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Abstract
Although lithium-sulfur (Li-S) batteries have a high theoretical energy density, their practical applications are 
limited by rapid capacity fading and poor cycling stability due to the dissolution of high-order polysulfides in 
electrolytes and the sluggish kinetics of the solid-state Li2S2/Li2S redox reaction. Herein, a polysulfide sorbent and 
redox reaction catalytic promoter, Au quantum dots (Au QDs)-decorated MXene nanosheet, is designed by 
proposing defect-induced-reduced Ti3C2Tx (MXene) to improve the performance of Li-S batteries. The polar 
surface functional groups and high electronic conductivity of the MXene boost the conversion of 
sulfur/polysulfides and restrict the dissolution of the polysulfide shuttle. The Au QDs catalyst reduces the 
conversion reaction activation energy to achieve rapid solid-state Li2S2/Li2S reaction kinetics. Due to the 
adsorption-catalysis synergistic effect between MXene and Au QDs, an initial discharge capacity of 1,500 mA h g-1 
is obtained, corresponding to a sulfur utilization of 90%. A Li-S battery based on the Au QDs@MXene-decorated 
separator exhibits a capacity retention rate of 71.0% for 300 cycles at 1 C.
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INTRODUCTION
Lithium-sulfur (Li-S) batteries have been considered as potential electrochemical energy storage systems 
due to their high theoretical energy density (2,600 Wh kg-1), which is about seven times higher than that of 
LiCoO2/graphite batteries (387 Wh kg-1)[1-3]. Moreover, sulfur is low-cost, eco-friendly, and naturally 
abundant. However, sulfur and its discharge products (Li2Sn, 1 ≤ n ≤ 8) show poor electronic and ionic 
conductivity, causing their batteries to exhibit large voltage polarization during galvanostatic discharge/
charge, ultimately resulting in capacity fading[4-7]. Insoluble sulfide reduction products (e.g., Li2S2 and Li2S) 
that deposit on the pristine sulfur cathode can impede the reduction of interior sulfur particles, further 
reducing the sulfur utilization rate[8]. High-order lithium polysulfides (LiPSs) can react with the liquid 
electrolyte or dissolve in the electrolyte and produce a so-called shuttle effect that decreases the Coulombic 
efficiency and results in capacity loss[9,10]. High-order polysulfides can migrate to the Li anode and form an 
insoluble sulfide insulating layer driven by a concentration gradient, resulting in the loss of active sulfur and 
the growth of Li dendrites.

Numerous efforts have been devoted to developing advanced sulfur host materials to resolve the above 
issues[11-14]. Porous carbonaceous materials with high electronic conductivity and interconnected networks 
are widely used to alleviate the shuttle effect via the physical confinement of sulfur species[15-17]. However, 
due to the nonpolar surface of carbonaceous materials, they generally have a poor affinity for polar LiPSs, 
and the LiPSs will inevitably dissolve in the electrolyte during long-term cycling[18]. Hence, polar substrates 
that can strongly chemically adsorb LiPSs have been designed to accommodate sulfur particles[15,19-22]. 
However, capacity fading originating from the intrinsically sluggish reaction kinetics of the S/Li2S reaction is 
not remedied by physical blocking and chemical adsorption. Based on this, catalysts have been applied to 
accelerate the conversion of LiPSs by reducing the reaction activation energy and thereby improving the 
sulfur utilization rate[23]. Various metal oxides, metal nitrides, sulfides, metal carbides, metal-organic 
frameworks (MOFs), their heterostructures, quantum dots (QDs), and signal atomic metals have been 
reported as catalysts[24-32]. Among them, QDs have attracted attention because of their quantum 
characteristics and edge effects. The nanoscale size (≤ 10 nm) of QDs gives them a high specific area that 
exposes sufficient active sites for LiPSs, thus improving the discharge capacity via the catalytic conversion of 
LiPSs[33]. However, QDs readily agglomerate into large particles due to their high surface energy, which 
weakens their catalytic activity. An efficient strategy to prevent QDs aggregation is to incorporate them in a 
2D substrate. Transition-metal carbides and carbonitrides (MXenes) are promising 2D host materials due to 
their high electrical conductivity (104 S cm-1) and strong LiPS adsorption ability[34-39]. Combining QDs and 
MXenes provides a heterostructure that suppresses the restacking of MXene and aggregation of QDs, 
thereby facilitating ion transport and sulfur dispersion. It also enhances the conductivity, which accelerates 
the reduction of sulfur.

