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Due to the Low density of sulfur as well as the large portion of carbon-based materials used as 

conducting network and lithium polysulfide (LiPS)  host, the practical volumetric energy density 

of lithium–sulfur (Li–S) batteries barely rivals the Li-ion batteries. Here, MXene (Ti3C2Tx)-based 

membrane with unique 3D hierarchical structure, high electronic conductivity, abundent active 

binding sites, fast ion transport ability, and high affinity for lithium polysulfides has been 

developed as a new host material to improve the electrochemical performance of Li-S batteries. 

With a density of 2.2 g cm
−3

, a MXene-based cathode containing 4.0 mg cm
−2

 sulfur delivers a 

high volumetric capacity of 2.7 Ah cm
−3

 after 200 cycles. Based on operando XRD and ex-situ 
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XPS results, we find that the Ti-OH bonds present on the surface of MXene membrane can 

effectively trigger the LiPS transformation. Furthermore, α-S8, as the stable charge product, is 

first reported in MXene-based host along with its possible important role in curtailing active 

mass loss and enhancing cycling capability. Our results reveal that 2D MXene with rationally-

designed architecture enable high volumetric capacity Li-S batteries for practical applications. 

Keywords: MXene (Ti3C2Tx); Hierarchical structure; Li-S batteries; High volumetric capacity; 

Reaction mechanism 

 

The demand for portable electronics and electric vehicles is surging around the world,  causing 

ever-increasing demands for batteries with higher energy density than conventional Li-ion 

batteries.
1, 2

 One possible battery technology is Li-S which features low cost, nontoxicity, and 

high theoretical specific capacity of 1675 mAh g
-1

. However, during charge/discharge, the high 

solubility of lithium polysulfide (LiPS) intermediates in organic electrolytes and the highly 

insulating S/Li2S significantly impairs their coulombic efficiency and cycling stabilities. 

Volumetric expansion upon the charge/discharge process arises from the density difference 

between S (2.03 g cm
-3

) and Li2S (1.67 g cm
-3

) is as large as 80 %, which drastically undermines 

the integrity of the cathode material and restricts realizing the high areal S loading. 
3-5

  Moreover, 

in most of the current research, the practical volumetric energy density of Li–S batteries is 

normally lower than that of Li-ion batteries, due to the low density of S and the large portion of 

carbon-based materials used as conducting network and LiPS host. These issues have so far 

hindered the commercial development of Li-S batteries. 
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Thus, developing efficient cathode materials for Li-S batteries is critical for advancing their 

commercial viability. Polar anchoring materials (PAMs) with intrinsic electronic charge features 

have been designed as effective S hosts to improve cycling performance. Because of the strong 

interaction (e.g., polar-polar intermolecular forces, Lewis acid-base interaction, and/or hydrogen 

bonding) between the PAMs hosts and LiPS, the introduction of PAMs could effectively 

ameliorate the LiPS dissolution and the subsequent severe capacity fading during the charge-

discharge process.
6-8

 However, the conventional PAM hosts like transition metal oxides, sulfides, 

phosphides, and borides show a limited amount of active binding sites and insufficient electronic 

conductivity, making them still inadequate for the improvement of overall electrochemical 

performance of the Li-S batteries. 
9-12

 

Different from the aforementioned host materials, MXenes (e.g., Ti3C2Tx, Tx: -OH, -O, and -F) 

are emerging as promising cathode host materials for Li-S batteries because of their attractive 

physicochemical properties:
13, 14 

(1) the unique 2D nanostructure that can serve as building 

blocks to construct 3D hierarchical cathodes, potentially alleviating the large volume change 

upon discharge and exposing active surface sites efficiently; (2) their metallic conductivity 

allows for fast electron transfer, ensuring fast reaction kinetics; and (3) their intrinsic polar 

nature due to Ti-OH groups on the surface, which can effectively suppress the dissolution of the 

LiPS by forming Ti-S bonding. Nonetheless, the restacking and aggregation issues of 2D MXene 

nanosheets during conventional electrode preparation sacrifices the porosity and surface area, 

further hindering the effective ion transport and full utilization of their active binding sites. Many 

efforts have been devoted to avoiding these restacking problems.
15-18

 However, due to the lack of 

appropriate chemisorption and physisorption interactions, random physical mixing between 2D 

MXene nanosheets and other materials (e.g., carbon nanotubes) hardly prevents restacking, but 

Jo
ur

na
l P

re
-p

ro
of



 4 

impedes the conductivity and structural stability of host materials, resulting in low areal sulfur 

loading and low practical capacity. More importantly, the mechanism of interfacial LiPS 

anchoring enhancement has been poorly understood. 

