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a b s t r a c t

The sluggish conversion kinetics and shuttle effect of lithium polysulfides (LiPSs) severely hamper the

commercialization of lithium–sulfur batteries. Numerous electrocatalysts have been used to address these

issues, amongst which, transition metal dichalcogenides have shown excellent catalytic performance in

the study of lithium–sulfur batteries. Note that dichalcogenides in different phases have different catalytic

properties, and such catalytic materials in different phases have a prominent impact on the performance

of lithium–sulfur batteries. Herein, 1T-phase rich MoSe2 (T-MoSe2) nanosheets are synthesized and used

to catalyze the conversion of LiPSs. Compared with the 2H-phase rich MoSe2 (H-MoSe2) nanosheets, the

T-MoSe2 nanosheets significantly accelerate the liquid phase transformation of LiPSs and the nucleation

process of Li2S. In-situ Raman and X-ray photoelectron spectroscopy (XPS) find that T-MoSe2 effectively

captures LiPSs through the formation of Mo-S and Li-Se bonds, and simultaneously achieves fast catalytic

conversion of LiPSs. The lithium–sulfur batteries with T-MoSe2 functionalized separators display a fantas-

tic rate performance of 770.1 mAh/g at 3 C and wonderful cycling stability, with a capacity decay rate as

low as 0.065% during 400 cycles at 1 C. This work offers a novel perspective for the rational design of

selenide electrocatalysts in lithium–sulfur chemistry.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Within the background of the rapid development of electric

vehicles and portable electronic devices, it is imperative to de-

velop low-cost and high-energy-density secondary batteries [1,2].

With the merits of environmental friendliness, low cost, high spe-

cific capacity (1675 mAh/g) and high energy density (2600 Wh/kg),

lithium–sulfur batteries are considered to be one of the most

promising next-generation secondary batteries [3,4]. And yet, the

commercialization of lithium–sulfur batteries is limited by numer-

ous problems, including the shuttle effect of soluble lithium poly-

sulfides (LiPSs), slow sulfur redox kinetics, and the low reversibil-

ity of lithium anodes. In particular, the shuttle effect and sluggish

sulfur redox kinetics result in low active material utilization, rapid

battery capacity decay, and terrible cycling stability [5–7].

Over the last decades, numerous researches have been car-

ried out to address the above issues. Based on the mechanism of

physical and chemical adsorption, various non-polar carbon ma-

terials [8,9], polar carbon materials [10–13], metal oxides [14,15]
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and sulfides [16,17] etc. are reported to suppress the shuttle ef-

fect. However, limited by the finite active adsorption sites and the

slow reaction kinetics of sulfur, such strategies cannot effectively

solve the problems of lithium–sulfur batteries [18]. In this situ-

ation, a great deal of studies on electrocatalysts have been re-

ported based on the mechanism of catalytic conversion in the do-

main of lithium–sulfur batteries. As the role of lithium–sulfur elec-

trocatalysts, oxides [19–22], nitrides [23–25], phosphides [26,27],

transition metal dichalcogenide [28–30], and single-atom catalysts

[31,32] have been extensively studied. The electrocatalysts cannot

only effectively adsorb LiPSs but also facilitates the redox of the

active substance sulfur and suppress the shuttle effect [33]. Tran-

sition metal dichalcogenides have modest adsorption capacity and

excellent catalytic ability, so they have attracted the attention of

researchers [34,35]. Amongst them, transition metal selenides have

better electronic conductivity in comparison to sulfides, since sele-

nium has a weaker electronegativity than sulfur. At the same time,

transition metal selenides also have the merits of moderate affinity

for LiPSs and excellent catalytic performance [36]. Besides, it has

been reported that the phase structure will significantly affect the

activity of transition metal selenides in the HER and OER domains

https://doi.org/10.1016/j.cclet.2023.108263

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



R. Li, Z. Bai, W. Hou et al. Chinese Chemical Letters 34 (2023) 108263

Fig. 1. (a) Schematic diagram of the preparation processes for T-MoSe2 and H-

MoSe2. (b-d) HAADF-STEM image of T-MoSe2 and EDS analysis. (e) HRTEM images

of T-MoSe2.

