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Abstract Metal-sulfur/selenium batteries have become

the focus of new-generation energy storage systems due to

the advantages of low-cost and high energy density.

However, it still suffers from the notorious shuttle of

polysulfides/polyselenides, poor electronic conductivity

and tremendous volume expansion. Herein, a dual defense

system for polysulfides/polyselenides was proposed and

constructed based on MXene. The nitrogen-doped porous

carbon (NPC) decorated by Ti3C2Tx MXene (M@NPC)

was employed as the SeS2 host (SeS2@M@NPC). Partic-

ularly, Ti3C2Tx sheets wrapped on NPC guarantee the rapid

ion diffusion and serve as the first barrier for SeS2 and

dissolved sodium polysulfides/polyselenides. Meanwhile,

the few-layered Ti3C2Tx sheets coated on glass fiber sep-

arators act as the second barrier for alleviating the shuttle

of polysulfides/polyselenides through physical interception

and chemical adsorption. With this elaborate design, the

integrated Na-SeS2 battery achieves a high specific

capacity of 1243 mAh�g-1 at 1.0C, revealing a distinct

superiority over its counterparts (SeS2@M@NPC, 1083

mAh�g-1 at 0.5C; and SeS2@NPC, 823 mAh�g-1 at 0.5C).

The findings gained in this work provide a creative idea for

the construction of durable room-temperature Na-SeS2
batteries based on MXenes and their derivative materials.
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Room temperature (RT) Na-SeS2 batteries

1 Introduction

Lithium-ion batteries (LIBs) that commonly used in

portable electronic equipment are unable to meet the

requirements of grid-scale energy storage systems and

long-range electric vehicles. Under this occasion, room

temperature sodium-sulfur (room temperature (RT) Na-S)

batteries whose theoretical specific capacity and energy

density far surpass those of LIBs have aroused extensive

interests from scientific researchers [1, 2]. Sodium com-

pounds are more thermodynamically stable than lithium,

which are considered to be advantageous features when

designing batteries. Moreover, sodium and sulfur possess

additional advantages of non-toxicity, resource-rich and

low-cost [3, 4]. Therefore, it is imperative to develop RT

Na-S batteries.

However, RT Na-S batteries suffer from the sluggish

electrochemical reaction kinetics, because the solid sulfur

is insulated and displays a low reactivity with sodium.

Moreover, the solid sulfur would undergo tremendous

volume expansion during charge/discharge. Worst of all,

the notorious shuttle effect of polysulfides leads to serious

loss of active materials, thereby fading the capacity [5].

Accordingly, some progress has been made by researchers

to alleviate these troublesome issues. For instance, a
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railway-like network electrode was designed for develop-

ing Na-S battery by Yang et al. [6] and a dual-porosity

carbon matrix was prepared by Liu et al. [7] as sulfur host.

In particular, Selenium-sulfur solid solutions (SexSy) are

capable to address the above problems. SexSy is a kind of

cathode materials with varied proportions of Se-S, com-

bining the high conductivity of Se with the high specific

capacity of S, which possess improved electronic conduc-

tivity and enhanced reaction kinetics [8]. SeS2 was widely

employed in Li-SeS2 and Na-SeS2 batteries, since the first

report from Amine’s group in 2012 [9–12]. Despite this,

the shuttle of soluble long-chain sodium polysulfides/pol-

yselenides (Na2Sx, Na2Sex, 4 B x B 8) continues to be a

challenge for this battery system. As shown in Fig. 1a, in

common configuration, the diffusion of soluble long-chain

sodium polysulfides/polyselenides would inevitably lead to

loss of active materials and unwanted redox reactions on

the surface of metallic sodium.

Owing to the high electronic conductivity and abundant

active sites, MXene has been developed continuously with

a focus on energy storage, electromagnetic interference

shielding, environmental, sensor and biomedical fields

since it was first discovered in 2011. Furthermore, it has

been reported that MXene can help promote the

chemisorption of polysulfides through forming Ti–S bonds

via Lewis acid–base interaction, a favorable feature for

improving electrochemical performances of Li/Na-S bat-

teries [13, 14]. For example, Wu and co-workers reported

an all-MXene-based integrated electrode to enable high-

performance Li–S batteries [15].