Herein, we develop an efficient strategy to fabricate the free-standing MXene membrane by 

encapsulating S spheres in the 3D MXene (i.e., Ti3C2Tx) matrix for the scalable synthesis of 

advanced S cathode in a Li-S battery. The unique robust hierarchical structure provides sufficient 

active sites for effective immobilization of LiPS through both physical and chemical 

confinement as well as plenty of spaces for accommodating a high S loading and volumetric 

expansion of S during cycles. Large-sized Ti3C2Tx (L-Ti3C2Tx) nanosheets constitute the 3D 

conductive scaffold, which delivers an extremely short transport pathway and large amounts of 

nanochannels with excellent electron and ion transport ability. Crumbled Ti3C2Tx (C-Ti3C2Tx), 

derived from L-Ti3C2Tx but smaller in size and with more functional groups on the surface, 

effectively suppresses the LiPS shuttle via a dual-play immobilization mechanism of 

thiosulphate/polythionate redox conversion and Lewis acid-base interactions. Such combined 

LiPS anchoring effect allows the S cathode to exhibit high energy density, decent rate capability 

and remarkable cycling stability even at a high areal S loading.  

The typical synthetic procedure of the lamellar membrane is illustrated in Figure 1 (see the 

synthesis details in Supporting Information). The strong adhesion ability of polydopamine (PDA) 

makes it easy to coat onto the S spheres, leading to a positively charged state.
19

 Through 

electrostatic interaction, negatively charged crumbled Ti3C2Tx (C-Ti3C2Tx) with abundant surface 

terminations (-OH, -O, and -F), could wrap around the positively charged PDA-coated S spheres 

efficiently and uniformly. This product is henceforth labeled as S@PC (Figure 1). Of note is that 

the positively charged PDA layer could prevent the restacking of C-Ti3C2Tx nanosheets, leaving 
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a sufficient amount of active sites for better performing Li-S batteries.
20, 21

 In contrast, L-Ti3C2Tx 

has an average size of 1-3 μm (Figure S1a), much larger than the C-Ti3C2Tx nanosheets (20-100 

nm, Figure S1, S2). Accordingly, L-Ti3C2Tx could perform as the conductive scaffold to tightly 

accommodate the S@PC spheres through a vacuum filtration process, thus delivering a robust, 

free-standing S@PDA@C-Ti3C2Tx/L-Ti3C2Tx (termed as S@PCL) membrane for Li-S batteries 

(Figure 2a-c). 

Through electrostatic interaction self-assembly, the obtained S@PC spheres are the 

cornerstone of a robust but porous structure. Energy-dispersive X-ray spectroscopy (EDX) 

elemental maps in Figure 2f shows a distinct core (S sphere)-shell (C-Ti3C2Tx) structure of 

S@PC. Because of the high degree of vacuum in the operation of TEM, S would gradually 

evaporate, while leaving the porous shell intact. These spheres are uniform in size (~ 400 nm) 

(Figure 2d-e, Figure S1d). The C-Ti3C2Tx nanosheets wrapped the S spheres tightly and formed 

shell is extremely thin as 5-10 nm, corresponding to 2-5 layers of C-Ti3C2Tx nanosheets on the 

shell. By its small 2D morphology and negative surface, C-Ti3C2Tx constructs an extremely thin 

but robust shell (Figure S3 and S4).  

The key to preserving the S@PCL membrane with high flexibility and conductivity is using L-

Ti3C2Tx instead of other conductive additives or polymer binders. It could not only effectively 

reduce the “dead weight” and “dead volume” of cathodes but also increase structural integrity 

and electronic conductivity.
15, 22

 As a result of maintaining conductivity, robust, and porous 

electrode structure, an enhanced electrochemical performance could be expected. The S content 

in the S@PCL membrane, determined by thermogravimetric analysis (TG), is calculated to be 

69.6%, as shown in Figure 2h and S17. The detailed microstructures of the membrane can be 

visualized by scanning electron microscope (SEM). The cross-sectional SEM images in Figure 
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 6 

2b and 2c show that the free-standing membrane possesses a typical porous lamellar structure 

with a thickness of 20 μm. The typical laminar structure of L-Ti3C2Tx layers could be seen in the 

S@PCL membrane, while S@PC spheres are homogeneously located between the L-Ti3C2Tx 

nanosheets. Such a packing structure disturbs the original conjugation to diminish the random 

restacking behavior of L-Ti3C2Tx nanosheets during the fabrication process and ensures a variety 

of transport pathways to facilitate fast ion transportation. Meanwhile, L-Ti3C2Tx layers and C-

Ti3C2Tx shells together construct a hierarchical conductive network for quick charge transfer and 

electrochemical reaction kinetics. Elemental maps also indicate homogeneous distribution of all 

elements among the membrane (Figure S5). X-ray diffraction (XRD) pattern (Figure 1h) 

confirms the good crystallinity and high purity of the Ti3C2Tx and well-preservation of S spheres 

in our S@PCL. 

