a slab model was constructed, containing 96 atoms (before deducting defects) and a 

15Å vacuum layer. For all surface calculations, the Se atoms in the bottom layer are fixed and 

the other atoms were allowed to move. The Brillouin zone was sampled with a 3×3×1 

Monkhorst-Pack grid k-points and the cutoff energy id set was to be 450 eV [61]. The 

structures were optimized until the Hellmann-Feynman forces on each atom were less than 

0.02 eV/A. When the energy difference between subsequent iterations being less than 1×10
-5

 

eV, the system energy was considered to be converged. The adsorption energy was calculated 

as Ead=Etot -ELi2S6-E(002-x). In the equation, Etot was the total energy of Li2S6 in the substrate 

with different vacancy sites and ELi2S6 was the energy of Li2S6. E(002-x) (x = 0, 19, 24, 33) was 

the energy of the substrate with varying amounts of vacancy sites, where x means the quantity 

of the vacancy sites. 
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Graphical Abstract 

 

A little wind kindles, much puts out the fire: Controlling the level of the in-plane defects in 

2D tungsten selenide enhances their catalytic ability and promote the polysulfide conversion, 

leading to high-performance lithium-sulfur rechargeable battery. 
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