However, even though some strategies were adopted in

cathode, a few escaped polysulfides/polyselenides still step

over the separator and enter the anode area during cycling.

More importantly, the safety of Na-SeS2 battery will be

threatened with the formation of sodium dendrites and

undesirable reactions between Na and polysulfides/

polyselenides [16]. Therefore, according to the configura-

tion of the Na-SeS2 battery, it is a feasible strategy to

design an intermediate layer on the separator of cathode-

side as effective barrier and reservoir for polysilfides/

polyselenides.

Herein, we designed a dual defense system based on

MXene to inhibit the shuttle of polysulfides/polyselenides

in Na-SeS2 batteries. Firstly, nitrogen-doped porous carbon

(NPC) derived from zeolitic imidazolate framework (ZIF)-

8 provides the storage space for SeS2, while Ti3C2Tx-

MXene decorated on the surface of NPC enhance the

conductivity of the cathode and thus guarantee rapid ion

diffusion. This hierarchical composite (M@NPC) serves as

the-first-barrier to retard the dissolution of SeS2 and the

shuttle of dissolved sodium polysulfides/polyselenides.

Additionally, the few-layered Ti3C2Tx sheets were uni-

formly scattered on the separator to act as interlayer, which

is the second helper for preventing the shuttle of over-

flowed polysulfides/polyselenides, as illustrated in Fig. 1b.

Consequently, the dual defense system can effectively

resist the shuttle of polysulfides/polyselenides and the Na-

SeS2 battery delivers a high specific capacity and remark-

able rate capability.

2 Experimental

2.1 Synthesis

2.1.1 Synthesis of nitrogen-doped porous carbon
derived from ZIF-8 (NPC)

In a typical procedure, 0.72 g Zn(NO3)2�6H2O was dis-

solved in deionized water with magnetically stirring as

uniform Solution A. Meanwhile, 10.8 g 2-methylimidazole

was added into 100 ml deionized water and ultrasonically

Fig. 1 Schematic diagrams of a a common Na-SeS2 battery and b a Na-SeS2 battery based on SeS2@M@NPC cathode and
Ti3C2Tx-modified glass fiber separator



dispersed for 10 min as Solution B. After adding Solution

A into Solution B, the mixture was aged for 12 h at room

temperature. Finally, the white precipitate was collected by

centrifuging and thoroughly rinsed with deionized water

and ethanol several times. After drying at 60 �C overnight,

the as-synthesized product was treated at 800 �C for 2 h

with a ramp rate of 2 �C�min-1 in Ar atmosphere. After

carbonization, the black powder was soaked in

hydrochloric acid (HCl) solution (6 mol�L-1) to remove

the remaining zinc. The NPC was obtained by vacuum

filtration and thoroughly washed with deionized water, and

dried at 60 �C for 12 h.

2.1.2 Synthesis of few-layer MXene-Ti3C2Tx sheets

The few-layer sheets were prepared by etching Ti3AlC2

with HCl and LiF. In detail, 1 g LiF was dissolved in 20 ml

HCl solution. When it was completely dissolved, 1 g

Ti3AlC2 was soaked in the above solution and kept at

35 �C for 24 h. Subsequently, centrifuging the suspension

until the pH reached * 7. Then, the precipitate was dis-

persed into 200 ml deionized water and ultrasonic treated

for 3 h. Whereafter, the solution was centrifuged with

3500 r�min-1 for 30 min to obtain the few-layered Ti3C2Tx

sheets, which was stored in the refrigerator for further use.

2.1.3 Synthesis of nitrogen-doped porous carbon
coated with MXene (M@NPC)

Typically, 40 mg NPC was dispersed with ultrasonic in

200 ml deionized water. Meanwhile, the prepared Ti3C2Tx

solution was diluted to 1 mg�ml-1. After 20 min, the above

two solutions were mixed and stirred at room temperature

for 24 h, filtered and dried to obtain M@NPC.