To better evaluate the pore size and surface area of the membrane, S spheres were removed by 

annealing the membrane (sulfur loading of 4.0 mg cm
-2

) to 350 ºC for 2h in the Ar atmosphere 

(Figure S3). The resultant desulfurized membrane exhibited a high surface area of 171 m
2
 g

-1
 and 

a large pore volume of 0.55 cm
3
 g

-1
, as shown in Figure 2i, which are much larger than the 

reported MXene-based hosts.
15, 27

 At a relative low temperature (350 °C), the pyrolysis severity 

of PDA is minimal, the high surface area and large pore volume of the desulfurized S@PCL 

membrane are mainly ascribed to 2D MXene sheets and 3D hierarchical structure. Moreover, the 

increased surface area and mesopores of our S@PCL membrane provide sufficient active sites 

and additional spacefor effective immobilization of LiPS through both physical and chemical 

confinement. Such an ample space also accommodates high sulfur loading and drastically 

volumetric expansion of sulfur when used as a sulfur cathode. Notably, the increased mesopores 

along with metallic conductivity of Ti3C2Tx provide continuous electron and lithium-ion transfer 
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 7 

channels during the charge/discharge process, which is expected to achieve a better 

electrochemical performance of S@PCL membrane upon being used as the S cathode. 

We carried out X-ray photoelectron spectroscopy (XPS) analysis on C-Ti3C2Tx and S@PCL to 

elucidate their chemical environments and electronic states, as shown in Figure S6. For C-

Ti3C2Tx itself, the Ti 2p XPS spectrum exhibits three characteristic Ti 2p3/2 peaks at 455.2, 456.5, 

and 458.1 eV, which are assigned to Ti-C, Ti-OH and Ti-O, respectively.
28

 The Ti-O bonding 

originates from the oxidation of the MAX phase (Ti3AlC2) during the synthesis process, while 

Ti-OH is ascribed to the hydroxyl groups on the surface formed during the etching process.
13, 17

 

In the Ti 2p spectrum of S@PCL, a new set of peaks emerge, which can be related to the 

formation of Lewis acid-base Ti-S bonds. This should be ascribed to Lewis acid-base interaction 

originating from surface Ti atoms with unoccupied orbitals of Ti3C2Tx and S.
17, 29

 Accordingly, 

we observe four O environments in the O 1s core level of S@PCL (Figure 4d): Ti-O at 529.9 eV, 

Ti-OH at 532.6 eV, C-O at 533.2 eV, and C=O at 531.2 eV, wherein the latter two are from 

PDA. Note that the two peaks of Ti-OH and Ti-O positively shift by about 0.5 eV to 457.1 and 

458.8 eV, respectively, verifying strong electron transfer from the C-Ti3C2Tx to the PDA. Such a 

pronounced positive shift indicates an “acidity” increasing on the surface Lewis-acid Ti-sites of 

our S@PCL electrode, thus providing an enhanced immobilization capability for LiPS. 

Additionally, the π-stacking interaction between PDA and Ti3C2Tx is expected to deliver an 

enhanced electrode mechanical stability, holding the potential for enhanced cycling stability.
30

 

Such a synergistic effect, chemical or mechanical influence, only expressed under the scenario 

that PDA and Ti3C2Tx have sufficient close contact. If no C-Ti3C2Tx debris, directly wrapping 

S@PDA spheres by L-Ti3C2Tx (denoted as S@PL), then decreased encapsulation rate and 

contact interfaces were inevitable, not to mention the increased surface Lewis-acid Ti-sites and 
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 8 

terminal functional groups of C-Ti3C2Tx itself. To verify the adsorption ability of host material 

and LiPS, we compared the LiPS adsorption ability of S@PCL and S@PL by adding 10 mg 

sample into Li2S6 (15mL, 3 mM) solution for 4 h at room temperature, ahead of which electrodes 

were soaked in CS2 solution for 1h to dissolve the encapsulated S spheres. Figure S7 displays 

digital photos of pristine Li2S6 solution and the color changes of the Li2S6 solution 4 h after the 

addition of the desulfurized S@PCL and S@PL. The solution containing S@PCL shows more 

evident color fading than that of the S@PL, indicating the more reliable anchoring capability of 

S@PCL towards LiPS. Overall, the synergistic effect from different components in our S@PCL 

electrode and tightly encapsulated structure make it superior to S@PL on the LiPS adsorption 

ability and mechanical stability. 

Next, we evaluated the electrochemical performance of the S@PCL cathode in Li-S batteries 

using the classic setup. For comparison, S@PL with the same S content to S@PCL was also 

evaluated. The constant-current charge-discharge curves S@PCL and S@PL show two 

characteristic plateaus during discharge (Figure 3a), corresponding to the multistep reduction 

reaction of S with Li
+
. The higher plateau (around 2.35 V) is ascribed to the reduction of S to 

LiPS, while the lower distinct voltage plateau (around at 2.10 V) is associated with the 

transformation of LiPS to Li2S2 or Li2S (Figure S8).
31, 32

 The Coulombic efficiency (CE) of 

S@PCL shown in Figure 3g-h and Figure S9 even approaches 100%. This indicates that the 

LiPS dissolution and shuttling effect have been effectively suppressed during the charge and 

discharge process using our cathode. Excellent rate capabilities of our Li-S cell with S@PCL 

host material are observed, as shown in Figure 3a and 3b. The discharge capacities at 0.12C, 