In this context, an Au QDs-anchored MXene heterostructure (Au QDs@MXene) is engineered as a 
polysulfide adsorbent and redox reaction promoter via the defect-induced-reduction of MXene 
[Figure 1A]. MXenes with abundant polar surface functional groups show a strong affinity for sulfur, which 
prevents the shuttling of soluble LiPSs. The in-situ reduced Au QDs catalyst with high conductivity 
facilitates the rapid conversion between LiPSs and Li2S2/Li2S by reducing the activation energy [Figure 1B]. 
This prevents the local gathering of LiPSs and improves the sulfur utilization rate. Due to the great 
adsorption-catalysis synergies of MXene and Au QDs, the Au QDs@MXene-decorated separator 
demonstrates a strong LiPS blocking ability and superior catalytic reaction kinetics, as evidenced by LiPS 
adsorption studies, X-ray photoelectron spectroscopy (XPS), and electrochemical analysis. The sulfur 
cathode based on the Au QDs@MXene-decorated separator delivers a high initial discharge capacity of 
1,500 mA h g-1, which is close to 90% of the theoretical specific capacity of sulfur. Moreover, the sulfur 
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Figure 1. (A) Schematic of the conversion process of S/Li2S on the Au QDs@MXene. (B) Activation energies of sulfur cathodes with 
different separators.

cathode paired with the Au QDs@MXene-decorated separator exhibits a capacity retention rate of 71.0% for 
300 cycles at 1 C, indicating that Li-S batteries can be constructed by simply modifying the separator.

EXPERIMENTAL SECTION
Materials and reagents
The MAX (Ti3AlC2) was obtained from Jilin 11 Technology Co., Ltd. The ordered mesoporous carbon 
(abbreviated as CMK-3) with 3-4 nm-wide channel voids was bought from Nanjing XFNANO Materials 
Tech Co., Ltd. HCl was purchased from Sinopharm Chemical Reagent Co., Ltd. LiF (≥ 99%) was obtained 
from Alfa Aesar (China) Chemical Co.Ltd. HAuCl4·4H2O was purchased from Tianjin MESco Chemical 
Co., Ltd. All the chemical reagents used in this work were of analytical grade.

Experimental procedures
Synthesis of Ti3C2Tx nanosheets
1 g Ti3AlC2 powder was added in 9 mol/L HCl solution (20 mL) containing 1 g LiF at 25 °C for 24 h. The 
obtained mixture was centrifuged and washed with deionized water several times to remove impurities. 
Subsequently, the suspension was dispersed in deionized water through ultrasonic treatment to create a 
uniform solution. Finally, the solution was centrifuged to yield black Ti3C2Tx-MXene nanosheets with 
different sizes.

Synthesis of Au QDs@MXene nanosheets
Au QDs@MXene nanosheets were synthesized via an in-situ reduction method. Briefly, chlorauric acid 
solution (2 mM, HAuCl4·4H2O) with different volumes was dropwise added to MXene solution 
(0.5 mg mL-1) under ice bath condition to yield the Au QDs@MXene composites. The Au QDs@MXene 
composites were collected by centrifugation and dried in a vacuum oven at 40 °C for 12 h. The mass loading 
of Au QDs on the MXene nanosheets is 0.032 mg cm-2.