2.1.4 Synthesis of SeS2@M@NPC

M@NPC and SeS2 were mixed and ground in a weight

ratio of 2:3. The mixture was then placed in a ceramic boat

and annealed at 180 �C for 12 h in a tube furnace to

acquire the final SeS2@M@NPC. The SeS2@NPC could

also be obtained by the same process.

2.1.5 Synthesis of Na2S4/Na2Se4

The Na2S and SeS2 powders were added to 10 ml 1,3-

dioxolane (DOL) and diethylene glycol dimethyl ether

(DIGLYME) mixed solvent (1:1 vol%) with a molar ratio

of 1:1. Then, it was stirred at 60 �C for 8 h to obtain

0.5 mmol�L-1 Na2S4/Na2Se4 mixed solution.

2.2 Characterization

The morphology was explored by field emission scanning

electron microscopy (FESEM, JSM-7800F, Japan) and

transmission electron microscopy (TEM, JEM-2100,

Japan). Composition of the products was analyzed by

energy dispersive spectroscopy (EDS, JEOL-6300F). The

crystal structures were recorded through X-ray diffraction

(XRD, MAXima-X XRD-7000, Cu Ka radiation,

k = 0.15416 nm). HR Evolution (Horiba) with 532 nm

laser was used to collect Raman spectrum. In-situ Raman

spectrum was recorded by jointing EL-CELL (Germany)

and electrochemical workstation. The specific surface area

and pore volume were measured by Brunauer–Emmett–

Teller method (BET, Quadrasorb Evo 2QDS-MP-30). The

sulfur content was acquired from thermo-gravimetric

analysis (TGA, Q50, USA) under nitrogen atmosphere. The

elemental composition of the material was tested by X-ray

photoelectron spectroscopy (XPS, ESCALAB 250Xi elec-

tron spectrometer, Thermo Scientific). The charge of

materials was measured by the Zeta potential instrument

(Zetasizer Nano ZS90, Malvern).

2.3 Electrochemical measurements

CR 2032 cells were assembled to test electrochemical

performance. The working electrodes were fabricated by

slurry coating method, which was made by mixing 70 wt%

SeS2@M@NPC, 20 wt% of acetylene black (AB) and 10

wt% of polyvinylidene difluoride (PVDF) in

N-methylpyrrolidone (NMP). After mixing uniformly, the

slurry was pasted on the aluminum foil and then dried in

vacuum at 60 �C overnight. The loading of SeS2 on each

electrode was around 0.5 mg�cm-2. The sodium metal was

used as the counter electrode. The separators were glass

fiber membranes (Whatman GF/A) coated with that of

Ti3C2Tx sheets, which were obtained by coating the slurry

of 80 wt% of Ti3C2Tx and 20 wt% of PVDF followed by

drying at 120 �C under vacuum for 12 h. The electrolyte

used was 1.0 NaPF6 dissolved in DOL and DIGLYME (1:1

vol%). All specific capacity calculations were based on the

mass of SeS2 (1.0C refers to a current density of

1345 mA�g-1). The cells were cycled at various current

densities between 0.5 and 2.8 V on a Land battery test

system (CT2001A, Wuhan Kingnuo Electronic Co.,

China). Cyclic voltammetry (CV) curves were recorded by

CHI 760E (Shanghai Chenhua, China) with a scan rate of

0.1 mV�s-1. Electrochemical impedance spectroscopy

(EIS) test was performed by Zahner electrochemical

workstation.



3 Results and discussion

A schematic preparation of the hierarchical

SeS2@M@NPC composite is illustrated in Fig. S1. First,

NPC was synthesized using zinc nitrate hexahydrate and

2-methylimidazole followed by a high-temperature car-

bonization at 800 �C and soaking with hydrochloric acid.