0.3C, 0.6C, 0.9C, 1.2C, 1.8C, 2.4C and 3C are 1560, 1272, 1127, 1042, 992, 944, 895 and 854 

mAh g
-1

, respectively (1C = 1675 mA g
-1

). Although the polarization effect gradually increased 
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with the rising current densities, they all preserved the typical plateaus, even at a high rate of 3C, 

indicating excellent stability at all rates. When the current density switches back to 0.12C, the 

specific capacity recovers to around 1368 mAh g
-1

 without capacity degradation, which is close 

to 85% of the theoretical capacity, suggesting the fast reaction kinetics and excellent ability of 

our S@PCL cathode to withstand high-rate cycling. Most notable is that a modest drop (55 % 

capacity retention) in capacity between 0.12C and 3C (25-fold higher current density) suggests 

very good rate capability of our S@PCL cathode. The highly efficient kinetics are related to the 

hierarchical conductive structure of the S@PCL cathode, ensuring the enhancement of both mass 

transfer (e.g., reactant/product diffusion) and electronic transport. In sharp contrast, the capacity 

of the S@PL control cathode starts from 830 mAh g
-1

 at 0.12C and drops to 38 mAh g
-1

 at 3C. 

Without the C-Ti3C2Tx shell, the LiPS anchoring ability and its structure stability collapse, 

suggesting extensive loss of active material into the electrolyte.  

Low-rate cycling performance is a key factor in revealing the shuttle effect of LiPS with the 

slow electrochemical redox reaction. Thus, we compared cycling performance between S@PCL 

and S@PL at 0.3C and 0.6C, as shown in Figure 3g and S9, respectively. The discharge capacity 

of the S@PL electrode at 0.3C is 678 mAh g
-1

 in the initial cycle and decreases to 200 mAh g
-1

 

after 200 cycles; such severe capacity decay could be due to its inability to suppress shuttling 

effect. In contrast, the capacity of the S@PCL cathode fades during the first several cycles and 

increases slowly during the next 5-15 cycles. Afterward, the discharge specific capacity 

stabilizes at around 1229 mAh g
-1

. The apparent capacity fading during the first several cycles is 

attributed to LiPS shuttle. Meanwhile, the dissolved LiPS is anchored by the abundant active Ti 

sites of C-Ti3C2Tx other than migrate to lithium anode, which is reutilized in the following 

cycles. In addition, with a better contact between electrolyte and active S during the activation 
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 10 

process, the utilization rate of the active S is hence increased. A similar trend is observed in 

S@PCL at 0.6C (Figure S9). After 200 cycles, a high reversible capacity of 1159 mAh g
-1

 can be 

retained, corresponding to a capacity retention up to 94%, with an extremely low capacity decay 

rate of 0.028 % per cycle. An impressive energy density (E) of 1764 W h kg
−1

 can be achieved 

for S@PCL cathode after 200 cycles, calculated based on the total weight of the cathode. 

Moreover, S@PCL maintains a high areal capacity of over 4.8 mAh cm
-2

 even after 200 cycles, 

which exceeds the standard for commercial Lithium-ion batteries (4 mAh cm
-2

). More 

importantly, the initial volumetric capacity (S electrode) reaches 3.55 Ah cm
-3

 (with an average 

of 20 μm cathode thickness and a density of 2.77 g cm
-3

, Figure 2b) and stabilizes at 2.7 Ah cm
-3

 

after 200 cycles (25 μm cathode thickness and a density of 2.2 g cm
-3

, Figure S12a), almost triple 

that of the conventional S/carbon cathodes and higher than that of other repoerted S cathodes 

reported previously (Figure 6a).
52-62

 The increasing thickness of the electrodes influences the 

volumetric capacity and challenge for high S loading cathodes. SEM analysis is also performed 

on cathode extracted from the Li-S cells at the end of lithiation and delithiation processes at 0.3C 

for 200 cycles. As shown in Figure S12, the electrode became ~ 25 % thicker compared to its 

pristine state after 200 cycles, and the electrode surface is covered by a solid-like layer, which 

most probably is the deposition of LiPS species and S8.
36

 Upon closer inspection, however, it can 

be seen that the 3D cross-linking architecture is preserved, implying the well-maintained 

integrity of our host structure after cycling. Although challenge remain, the exceptional 

electrochemical performance of this work shows that 3D MXene-based hierarchical conductive 

framework with increasing the content of the active material is a promsing approach to design 

free-standing and flexible S cathodes for high volumetric energy density Li-S batteries. 
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To further understand the improved rate capability of our S@PCL host cathode, cyclic 

voltammetry (CV) at different rates and galvanostatic intermittent titration technique (GITT) 

were conducted to evaluate the reaction kinetics. Well-resolved peaks in Figure 3c maintain their 

shape during rate-dependent CV scanning, demonstrating the improved electrochemical stability 

and fast Li
+
 insertion/deinsertion. The measured peak current (i) and the potential polarization 

increases with the sweep rate (v), which is consistent with the rate performance analysis 

mentioned above. In theory, the measured current at a fixed potential obeys a power-law 

relationship with the scan rate.
37, 38

 i = av
b
, where a and b are adjustable values. A b value of 0.5 

indicates a diffusion-controlled current, while the b value of 1 reveals a surface process-

dominated current. As shown in Figure 3c and 3d, the lithiation and delithiation reactions of 