Preparation of Au QDs@MXene-decorated separator
Au QDs@MXene powder, carbon black, and polyvinylidene fluoride (PVDF) at a mass ratio of 8:1:1 were 
ground thoroughly to form a uniform black slurry. Then, the slurry was cast on the surface of a Celgard 
separator. Following that, the Au QDs@MXene-decorated separator was dried in a vacuum oven at 40 °C 
for 24 h and cut into circular slices with a diameter of 19 mm with a microtome.
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Fabrication of sulfur cathodes
Sulfur composite cathodes were prepared via a melt-molten method. Briefly, sulfur powder and CMK-3 at a 
mass ratio of 7:3 were uniformly mixed and then heated at 155 °C for 12 h. Afterward, the S cathode was 
prepared by mixing the CMK-3/S composite, Super P, and PVDF (Alfa Aesar) at a weight ratio of 8:1:1 with 
N-methyl-2-pyrrolidone (NMP, ≥ 99.5%, Sigma-Aldrich) as the solvent. The sulfur loading is about 
2.5-5.1 mg cm-2.

Materials characterizations
Scanning electron microscope (SEM, SU-8000, operating at 10 kV) and high-resolution transmission 
electron microscopy (HRTEM, JEOL-2100F) were used to characterize the morphology and surface 
structure of the as-obtained samples. The cross-section morphology of the samples was characterized using 
energy-dispersive X-ray spectroscopy (EDX, Bruker). X-ray diffraction (XRD) was accomplished on a 
Bruker D8 Advance diffractometer with Cu Kα radiation XRD (λ =1.54056 Å, 40 V, 30 mA) in the 2θ range 
of 5~80° to disclose the component of the materials. Ultraviolet-visible (UV-vis) absorption spectroscopy 
was measured in the 250-600 nm range to detect the content of polysulfides. An XPS (ESCALab 250Xi 
photoelectron spectrometer with Al Kα radiation) test was employed to study the surface composition and 
valence state of products.

Electrochemical tests
CR2032-type coin cells were assembled using a CMK-3/S composite cathode, an Au QDs@MXene-
decorated polypropylene separator (PP, Celgard 2500, Goodfellow, USA), a Li foil anode, and a 1.0 M 
LiTFSI in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (V/V = 1:1) electrolyte containing 2% LiNO3. 
The electrochemical performances of batteries were evaluated using a LAND testing system. 
Electrochemical impedance spectra (EIS) measurements were conducted on a CHI-760E electrochemical 
workstation (CH Instruments Inc., Shanghai) with a frequency range from 0.1 Hz to 100 kHz. Cyclic 
voltammetry (CV) tests were performed on a CHI 760E electrochemical workstation at a scanning rate of 
0.1 mV s-1. Li2S precipitation experiments are conducted to investigate the polysulfide conversion kinetics. A 
battery configuration based on Au QDs@MXene/MXene as the working electrode, Li foil as the counter 
electrode, and Li2S8 solution as the electrolyte, is applied to perform the Li2S precipitation experiment. The 
cells are first galvanostatically discharged to 2.06 V to consume most soluble polysulfides and then 
potentiostatically held at 2.05 V until the current decreases to 10-5 A. The galvanostatic intermittent titration 
technique (GITT) of Li|Au QDs@MXene/PP|CMK-3/S| cells were performed at 0.1 C.