The NPC inherits the dodecahedron morphology of the

precursor and possesses an average particle size of * 1.1

lm (Fig. S2). At the same time, few-layered Ti3C2Tx sheets

were obtained by etching the MAX phase with LiF and HF

according to the previous work [17]. As displayed in

Fig. 2a–c and Fig. S3a–c, the delaminated Ti3C2Tx sheets

present as light-weight and transparent flakes with an

impurity-free surface. The XRD pattern in Fig. S3d is

highly consistent with the reported literatures [18, 19].

Owing to the hydrophilic functional groups (–OH, –O, –

F, etc.) on the surface of Ti3C2Tx, the zeta potential of

Ti3C2Tx was negative, while the zeta potential of NPC was

detected to be positive (Fig. S4). Therefore, the M@NPC

composite (NPC wrapped with MXene) was successfully

prepared via the electrostatic self-assembly between the

negative-charged Ti3C2Tx and positive-charged NPC.

FESEM and TEM images of the as-prepared M@NPC

were displayed in Fig. 2d–f. The NPC polyhedras are tightly

embedded in and are perfectly connected by these conduc-

tive Ti3C2Tx sheets. Figure 2j shows the XRD pattern of

M@NPC, as compared with that of Ti3C2Tx-MXene. The

peak at a 2h degree of 6� corresponds to the (002) plane of

Ti3C2Tx and the peak around 24.3� is originated from the

amorphous carbon in NPC (the XRD pattern of NPC was

shown in Fig. S5). In addition, M@NPC exhibits similar

characteristic Raman peaks with pure Ti3C2Tx (Fig. 2k). The

XRD pattern (Fig. 2j) and Raman spectrum (Fig. 2k) both

indicate the successful preparation of M@NPC. The as-

prepared composite possesses a specific surface area of 50.8

m2�g-1 and pore volume of 0.18 cm3�g-1 (Fig. 2l).

The hierarchical structure comprising MXene and NPC

not only reduces the volume strain of SeS2 but also can

improve the conductivity of SeS2, which is beneficial to

increase the transportation of ions and electrons during

cycling, thus maximizing the utilization of active materials.

It is the first defense barrier to prevent the overflow of

sodium polysulfides/polyselenides (NaPSs and NaPSes).

Besides, the delaminated Ti3C2Tx sheets were also

coated on the glass fiber separators to further restrain

NaPSs/NaPSes, forming the second defense barrier. Fig-

ure 2g and inset are the FESEM and corresponding optical

photographs of the bare glass fiber separator. The com-

mercial glass fiber separator shows a loose and porous

Fig. 2 a, b FESEM and c TEM images of Ti3C2Tx sheets; d, e FESEM and f TEM images of M@NPC; g, h FESEM images of glass
fiber separator without and with Ti3C2Tx sheets coating (insets being corresponding optical photographs); i cross-sectional FESEM
image of glass fiber separator with coating; j XRD patterns and k Raman spectra of M@NPC composite and Ti3C2Tx; l BETadsorption/
desorption curves of M@NPC and inset being pore-size distribution curve



structure with pore diameters up to several microns, which

is easy for NaPSs/NaPSes to pass through. The FESEM

images after coating Ti3C2Tx sheets are presented in

Fig. 2h, i and Fig. S6. It is obvious that the holes are

completely covered by Ti3C2Tx sheets. The cross-sectional

image reveals that the thickness of the intermediate layer is

about 10 lm.

The SeS2@M@NPC electrode was finalized by the

infiltration of SeS2 into the interstice of M@NPC through a

melting-diffusion method. According to the TGA curve in

Fig. 3a, the SeS2 content in the M@NPC composite is

about 53 wt%, outperforming that in most studies (Fig. S7).