S@PCL have b values of about 0.5, indicating that a diffusion process controls the electrode 

kinetics.
37

 Li
+
 diffusion coefficients (DLi+) of S@PCL cathode was also investigated. The DLi+ 

values of peak1, peak2 and peak3 are, respectively, 4.50 ×10
−9

, 1.86 × 10
−9

, and 7.62 × 10
−10

 cm
2
 

s
−1

, suggesting the efficient Li-ion diffusion (Figure S11). Furthermore, we conducted GITT to 

investigate the Li
+
 ion diffusion rates in S@PCL and S@PL cathodes. The discharged curve of 

the closed-circuit voltage (CCV, non-equilibrium voltage) and open-circuit voltage (OCV, 

shown in the green line, quasi-equilibrium voltage) both display two independent plateaus,
39

 as 

shown in Figure 3e and 3f. The OCV plateaus of S@PCL are located at 2.35 and 2.13 V, 

consistent with the CV results. As discussed before, during the discharge process, elemental S is 

stepwise reduced to LiPS and Li2S2/Li2S, while the second conversion reaction determines the 

rate of discharge. The lower plateau of the OCV curve is 0.04 V higher than the CCV curve, 

which is attributed to the fast formation of solid-phase Li2S2 or Li2S. For the S@PL control 

cathode, the OCV curve is about 0.37 V higher than the CCV curve, indicating slower kinetics 
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and lower sulfur activity.  As such, we confirm that the hierarchical structure constructed by L-

Ti3C2Tx and C-Ti3C2Tx is beneficial for faster reaction kinetics and higher S activity than the 

pure L-Ti3C2Tx electrode framework.  

Figure S10 compares the electrochemical impedance spectra (EIS) of S@PCL and S@PL 

recorded before and after 200 cycles. The impedance plots before cycling test for both electrodes 

are both composed of semicircles at high frequency and inclined lines at low frequency. The 

semicircle reflects the charge transfer resistance, whereas the inclined line corresponds to the Li-

ion diffusion into the active mass.
33

 The charge transfer resistance of S@PCL is smaller than that 

of S@PL. After cycles, both impedance plots consist of two depressed semicircles at high/middle 

frequency and an inclined line at low frequency, corresponding to the resistance of the solid-state 

layer of accumulated Li2S, charge transfer resistance, and Li-ion diffusion rate, respectively.
34, 35

 

The resistances of the two cells are both reducing gradually with cycling. This could be related to 

the accumulation of relatively low resistant products with cycling and better infiltration effect 

between electrolyte and cathode. The charge transfer resistance of S@PCL is much smaller than 

that of S@PL, indicating the superior electrochemical performance of S@PCL. To futher explore 

the kinetic process of sulfur cathodes, exchange current density (j0) is introduced as an important 

criterion. The fitting results have been listed in Table S1. The higher value for the S@PCL (0.81 

mA cm
-2

) confirms the facile kinetics for LiPS redox. Hence, superior electrocatalytic activity 

and reversibility of LiPS reactions using S@PCL cathode due to their abundant active sites and 

hierarchical conductive structure were favorable for better electrochemical performance.   

Despite the excellent progress made on long-term cycling performance, it should be noted that 

almost all reported long-term cycling performances were achieved with low areal S loading mass 

(< 2.0 mg cm
-2

), low-rate cycling (usually < 0.5 C) and limited cycling life (< 500 cycles), as 
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shown in Table S2. To evaluate the superiority of our free-standing S@PCL cathode, high rate 

cycling performance was assessed at a high rate of 3C for 1000 cycles, as shown in Figure 3h. 

An activation process with a low rate of 0.2C is applied and a sufficient close contact of 

electrolyte and active S is obtained during this process. The S@PCL electrode delivers a high 

capacity of 826 mAh g
-1

 and retains capacity of 496 mAh g
-1

 with a low capacity decay rate of 

0.040% per cycle over 1000 cycles. An impressive areal capacity of 2.1 mAh cm
-2

 and an energy 

density of 652 W h kg
−1

 based on the weight of cathode at 3C is obtained. Moreover, the CE of 

the battery is close to 100% throughout the long-term cycles, implying the effectively suppressed 

shuttling effect under such a high current rate. On the other hand, the S@PL electrode at a 3C 

rate shows a fast capacity fading and retains a low capacity of 36 mAh g
-1

 after 300 cycles, 

indicating massive active material loss and irreversible reaction. The excellent high rate cycling 

performance of our S@PCL electrodes should be ascribed to the synergy between enhanced 

charge transfer and ion transport ability and effective LiPS immobilization capability of our host 

material.  