[37–40]. Common phase structures of transition metal dichalco-

genides include 1T phase and 2H phase. The 1T phase have a much

better catalytic ability than the 2H phase due to its abundant ac-

tive sites and excellent electronic conductivity [41,42]. However, in

the domain of lithium–sulfur batteries, rare research has been re-

ported on the effect of selenide phase structures on the catalytic

performance.

In this paper, we synthesized 1T-rich MoSe2 nanosheets and

2H-rich MoSe2 nanosheets and used them to functionalize sepa-

rators. The effect of the phase structure of MoSe2 were explored

on the adsorption of LiPSs and the catalytic conversion perfor-

mance. Electrochemical tests and battery performance prove that

T-MoSe2 nanosheets not only present stronger chemical affinity to

LiPSs but also display better redox kinetics for LiPSs with the com-

parison of H-MoSe2 nanosheets. In addition, in-situ Raman spec-

troscopy as well as XPS found that T-MoSe2 effectively captures

LiPSs through the formation of Mo-S and Li–Se bonds, and simul-

taneously achieves fast catalytic conversion of LiPSs. Attributed to

the superiorities of T-MoSe2, the lithium–sulfur batteries with T-

MoSe2 functionalized separator delivers wonderful cycling stabil-

ity, with a capacity decay rate as low as 0.065% over 400 cycles

at 1 C. This work offers a new perspective for the application

of 1T phase transition metal dichalcogenides in high performance

lithium–sulfur batteries.

Using the selenium powder as selenium source and the sodium

molybdate as molybdenum source, MoSe2 nanosheets were syn-

thesized via a simple one-step hydrothermal approach under

the action of a strong reducing agent, hydrazine hydrate (Fig.

1a). MoSe2 nanosheets with different 1T phase contents, MoSe2
nanosheets rich 1T phase (T-MoSe2) and nanosheets rich 2H phase

(H-MoSe2), were obtained by adjusting the synthesis tempera-

ture. The morphology and structural information of the MoSe2
nanosheets were investigated by SEM and TEM. It is apparent that

T-MoSe2 exhibits a hierarchical architecture with the size of 100–

200 nm comprising numerous nanosheet with the thickness of ap-

proximately 10 nm (Figs. S1 and S2 in Supporting information).

Moreover, EDS indicates uniform distribution of Se and Mo ele-

ments, and the atomic ratio is roughly 2:1 (Figs. 1b-d and Fig.

S3 in Supporting information). To further characterize the crystal

structure, selective area electron diffraction (SAED) was performed.

The diffraction rings with the radii of 0.17, 0.27 and 0.77 nm corre-

spond to (110), (100), (002) crystal planes of the T-MoSe2, respec-

tively (Fig. S4 in Supporting information). The slightly larger (002)

and (110) crystal plane spacing of T-MoSe2 compared to the stan-

dard 2H MoSe2 crystal plane spacing are probably closely linked to

the existence of 1T-phase MoSe2 [37,42]. To further demonstrate

the existence of the 1T phase state, high-resolution transmission

electron microscopy was performed. Note that the two observed

different atomic arrangements correspond to two different phases

of 1T and 2H for T-MoSe2 respectively (Fig. 1e). The Mo atoms of

1T phase exhibit an octahedral or trigonal antiprismatic symmetry

coordination, while the 2H phase display trigonal prismatic coordi-

nation [43,44]. The above phenomena all indicate that two phases

of 1T and 2H co-existence in T-MoSe2. It is noteworthy that H-

MoSe2 has a similar morphology and crystal structure to T-MoSe2,

which allows us to directly compare the differences in catalytic

performance due to phase differences (Figs. S5-S7 in Supporting

information).

The XRD was performed to examine the crystal structure of the

synthesized MoSe2 nanosheets. As clearly displayed in Fig. 2a, the

H-MoSe2 diffraction peaks located at 12.5°, 31.9°, 37.4° and 56.5°
can be attributed to the (002), (100), (103) and (110) crystal planes

of the standard 2H phase MoSe2 (PDF#29-0914), respectively. Due

to taking hydrothermal method, the samples exhibit poor crys-

tallinity. Furthermore, the presence of (103) diffraction peaks sug-

gests that H-MoSe2 is enriched with 2H-phase MoSe2. The diffrac-

tion peak corresponding to the (002) crystal plane of T-MoSe2
shifts left and the diffraction peak corresponding to the (100) crys-

tal plane of T-MoSe2 shifts right compared with H-MoSe2, which

is in congruent with the previous reports of the existence of 1T

phase MoSe2 [45,46]. According to Bragg’s equation, the (002) layer

spacing of T-MoSe2 is 0.77 nm, which fits well the 0.77 nm layer

spacing obtained by SAED results (Fig. S4 in Supporting informa-

tion), and is more than the layer spacing of the standard 2H phase

MoSe2. Raman spectroscopy is a nondestructive tool, which could

be used to analyze the phase state of T-MoSe2 and H-MoSe2 (Fig.