The XRD pattern of SeS2@M@NPC in Fig. 3b shows no

obvious signal compared to pure SeS2, which may be due

to the fact that SeS2 is located in the interior of the

M@NPC composite. However, the chemical bonding

information of SeS2 in this composite is successfully

detected by XPS. For example, in the high-resolution Se 3d

spectrum (Fig. 3c), two pairs of peaks at * 55.1/56.2

and * 55.7/56.5 eV correspond to the Se–Se homopolar

bonds and the Se–S heteropolar bonds, separately. Fur-

thermore, the high-resolution S 2p/Se 3p spectra in Fig. 3d

show three pairs of peaks located at 164.9/163.5, 167.6/

161.5 and 164.9/162.4 eV, which are assigned to S–S, Se–

Se and S–Se bonds respectively [20, 21]. In addition, the

specific surface area and pore volume of SeS2@M@NPC

Fig. 3 a TGA curve of SeS2@M@NPC; b XRD pattern of SeS2@M@NPC; high-resolution XPS spectra of c Se 3d and d S 2p/Se 3p;
e FESEM image and f EDS elemental mapping images of SeS2@M@NPC



significantly decrease to 8.83 m2�g-1 and 0.03 cm3�g-1

(Fig. S8). The remanent pores can suppress the volume

expansion of SeS2 during cycles. Through these analyses, it

is found that SeS2 is successfully diffused into the

M@NPC hierarchical structure. Figure 3e demonstrates

that the morphology of SeS2@M@NPC remains intact

after sulfur infiltration. The uniform distribution of Ti, C,

Se and S elements in the SeS2@M@NPC hybrid can also

be observed by the EDS mapping images in Fig. 3f.

Next, we conducted a pilot study on the electrochemical

performances and reaction mechanism of the

SeS2@M@NPC cathode. The room temperature Na-SeS2
battery was assembled with SeS2@M@NPC as the cathode

and Ti3C2Tx-modified glass fiber as the separator

(Ti3C2Tx//SeS2@M@NPC). Figure 4a is the comparison of

charge/discharge curves among Ti3C2Tx//SeS2@M@NPC,

SeS2@M@NPC and SeS2@NPC at a current rate of 0.5C.

The Ti3C2Tx//SeS2@M@NPC battery delivers the smallest

polarization and the highest discharge specific capacity of

1210 mAh�g-1. It is worth noting that the capacity

contribution of M@NPC is negligible under the same

conditions (Fig. S9).

The extraordinary superiority of the Ti3C2Tx//

SeS2@M@NPC electrode is further demonstrated by the

excellent rate capability, as shown in Fig. 4b. At various

current rates of 0.1C, 0.2C, 0.3C, 0.5C and 1.0C, discharge

capacities of 1092, 611, 573, 529 and 479 mAh�g-1 are

obtained, respectively. Notably, when the current rate goes

back to 0.1C, the capacity can return to the original value.

In contrast, capacities of SeS2@M@NPC and SeS2@NPC

decrease almost to 0 mAh�g-1 at 1.0C, proving the syn-

ergistic effect of the engineered SeS2@M@NPC electrode

and the Ti3C2Tx-modified separator. The well-reserved

voltage plateaus at high current rates (Fig. 4c) further

manifest the kinetics advantage of the integrated Ti3C2Tx//

SeS2@M@NPC battery.

Another appealing property of Ti3C2Tx//

SeS2@M@NPC is the outstanding cycling performance

(Fig. 4d). Remarkably, the Ti3C2Tx//SeS2@M@NPC inte-

grated battery delivers a discharge capacity of 1243

Fig. 4 a Voltage-capacity profiles at 0.5C; b rate performances of integrated Ti3C2Tx//SeS2@M@NPC, SeS2@M@NPC and
SeS2@NPC cathodes; c voltage-capacity curves at different current rates; d cycling performances of integrated Ti3C2Tx//
SeS2@M@NPC at 1.0C, SeS2@M@NPC and SeS2@NPC at 0.5C (inset being adsorption experiment of modified glass fiber
membrane to NaPSs/NaPSes); e Nyquist plots at open circuit potential before initial discharge; f corresponding plots of Z0 and x-1/2 in
low frequency of Ti3C2Tx//SeS2@M@NPC, SeS2@M@NPC and SeS2@NPC; g comparison of rate and h cycling performance
between previous literatures [8, 24–28] and this work