Compared with other reported carbon-based and MXene-based S cathode, such as CNT/Ti3C2, 

16
 N-Ti3C2Tx 

27
 and N-doped hollow carbon nanospheres,

24
 the new advanced S cathode we 

designed exceeds the most reported materials in areal capacity, rate capability, cycle life, and 

decay rate, as shown in Figure 6b and 6c.
16-18, 22, 24-27, 47-49, 63-64

 Our work shows as one of the best 

results reported to date, and detailed comparison can be found in Table S2, Supporting 

Information. Our results indicate that the S@PCL is a promising and competitive candidate for 

high-energy and long life-time Li-S batteries.  

To detect the structural evolution and reveal the detailed reaction mechanism of battery 

materials upon cycling, operando X-ray diffraction (XRD) based on our S@PCL cathode was 
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carried out during the charge/discharge processes (Figure S16). 
50, 51

  To better illustrate the 

evolution of the peak intensities during the cycling process, a 2D contour XRD pattern is 

displayed in Figure 4a. During cycling, three notable diffraction peaks around 38.6°, 41.2° and 

43.9° can be observed without intensity or position changes, which can be from the background 

of our operando XRD battery (Figure S13). Once the lithiation process starts, α-S8 is reduced to 

soluble polysulfides on the upper discharge plateau, followed by the formation of Li2S 

nanocrystals. 
40

 As shown in Figure 4a, the sharp peaks of α-S8 gradually become weak. 

Subsequently, a new set of broad peaks around 26.9, 31.0 and 44.7º corresponding to cubic Li2S 

(JCPDS no. 23-0369) are observed at the beginning of the lower plateau in the first discharge 

cycle (60% depth of discharge (DOD)). The peak intensity of Li2S reaches the strongest at the 

end of discharge and vanishes before 60% depth of charge (DOC) upon the following 

delithiation process. Upon 50% DOC, new-generated S signals appear and become the maximum 

at the end of the first charge process, consistent with the proposed Li-S battery reaction 

mechanism (Figure S14). The XRD patterns of our sample at the beginning of cycles and the end 

of discharge/charge are extracted from the 2D contour map, as shown in the upper Figure 4a. 

New-generated S peaks correspond to the orthorhombic α-S8 as well, however, compare with 

XRD patterns at the beginning of cycles (Figure S15), signals have slight differences in Bragg 

peak positions, relative peak intensity, and disappearance of some peaks. This can be explained 

by preferable nucleation orientations of S8 particles on the surface of the host upon 

recrystallization. It is interesting to note that recrystallized S8 in all previously reported operando 

XRD studies was found to be another beta-allotrope (β-S8, JCPDS no. 071- 0137), which is 

thermodynamically unfavored at room temperature.
40-44

 In this work, except one peak around 

35.3º appears in the first charge cycle and permanently vanishes in the following cycles, which 
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can be ascribed to the monoclinic S phase, there are no visible signs of β-S8. As far as we are 

aware, it is the first clear evidence to show that orthorhombic α-S8 as a stable discharging 

product in Li-S battery, indicating that α-S8 is both kinetically and thermodynamically favored 

on the surface of our Ti3C2Tx-based host. We also notice that the crystallite sizes of recrystallized 

S and starting S do not change significantly, as can be seen from the line broadening of the 

peaks.  

Whether or not cubic Li2S formation and S recrystallization depends on several factors, such as 

electrode morphology, chemical compositions of host materials and ion diffusion rate. We 

assume that there are at least the following reasons that account for fast nucleation of α-S8 on the 

Ti3C2Tx surface: (1) porous and robust host framework preventing “pulverization effect” comes 

from the phase transfer during lithiation process, enabling the fast Li
+
 ion diffusion; (2) abundant 

active sites and dangling bonds of C-Ti3C2Tx served as “sulfiphilic” surface, which spatially 

locate Li2S and S deposition on conductive scaffold through strong polar-polar interactions; (3) 

the charge transfer and π-stacking interaction between PDA and C-Ti3C2Tx facilitate the charge‐

transfer process and nucleation process; and (4) L-Ti3C2Tx improves the overall electronic 

conductivity of the electrode. 

Previously, Lowe et al.
44

 and Schneider et al.
43 

both reported that the signals of β-S8 

disappeared after resting the working cell for several hours under open-circuit conditions, and 

amorphous S could be formed with slightly lower chemical potentials. If so, amorphous S can be 

easily transformed into dissolved LiPS with lower chemical potentials as well. Because 

of its instability, β-S8 could easily lead to the side reaction and result in inferior cycling 

performance. In other words, α-S8
 
is more favorable than both β-S8 and amorphous S at room 
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temperature, and its very existence can effectively confine LiPS formation and curtail active 

mass loss during the process.  