2b). The H-MoSe2 exhibits characteristic Raman peak of the 2H

phase at 240 cm−1, corresponding to the A1g mode of the 2H

phase. At the same time, both T-MoSe2 and H-MoSe2 have two

characteristic Raman peaks of the 1T phase at 198 and 288 cm−1,

which correspond to the J1 and E12g vibration modes [42,47]. This

phenomenon indicates that T-MoSe2 contains abundant 1T phase

MoSe2.

Then, the surface chemical bonding of H-MoSe2 and T-MoSe2
nanosheets was examined by XPS. The peaks at 53.5 and 54.9 eV

are from Se 3d5/2 and Se 3d3/2 of the 1T phase, while the peaks at

54.1 and 55.3 eV are from Se 3d5/2 and Se 3d3/2 of the 2H phase

[43,44]. The co-existence of 1T and 2H phases is further demon-

strated in Fig. 2c and Fig. S8 (Supporting information) [35]. As il-

lustrated in Figs. 2d and e, the peaks at 228.5 and 231.6 eV are

ascribed to Mo 3d5/2 and Mo 3d3/2 of 1T-MoSe2, and the weaker

peaks at 228.9 and 232 eV are relevant to Mo 3d5/2 and Mo 3d3/2

of 2H-MoSe2, separately. According to XPS analysis results, the con-

tent of different phases can be obtained by the area of different

types of peaks [41,42]. The results display that only 22.18% of 1T

phase MoSe2 in H-MoSe2, and 50.59% 1T phase MoSe2 in T-MoSe2,

which was consistent with XRD and Raman results (Fig. 2f).

The efficient trapping of LiPSs by adsorption is of great signif-

icance for effectively suppressing the shuttle effect and facilitat-

ing the catalytic conversion of LiPSs. Visual LiPSs absorption ability

test was conducted. It can be seen that the Li2S6 electrolyte with

T-MoSe2 had the lightest color, followed by H-MoSe2 (Fig. 3a). The

UV–visible spectroscopy revealed that T-MoSe2 showed the weak-

est absorption peak. This is due to the stronger chemisorption be-

tween T-MoSe2 and LiPSs. During the discharge process, the sul-

fur cathode is composed of two reaction processes: liquid phase

reaction and liquid–solid reaction, which contribute 1/4 and 3/4

of the specific discharge capacity, respectively [33]. To assess the

catalytic effect of T-MoSe2 and H-MoSe2 on the liquid phase reac-

tion process, the two materials and CNT mixture were scraped on

aluminum foil as sulfur-free cathodes, and Li2S6 symmetrical cells

were assembled to test the CV curves respectively. To remove the

influence of CNTs on the symmetrical CV test results, the symmet-
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Fig. 2. (a) XRD patterns of T-MoSe2. (b) Raman spectra of the obtained T-MoSe2 and H-MoSe2. (c) XPS spectra of Se 3d regions of T-MoSe2. XPS spectra of Mo 3d regions of

(d) T-MoSe2 and (e) H-MoSe2. (f) Ratios of 1T and 2H phases of T-MoSe2 and H-MoSe2.

Fig. 3. (a) Comparative photo and UV–visible spectroscopy after 12 h of static adsorption of Li2S6. (b) CV curves of Li2S6 symmetric cells employing T-MoSe2, H-MoSe2 and

CNT, respectively. (c-e) Potentiostatic discharge current-time curves and the corresponding capacity of Li2S precipitation. (f) Schematic illustration of the reaction processes

from S8 to Li2S2/Li2S on T-MoSe2 and H-MoSe2.