mAh�g-1 at 1.0C after 300 cycles with a low capacity

decay rate of 0.25% per cycle. In contrast, the

SeS2@M@NPC with the original glass fiber separator

displays a decay rate of 0.82% per cycle in 150 cycles and

the SeS2@NPC (SeS2 loading of * 45%, Fig. S10) has a

decay rate of 0.92% per cycle in 150 cycles. It is concluded

that the MXene coating layer can reduce the volume

expansion of SeS2 and alleviate the shuttle of NaPSs/

NaPSes. When further used as an intermediate layer,

Ti3C2Tx can adsorb the overflowed NaPSs/NaPSes, as

demonstrated by adsorption test in inset of Fig. 4d.

Furthermore, the kinetics difference among three cells

was probed. Figure 4e compares the electrochemical

impedance spectra (EIS) of these three batteries at open

circuit potential. The semicircle at high-frequency region

belongs to the charge transfer impedance (Rct) while the

oblique line at low-frequency area is related to the ion

diffusion impedance (Warburg impedance, Zw) [22, 23].

The Rct of Ti3C2Tx//SeS2@M@NPC (42 X) is obviously

lower than that of SeS2@M@NPC (49 X) and SeS2@NPC

(139 X). The fitted linear curve of Ti3C2Tx//

SeS2@M@NPC between Z0 (imaginary part) and x-1/2

(frequency) (Fig. 4f) displays the smallest slopes, which

indicates the greatest Na? diffusion coefficient (DNaþ)

according to the following formulas:

DNaþ ¼ R2T2

2n4F4d2wA
2C2

ð1Þ

Z 0 ¼ R0 þ dw x�1
2 ð2Þ

where R, T, n, F, A and C are on behalf of gas constant,

absolute temperature, number of electrons per molecule

during reaction, Faraday’s constant, surface area of the

work electrode, and Na? concentration, respectively. dw is

the slope of fitted results of Zw. Accordingly, the Na?

diffusion coefficients are calculated to be 3.74 9 10-12,

3.64 9 10-13 and 6.79 9 10-14 cm2�s-1 for Ti3C2Tx//

SeS2@M@NPC, SeS2@M@NPC and SeS2@NPC,

respectively. The above results are highly consistent with

the rate performance, indicating a rapid charge and mass

transfer process for Ti3C2Tx//SeS2@M@NPC. As com-

pared with some reported results [8, 24–28], the integrated

Ti3C2Tx//SeS2@M@NPC battery demonstrates outstand-

ing rate capability and cycle performance (Fig. 4g, h),

which illustrates the pivotal advantages in reducing the

internal resistance and preventing the shuttle effect.

The reaction mechanism during cycling was explored by

CV, ex-situ XRD and in-situ Raman spectra. Figure 5a is

the first CV curve in a voltage range of 0.5–2.8 V at a scan

rate of 0.1 mV�s-1. In the cathodic scanning, there are two

characteristic peaks at 2.06 and 1.14 V, which indicates the

transformation of SeS2 is a multi-step reaction with the

formation of intermediates. The peak at 2.06 V is assigned

to the reduction of SeS2 to long-chain sodium polysulfides/

polyselenides, while the peak located at 1.14 V is ascribed

to the generation of short-chain Na2S2/Na2Se2 and Na2S/

Na2Se. In the subsequent anodic process, the peaks around

1.8 and 2.5 V are the oxidation of Na2S to long-chain

sodium polysulfides/polyselenides and subsequently the

generation of elemental substances [29, 30].