In order to elucidate the LiPS anchoring mechanism and the reasons for capacity degradation, 

we further carried out ex-situ XPS analysis to shed light on the chemical states. Since the 

conversion of LiPS mainly occurs at the electrode/electrolyte interface, the changes in chemical 

environments during charge/discharge can be detected by XPS easily. For pristine S@PCL, as 

shown in Figure 4b, the S 2p XPS spectrum shows four predominant peaks, i.e.,  the neutral S 

(S8, S 2p3/2 at 163.7 eV) and Ti-S bond (161.9 eV). Upon discharging to 1.8 V, the S 2p core 

level can be deconvoluted into six components: LiPS (Li2Sx, x ≥ 4, S 2p3/2 at 164.4 eV), Li2S 

(160.3 eV), Li2S2 (161.8 eV), Ti-S (162.5 eV), polythionate (169.2 eV) and thiosulphate (167.2 

eV).
32, 45

 The thiosulfate/polythionate species, also reported in MnO2/Li2S4, 
45

 V2O5/Li2S4, 
46

 and 

Ti3C2/Li2S4
 
 complexes 

17
, should come from a redox reaction between the surface hydroxyl 

terminal groups on the Ti3C2Tx and the LiPS, as evidenced by the disappearance of the Ti-OH 

signals in Ti 2p XPS spectra and O 1s XPS spectra of cells at discharged state (Figure 4c and 

4d). The existence of Li2S, Li2S2, and LiPS peaks confirm the discharge reaction process in a 

good agreement with the results of the operando XRD analysis. Upon recharging to 2.5 V, four 

components are generated in the S 2p region: S8 (163.8 eV), Ti-S (162.2 eV), polythionate (169.2 

eV) and thiosulphate (167.2 eV). The peaks attributed to Li2S, Li2S2 and LiPS disappear, due to 

the complete oxidation of Li2S, Li2S2 and LiPS, indicating high reaction reversibility. It also 

reveals the main components of solid-like layer in Figure S12, which is the regenerated α-S8, 

polythionate and thiosulphate. Compared with the pristine state, Ti-OH signals don’t appear in Ti 

2p XPS spectra and O 1s XPS spectra in both discharged and charged states. This indicates that 

the surface Ti-OH bonding is replaced by surface Ti-S bonding during cycles. 
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Based on our ex-situ XPS and operando XRD results, we can postulate that the interaction 

between Ti3C2Tx and LiPS can be described in the following process, as shown in Figure 5: (1) 

The functional hydroxyl surface groups on Ti3C2Tx (Ti–OH) first undergo a redox reaction via 

the cleavage of -OH groups with LiPS to form the insoluble thiosulfate groups [O3S-S]
2-

 leading 

to the exposure of the surface Ti atoms;
 46

 (2) the exposed Lewis-acid Ti atoms readily accept 

electrons from thiosulfate groups, decorating the Ti3C2Tx surfaces with functional thiosulfate 

groups through Lewis acid-base interactions. At this stage, the charge transfer between PDA and 

Ti3C2Tx increase the acidity of the surface Ti-sites; (3) thiosulfate groups continue to react with 

LiPS in the electrolyte to form polythionate complexes [O3S-Sx-S]
2-

, triggering the conversion 

reaction to yield insoluble low-order polysulfides (Li2S/Li2S2) via the “Wackenroder reaction”; 

(4) Li2S/Li2S2 nucleates at the interface quickly. As the discharging process proceeds, Li2S/Li2S2 

epitaxially deposit on the existing Li2S/Li2S2 nuclei. This spatially locates Li2S/Li2S2 deposition 

and effectively depresses the dissolution of LiPS into the electrolyte. (5) Li2S undergoes a two-

step transformation reaction to regenerate LiPS and α-S8 with mediators 

(polythionate/thiosulphate groups) in the charging process. The chemical reaction between 

Ti3C2Tx and LiPS can be described as follows:
 45, 46 

  

3 O (surface)  + Li2Sx  ↔ [O3S-S]
2-

 + Li2Sx-2  (4 ≤ x ≤ 8) 

[O3S-S]
2-

 + Li2Sx  ↔ [O3S-Sx-y-S]
2-

 + Li2Sy  (4 ≤ x ≤ 8, y≤ 2) 

Apparently, new sulfur intermediates–thiosulphate and polythionate bring forth a different 

electrochemical reaction pathway (Figure S8). Such chemical reactions bypass the slow 

electrochemical pathway between the sulfur species and carbon electrode, leading to an 

enhanced charge transfer and improved sulfur reaction kinetics.  
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As such, the abundant active Ti sites and increased “acidity” of C-Ti3C2Tx effectively suppress 

the LiPS shuttling via a dual-play immobilization mechanism of thiosulphate/polythionate 

conversion and Lewis acid-base interactions, providing a well-developed interface for the highly 

reversible Li2S/Li2S2 deposition. Additionally, unlike previous strategies to trap polysulfides by 

physical confinement or simple surface interactions, this chemistry is quite unique and efficient. 

Noticing that the initial formation of thiosulfate by cleavage of -OH groups is irreversible and 

may cause capacity fading in the first cycle with the loss of active material, suggesting an 

inevitable trade-off between initial capacity fading and active Lewis-acid Ti atoms for LiPS 

immobilization.  