rical CV curves of pure CNT electrodes were also tested. As shown

in Fig. 3b, the response value of the redox current is T-MoSe2>H-

MoSe2>CNT, which suggests that T-MoSe2 has the stronger cat-

alytic ability on the liquid phase reaction. The impedance of the

symmetric cell was tested to study the interfacial charge trans-

fer behavior. As shown in Fig. S9 (Supporting information), the

T-MoSe2 symmetric cell has a smaller charge transfer impedance

compared with the H-MoSe2 symmetric cell. The reason is that T-

MoSe2 had a higher content of 1T phase MoSe2 with high elec-

tronic conductivity, which can contribute more electrocatalytic ac-

tive sites and promote the liquid phase catalytic conversion of

LiPSs [48]. The liquid-solid reaction has slower kinetics than the

liquid phase reaction process, and is the step that determines the

reaction rate of the sulfur cathode. To evaluate the catalytic effect

of CNT, T-MoSe2 and H-MoSe2 on the liquid-solid reaction process,

potentiostatic discharge was conducted to examine the nucleation

behaviors of Li2S on various hosts (Figs. 3c-e). The three materi-

als all reached the peak value of the current approximately 1000 s,

but the capacity of Li2S precipitation was very different. The Li2S

on nucleation capabilities were 188.30, 208.53 and 256.46 mAh/g

of CNT, H-MoSe2 and T-MoSe2, respectively. The above experimen-

tal results demonstrate that T-MoSe2 nanosheets significantly ac-
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celerate the liquid phase transformation of LiPSs and the Li2S nu-

cleation process compared with the H-MoSe2 nanosheets. The suc-

cessive reduction processes from S8 to Li2S2/Li2S on T-MoSe2 and

H-MoSe2 is schematically illustrated in Fig. 3f.

Recently, the construction of functional separators is also con-

sidered as an effective way to suppress the shuttle effect and im-

prove the kinetics of lithium–sulfur chemistry, which is more eco-

nomical and convenient than the precise design and construction

of sulfur cathode to obtain the results in line with the commer-

cial demand [33,49,50]. Therefore, we used a simple blade coating

process to prepare functional membranes by loading T-MoSe2, H-

MoSe2 and CNT on PP separators respectively. As shown in Fig. S10

(Supporting information), the three materials are uniformly cov-

ered on the PP separator, and at the same time, the functional-

ized separators loaded with different materials all show good flex-

ibility and stability, and the slurry will not crack and fall off in

the situation of bending. SEM was applied to characterize the sur-

face morphologies of the three functionalized separators. The mi-

croscopic morphologies of the three functionalized separators are

basically the same, and the surfaces are relatively flat. The exposed

PP separator was not visible even when zoomed in to the microm-

eter scale. The cross-sections of the three functionalized separa-

tors were observed by SEM, and the coating thicknesses of the

three functionalized separators were about 4–5 μm. The electrocat-

alytic material loading of the functionalized separators were also

controlled to be approximately 0.2 mg/cm2. The three functional-

ized separators had good structural consistency, which eliminated

the influence of structural differences on electrochemical perfor-

mance (Figs. S11-S13 in Supporting information). DFT theoretical

calculation results show that 1T phase MoSe2 and LiPSs neutral

molecules have higher binding energy (Fig. S14 in Supporting in-

formation) and recent studies show that LiPSs are mainly present

as Li2Sn molecules in ether-based electrolytes [51,52], and that the

polysulfide anions are rarely present. It can be predicted that T-

MoSe2 functionalized separator can effectively block LiPSs. The H-

cell-type tests showed that no obvious Li2S6 penetration was ob-

served in the T-MoSe2 functionalized separator after 3 h, compared

with the other two functionalized separators (Fig. S15 in Support-

ing information). We examined the ionic conductivity (σ ) and Li

ion transference number (tLi+ ) of different functionalized separa-

tors. (Figs. 4a-c and Fig. S16 in Supporting information). The σ of

CNT, H-MoSe2 and T-MoSe2 functionalized separators is calculated

to be 0.22, 0.28 and 0.32 mS/cm at 25 °C, respectively. The tLi+
of T-MoSe2, H-MoSe2 and CNT functionalized separators is 0.363,

0.323 and 0.251, respectively. These results indicate that the Li–S

batteries with T-MoSe2 functionalized separators will have better

rate performance [53].