Furthermore, ex-situ XRD was conducted to determine

the phase transition of the SeS2@M@NPC electrode. As

shown in Fig. 5b, no obvious characteristic peak of SeS2 is

detectable at open circuit potential, which may be due to

the fact that SeS2 is located inside the material. It should be

noted that peaks at * 11� and * 15.5� are characteristic

peaks of Ti3C2Tx, while the strong peak at around 44� is

derived from the Al foil. At 1.4 V, two peaks of Na2Sx
(Na2S5: JCPDS No. 44-0823, Na2S3: JCPDS No. 44-0822)

arise at 18� and 20�. When further discharged to 1.1 V, an

additional Na2Se peak is also observed at 37.9� (JCPDS

No. 23-0527) besides peaks of Na2S5 and Na2S3. Finally,

Na2S (the peak located at 23.7�, JCPDS No. 47-1698)

appears at 0.5 V. During the subsequent charging process,

the short-chain polysulfides/polyselenides continuously

convert to long-chain Na2Sx, Na2Sex, Se8 (JCPDS No.

54-0500) and S8 (JCPDS No. 53-1109).

The above results are also supported by in-situ Raman

spectra. As can be seen from Fig. 5c, characteristic peaks of

SeS2 are detected at 237 and 461 cm-1 at open circuit

potential. When discharging to 1.7 V, long-chain Na2Sx
appears at around 256 cm-1. At 1.5 V, the peak

at * 355 cm-1 indicates the formation of Na2Sex
[24, 31, 32].When the discharge process continues, a peak of

Na2S appears at 181.8 cm-1 (0.6 V) and a peak of Na2Se

appears at around 225 cm-1 (0.5 V). Similarly, in the fol-

lowing charge process to 2.8 V, long-chain sodium poly-

sulfides/polyselenides S8 and Se8 are detected gradually.

Additionally, the visible adsorption (Fig. S11a) and

ultraviolet–visible (UV–Vis, Fig. S11b) tests were con-

ducted to confirm the adsorption capability ofM@NPC. The

solution containing NPC shows slight decoloration. In con-

trast, the yellow–brown Na2S4/Na2Se4 solution becomes

clear and transparent after adding the M@NPC composite,

indicating the strong adsorption effect ofM@NPC toNaPSs/

NaPSes. The UV–Vis curves show that the solution with

M@NPC exhibits the smallest absorbance without any

characteristic bands of Na2S4/Na2Se4, which further verifies

the strong adsorption of M@NPC to NaPSs/NaPSes.

4 Conclusion

In summary, the dual defense system was designed to

prevent the shuttle of polysulfides/polyselenides based on

MXene in room temperature Na-SeS2 battery. The as-
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sodium-sulfur batteries using carbonate-based electrolyte. Ion-

ics. 2021;27(1):199. https://doi.org/10.1007/s11581-020-03801-

4.

[8] Yao Y, Xu R, Chen M, Cheng X, Zeng S, Li D, Zhou X, Wu X,

Yu Y. Encapsulation of SeS2 into nitrogen-doped free-standing

carbon nanofiber film enabling long cycle life and high energy

density K-SeS2 battery. ACS Nano. 2019;13(4):4695. https://doi.

org/10.1021/acsnano.9b00980.

[9] Abouimrane Ali, Dambournet D, Chapman K W, Chupas P J,

Weng W, Amine K. A new class of lithium and sodium

rechargeable batteries based on selenium and selenium–sulfur as

Fig. 5 a CV curve at a scan rate of 0.1 mV�s-1; b ex-situ XRD patterns, c in-situ Raman spectra of SeS2@M@NPC electrode at
different discharge or charge voltages and d corresponding discharge/charge profiles

obtained M@NPC composite as SeS2 host can not only 
alleviate the volume expansion during charging/discharg-
ing but also guarantee rapid ion diffusion, realize the fast 
kinetics, which acts as the first barrier to prevent the 
shuttling of polysulfides/polyselenides. In addition, the
few-layered Ti3C2Tx sheets uniformly coated on the sepa-
rator act as the second barrier for preventing the shuttle of 
overflowed polysulfides/polyselenides by physical inter-
ception and chemical adsorption. As a result, the cathode-
separator dual defense system based on MXene can sig-
nificantly resist the shuttle of polysulfides/polyselenides, 
thereby enabling high specific capacity and remarkable rate
performance in room temperature Na-SeS2 battery.
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