In summary, we have designed a Ti3C2Tx MXene-based free-standing paper with a unique 

robust hierarchical structure as an efficient S host cathode with exceptional electrochemical 

performances. The MXene-based cathode containing 4.0 mg cm
−2

 sulfur delivers a high 

volumetric capacity of 2.7 Ah cm
−3

 after 200 cycles. Both ex-situ and in-situ experiments show 

that the abundant surface active sites delivered by the hierarchical MXene can effectively 

suppress the LiPS shuttling via a dual-play immobilization mechanism of 

thiosulphate/polythionate redox conversion and Lewis acid-base interactions. Importantly, we 

confirm the existence of α-S8 as the stable charging-stage product during the charging process 

and reveal its key role in effectively confining LiPS formation and curtailing the active mass 

loss. The comprehensive understanding of the interfacial reaction mechanism and kinetics helps 

to address one of the important challenges in high volumetric energy density Li-S batteries, 

bringing this technology a step closer to commercial applications. 
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Supporting Information.  

Experimental section, adsorption test, SEM images, TEM images, AFM image, EDS elemental 

mapping, XPS spectra, EIS spectra, XRD patterns, schematic illustration of the set-up used for 

the operando XRD analysis, long-term cycling performance of the S@PCL and S@PL cathodes 

at 0.6C and tables. 
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Figure 1. Schematic illustration of the process used to synthesize the hierarchically-structured, 

free-standing cathode.  The final cathode used in the battery is termed S@PCL, which consists of 

the following stack: S@PDA@C-Ti3C2Tx/L-Ti3C2Tx. 
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Figure 2. Morphology and structure characterization of S@PCL membranes. (a) SEM 

image of S@PCL membrane, inset is the photograph of the free-standing, flexible S@PCL 

cathode (S mass loading: 4.0 mg cm
-2

). (b-c) Cross-section SEM images of S@PCL. (d) TEM 

image of S@PCL, inset is the corresponding high-resolution TEM image. (e) Dark-field TEM 

image of S@C-Ti3C2Tx after S gradually evaporates, leaving intact, porous, and hollow spheres. 

(f) Dark-field TEM image and the corresponding elemental mapping of S@C-Ti3C2Tx. (g) XRD 

pattern of S@PCL and L-Ti3C2Tx. (h) TGA curves of S@PCL, L-Ti3C2Tx, and pure S. (i) N2 

adsorption-desorption isotherm of S@PCL and annealed S@PCL. 
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Figure 3. Electrochemical performance. (a, b) Rate performance and voltage profiles at 

various current densities. (c) CV curves at different sweep rates, and (d) corresponding fitting 

curves between the log (peak current, i) vs. log (scan rate, v). GITT profiles of S@PCL (e) and 

S@PL (f) recorded at 0.3C, in which the quasi-equilibrium curves are marked by the green line. 

(g, h) Long-term cycling performance of S@PCL and S@PL at 0.3C over 200 cycles and 3C 

over 1000 cycles. 
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Figure 4. Operando XRD studies and ex-situ XPS characterization of the S@PCL cathode. 

(a) The change-discharge curves (left) and the corresponding operando 2D XRD contour map of 

the Li-S battery at 0.3C rate in the initial two cycles. Selective XRD patterns of S@PCL cathode 

at the end of the first charge/discharge cycle are extracted from the XRD contour plot (top). 

High-resolution XPS spectra of (b) S 2p, (c)Ti 2p and (d) O1s of S@PCL at pristine, discharged, 

and charged state in the first cycle. 
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Figure 5. Schematic demonstration of the mechanism for LiPS confinement on S@PCL cathode 

during the discharge process. Step 1 (redox reaction): surface hydroxyl groups react with LiPS 

to form the thiosulfate groups and expose the surface Ti atoms; Step 2 (Lewis acid-base 

interaction): the exposed Ti atoms readily accept electrons from thiosulfate groups, decorating 

the surfaces with functional thiosulfate groups; Step 3 (redox reaction): the adsorbed thiosulfate 

groups continue to react with LiPS to form polythionate complexes and Li2S/Li2S2 nuclei via the 

“Wackenroder reaction”. 
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Figure 6. (a) Comparison of the specific capacities and volumetric capacity between this work 

and various reported host cathodes for the Li-S batteries. (b) Comparison of the areal capacities 

and (c) decay rates between this work and other reported host cathodes for the Li-S batteries.  
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Graphical abstract 

 

An excellent lithium-sulfur battery with high volumetric capacity is enabled by a 3D 

hierarchical MXene (Ti3C2Tx) electrode, which can effectively regulate the polysulfides shuttling 

via a dual-play immobilization mechanism of thiosulphate/polythionate redox conversion and 

Lewis acid-base interactions. α-S8 is first reported as the stable charge product and its important 

role is studied in detail. 
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Highlights 

 An efficient encapsulation strategy was developed to construct a robust hierarchically 

structured MXene cathode of Li-S batteries.  

 Combined in-situ and ex-situ measurements suggest that the thiosulphate/polythionate 

complex serves as key redox transfer mediator to facilitate the surface-redox reaction of 

LiPS. 

 α-S8 is firstly reported as the stable charge-stage product and its fast nucleation and 

stability effectively curtail active mass loss and enhances cycling capability. 

 Resultant Li-S batteries exhibit high volumetric capacity, long cycling stability and 

excellent rate capability. 
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