To demonstrate the practical effect of different phases on

MoSe2 electrocatalysts, the lithium–sulfur full batteries with H-

MoSe2, T-MoSe2, and CNT functionalized separators, respectively,

were assessed in CR2025-type coin cells. The CV curves recorded

in the voltage range of 1.7–2.8 V at a scan rate of 0.1 mV/s. There

are two typical cathodic peaks at 2.3–2.4 and 1.9–2.1 V, which cor-

respond to the successive reduction reaction from S8 to long-chain

LiPSs (Li2Sx (4 ≤ x ≤ 6)) and then to Li2S2/Li2S, respectively. Mean-

time, the anodic peak at approximately 2.4 V is allocated to Li2S

oxidation (Fig. 4d). It is worth noting that the cells based on the

T-MoSe2 functionalized separator exhibits the largest response cur-

rent and the lowest polarization voltage compared to T-MoSe2 and

CNT functionalized separators. This phenomenon indicates that the

increase of 1T phase content in MoSe2 can significantly facilitate

the redox reaction of sulfur. The electrocatalytic performance of

the material can be measured by the Tafel slope [54–56]. Analyzing

of the first stage of the reduction reaction, the Tafel slopes for CNT,

H-MoSe2 and T-MoSe2 batteries are 59.6, 57.2 and 56.3 mV/dec

(Fig. 4f). The Tafel slopes of CNT, H-MoSe2, T-MoSe2 batteries for

the oxidation process are 81.3, 77.1, 64.3 mV/dec (Fig. 4e). The T-

MoSe2 battery displays the minimum Tafel slope in the reduction

and oxidation reactions, so the T-MoSe2 functionalized separator

battery has the most outstanding electrocatalytic performance. In

addition, the Randles-Sevcik equation is shown below. The lithium-

ion diffusion coefficient (DLi+ ) can be acquired via measuring the

CV curves at different sweep rates [57,58].

Ip = (2.65 × 105)n1.5Av0.5CLi+D
0.5
Li+ (1)

where A represents area of electrode, n represents charge trans-

fer number, ν represents scan rate, CLi+ represents concentration

of Li+ and Ip represents peak current. The fitted curves of the

T-MoSe2 functionalized separator are steeper for all redox peaks,

which correspond to the largest DLi+ during electrochemical re-

actions (Figs. 4g and h, Fig. S17 in Supporting information). This

result suggests that T-MoSe2 with a higher 1T phase content

has a higher diffusion coefficient of lithium ions. Electrochemical

impedance spectroscopy (EIS) testing was performed on lithium–

sulfur batteries based on CNT, H-MoSe2 and T-MoSe2 functional-

ized separator, when the batteries were 100% state of charge. The

plots were analyzed with the help of the equivalent circuit mod-

eling (Fig. 4i). In this sense, Zw represents the Warburg element

and Rs represents the resistance of the electrolyte. The sloping

line in the low-frequency region corresponds to ion diffusivity and

the semicircle in the high-frequency region reflects charge-transfer

impedance [59]. Note that the lithium–sulfur batteries with T-

MoSe2 functionalized separator harvests the lowest charge-transfer

resistance value (Table S2 in Supporting information). The conclu-

sion indicates that the rise in 1T phase content is benefit to elec-

tron transfer.

The rate capabilities of the batteries based on CNT, H-MoSe2
and T-MoSe2 functionalized separators are shown in Fig. 5a. The

battery with T-MoSe2 functionalized separator demonstrates out-

standing rate performance with the capacities of 1231.2, 966.3,

876.7, 813.7 and 770.1 mAh/g at 0.2, 0.5, 1.0, 2.0 and 3.0 C, re-

spectively. Note that the CNT and T-MoSe2 functionalized sepa-

rator exhibit lower capacity at the same rate. Particularly when

the rate reaches 3C, CNT and H-MoSe2 functionalized separators

only maintain the specific capacities of 562.9 and 654.3 mAh/g.

A further analysis of charge-discharge profiles (Fig. 5b and Fig.

S19 in Supporting information) show that the T-MoSe2 function-

alized separator has the smallest overpotential and a flatter volt-

age plateau. The overpotential of the T-MoSe2 functionalized sep-

arator at 0.2, 0.5, 1, 2 and 3 C are 0.166, 0.203, 0.273, 0.409 and

0.533 V, respectively (Fig. 5c). These results demonstrate that T-

MoSe2 has a superior electrocatalytic capacity for LiPSs. Fig. 5f

shows the cycle stability of these functionalized separators at 1

C. The T-MoSe2 functionalized separator acquires a high initial

discharge capacity of 845.9 mAh/g and holds a high capacity of

599.5 mAh/g after 400 cycles. In comparison, CNT and H-MoSe2
functionalized separators obtain an initial discharge capacity of

834.2 and 772.5 mAh/g, separately. After 200 cycles, only the ca-

pacity of 552.5 and 508.2 mAh/g have left respectively. The high-

voltage plateau capacity QH (S8-Li2S4) and the low-voltage plateau

capacity QL (Li2S4–Li2S/Li2S2) together constitute the entire dis-

charge capacity. Note that the T-MoSe2 functionalized separator

has the maximum values of QH and QL (Fig. 5d), suggesting that

the T-MoSe2 can validly accelerate the electrochemical conversion

of LiPSs, thus bringing improvement in the utilization of sulfur.

Previous studies have shown that the long-term cycling sta-

bility of lithium–sulfur batteries is strongly dependent on lithium

anode protection [60,61]. With the help of SEM, we investigated

the morphology of the lithium anode after cycling. In comparation

with the lithium anode corresponding to CNT and H-MoSe2 func-

tionalized separator, the lithium anode corresponding to T-MoSe2
functionalized separator is relatively flat (Fig. S21 in Supporting in-
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Fig. 4. (a) Nyquist plots of stainless steel sheet symmetric cells with CNT, H-MoSe2 and T-MoSe2 functionalized separators. Current-time curves for the cells with (b) T-MoSe2
and (c) H-MoSe2 functionalized separators. (d) CV curves of T-MoSe2, H-MoSe2 and CNT functionalized separators at 0.1 mV/s. Tafel plots of (e) the peak A and (f) peak C1.

The linear relationship between peak current and square root scan rate for (g) peak A and (h) peak C2 in three functionalized separators, respectively. (i) Nyquist plots of

batteries with different functionalized separators.

Fig. 5. (a) The rate capabilities of the T-MoSe2, H-MoSe2 and CNT functionalized separators. (b) Corresponding charge–discharge profiles of T-MoSe2 functionalized separators.

(c) Polarization at various rates. (d) The capacity contribution of the high plateau and the low plateau at 1 C. (e) Cycling performance of T-MoSe2 functionalized separator

with raised sulfur loadings at 0.1 C. (f) Ultralong cycling performance the T-MoSe2, H-MoSe2 and CNT functionalized separators.
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Fig. 6. In-situ Raman spectra of the (a) H-MoSe2 and (d) T-MoSe2 functionalized separator. Voltage–capacity curves corresponding the (b) H-MoSe2 and (e) T-MoSe2 func-

tionalized separator. The corresponding contour curves of (c) H-MoSe2 and (f) T-MoSe2 functionalized separator. (g) XPS spectra of Se 3d regions of T-MoSe2 in different

states of charge. (h) XPS spectra of Mo 3d regions of T-MoSe2 in different states of charge.

formation). This is because the T-MoSe2 functionalized separator

contains more 1T phase, so it has more efficient adsorption and

catalytic conversion performance of LiPSs. Therefore, the T-MoSe2
functionalized separator effectively suppresses the shuttle effect of

LiPSs. In the consideration of the commercialization of lithium–

sulfur batteries, it is crucial to study lithium–sulfur batteries under

lean liquid and high sulfur loading conditions [62,63]. The cycling

performance of the T-MoSe2 functionalized separator with the sul-

fur load of 3.8 and 5.4 mg/cm2 were measured (Fig. 5e). The bat-

teries with a sulfur loading of 3.8 mg/cm2 and an E/S ratio of about

10 μL/mg sulfur provided an initial discharge specific capacity of

854.3 mAh/g at 0.1 C current density. The high sulfur loading bat-

tery maintained a discharge specific capacity of 655.2 mAh/g af-

ter 100 cycles. With the sulfur loading of 5.4 mg/cm, the cell had

an initial discharge specific capacity of 706.6 mAh/g at 0.1 C, and

still retained a specific capacity of 471.3 mAh/g after 100 cycles. At

the same time, the batteries with T-MoSe2 functionalized separa-

tors still provide stable cycling performance with the E/S ratio of

4.8 μL/mg (Fig. S22 in Supporting information). These experimen-

tal results can be attributed to the efficacious enhancement of the

catalytic conversion of LiPSs by T-MoSe2.

With the assistance of in-situ Raman spectroscopy, we moni-

tored the evolutions of LiPSs in the neighborhood of the function-

alized separator in real time. Figs. 6a-c correspond to the Raman

test results, voltage-time curves and corresponding contour plots

of H-MoSe2 when charged and discharged at a rate of 0.1 C, respec-

tively. In the initial stage of discharge, a clear S8/S8
2− signal can

be detected at 475 cm−1. At the same time, the peaks of S6
2−/S42−

and S4
2−/S32− can be observed near 400 and 455 cm−1. As the

discharge progresses, the peak intensities of S6
2− and S4

2− grad-

ually decrease, indicating that the long-chain LiPSs to short-chain

LiPSs occurred at this stage, while S8 maintained a high peak in-

tensity, indicating that the H-MoSe2 functionalized separator failed

to catalyze the conversion of polysulfides well. However, in the T-

MoSe2 functionalized separator (Figs. 6d-f), no obvious peak sig-

nals of S6
2−/S42− and S4

2−/S32− were detected, and the peak in-

tensity of S8 was also lower, which indicated that the T-MoSe2
functionalized separator could effectively catalyze the conversion

of LiPSs. The phenomenon during charging were similar to dis-

charging. The above phenomena suggest that the T-MoSe2 with

abundant 1T phase can efficaciously accelerate the redox kinetics

of LiPSs, inhibit the shuttle effect, and raise the utilization of sul-

fur.

To further reveal the electrocatalytic mechanism of T-MoSe2
nanosheets during the discharge process, the T-MoSe2 nanosheets

at different SOCs were investigated by means of XPS (Figs. 6g and

h). The characteristic peaks located at 228.5 and 231.6 eV are at-

tributed to MoSe2 of 1T phase, while the characteristic peaks of

228.9 and 232 eV are attributed to the characteristic peaks of 2H

phase. The characteristic peak located at about 233.3 eV, corre-

sponding to the characteristic peak of Mo6+, is due to the in-

evitable oxidation during the disassembly of the battery to test

XPS. At different SOCs, we were able to observe the Mo-S bonds

and Li-Se bonds [48], which contributed to the efficient adsorp-

tion of LiPSs by T-MoSe2 nanosheets. In previous reports [48], the

phase transition phenomenon of MoSe2 during sulfur cathode dis-

charge stage was reported. However, quantitative studies of 2H to

1T are lacking. As mentioned above, the 1T phase content of T-

MoSe2 is 50.59% while the 1T phase content of H-MoSe2 is 22.18%.

Our results show that the 1T phase content of T-MoSe2 increases

by about 20% during sulfur cathode discharge stage, and the 1T

phase content decreases by about 17% during charge stage. Af-

ter a complete charge-discharge process, the 2H to 1T phase vari-

able is only about 3% (Fig. S23 in Supporting information). Sim-

ilarly, we find that the 1T phase content of H-MoSe2 increases

by about 13% during sulfur cathode discharge stage and decreases

by about 11% during charge stage. After a complete charge- dis-

charge process, the 2H to 1T phase variable was only about 2%
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(Fig. S27 in Supporting information). During the charge-discharge

process, T-MoSe2 always maintains a higher 1T phase content than

H-MoSe2, which contributes to the catalytic conversion of poly-

sulfides. Therefore, lithium–sulfur batteries with T-MoSe2 func-

tionalized separators exhibit more superior electrochemical perfor-

mance.

In conclusion, we successfully synthesized 1T phase-rich

MoSe2 (T-MoSe2) nanosheets and 2H phase-rich MoSe2 (H-MoSe2)

nanosheets to research the effect of phase structure on the cat-

alytic conversion. Compared with H-MoSe2, the T-MoSe2 have

stronger adsorption capacity and catalytic conversion ability in sul-

fur redox reactions. With the help of in-situ Raman and XPS, we

found that the T-MoSe2 functionalized separator can adsorb LiPSs

through Mo–S and Li–Se bonds, and facilitating the catalytic con-

version of LiPSs to effectively suppress the shuttle effect. Benefiting

from the superiority of T-MoSe2, the lithium–sulfur batteries with

T-MoSe2 functionalized separator exhibit superior cycling stability

(the capacity decay rate of only 0.065% during 400 cycles), and

outstanding rate capacity (770.1 mAh/g under 3 C). This research

provides a new perspective for designing highly efficient lithium–

sulfur batteries based on selenide electrocatalysts.
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