RESULTS AND DISCUSSION
The preparation scheme of Au QDs@MXene is presented in Figure 2A. First, a Ti3C2Tx (MXene) 
heterostructure was prepared by selectively etching Al atom layers in bulk Ti3AlC2 according to a procedure 
reported in our previous work[40]. Then, as-obtained Ti3C2Tx with abundant Ti vacancy defects showed 
strong reducibility, which facilitated the conversion of Au3+ to Au nanoparticles (Au NPs)[41]. In-situ 
generated Au NPs were distributed on Ti3C2Tx sheets and formed Au QDs@MXene composites [Figure 2B]. 
The HRTEM images showed that the interplanar spacing was 0.271 nm for the heterostructure and 
0.239 nm for the nanoparticles, which corresponded to the (0110) lattice plane of MXene and the (111) 
lattice plane of Au, respectively [Figure 2C and D][41]. The statistical size analysis of Au QDs@MXene 
showed that the average diameter of Au NPs ranged from 5 to 10 nm [Figure 2E]. X-ray powder diffraction 
(XRD) was used to characterize the composition of Au QDs@MXene. As shown in Figure 2F, only the 
characteristic peak of MXene was observed in the pattern of the composite material, which may be due to 
the low content and small size of NPs. The Au QDs@MXene heterostructure was plated on a commercial 
PP separator to fabricate a functional separator using a coating strategy. In Figure 2G, the Au QDs@MXene 
heterostructure tightly covered the PP separator with a coating thickness of around 7 μm. As a comparison, 
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Figure 2. (A) Preparation scheme of Au QDs@MXene heterostructure. (B) TEM and (C and D) HRTEM images of Au QDs@MXene 
heterostructure. The inset is the selected area electron diffraction (SAED) pattern. (E) Grain size distribution of Au QDs. (F) XRD 
patterns of MXene and Au QDs@MXene heterostructure. (G) Cross-section SEM image of Au QDs@MXene-decorated separator.

the MXene-decorated separator with the same coating thickness was also prepared using the same scraping 
method [Supplementary Figure 1]. The bilayer structure of the separator is certified by the EDX elemental 
mappings through a good match in elemental mappings between Au, Ti, and O [Supplementary Figure 2]. 
The Au QDs@MXene-decorated PP separator was flexible and retained an intact structure without 
pulverization or cracking during repeated bending. This is necessary for long-term cycling stability when 
used in Li-S batteries [Supplementary Figure 3]. Thermal stability of the Au QDs@MXene-decorated PP 
separator is also characterized by a heating test. As shown in Supplementary Figure 4, an increase in 
temperature causes the PP separator to shrink and deform, potentially resulting in direct contact between 
the cathode and anode during cycling. This can ultimately lead to an internal short-circuit. In contrast, the 
Au QDs@MXene-modified separator maintains its structural integrity relatively well, showing minimal 
deformation even when subjected to a temperature of 170 °C. This is of significant importance for ensuring 
the safety of the battery. The wettability of liquid electrolytes toward the modified separator reflects the Li-
ion transport speed, which can be confirmed by a contact angle test. Introducing the Au QDs@MXene 
nanosheets did not impede ionic transport, as shown by the slight decrease in the contact angle from 12.2 to 
9.7° [Supplementary Figure 5].

The MXene heterostructure contains abundant surface functional groups that promote the adsorption of 
polar polysulfides, but these functional groups also increase the tendency to restack[34,42,43]. Au QDs with a 
large specific surface area prevented MXenes from restacking and provided adsorption sites. Permeation 
experiments were carried out to visually observe the penetration speed of polysulfides across different 
separators. As shown in Figure 3A, an H-bottle solution with Au QDs@MXene remained colorless after 
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Figure 3. (A) Polysulfide permeation measurements for MXene-decorated and Au QDs@MXene-decorated separators during the 
course of polysulfides diffusion from the right side to the left side of the H-bottles. (B) UV-vis absorption spectra of Li2S6 solution on the 
left side of devices after 24 h. (C) Relationship between Qhigh and current density of Li-S cells with the MXene-decorated and Au 
QDs@MXene-decorated separators. (D) CV curves of the MXene-based and Au QDs@MXene-based full cells at a scan rate of 
0.1 mV s-1. (E) Tafel plots corresponding to the reduction from Li2Sx to Li2S. (F) Activation energy profiles of different separators. (G) 
GITT curves of the discharge procedure. (H and I) Li2S deposition profile of different samples.

static permeation for 24 h, while the control solution with MXene was bright yellow, indicating the superior 
polysulfide-blocking ability of Au QDs@MXene. After the permeation experiment, the polysulfide content 
on the left side of the H-bottle was analyzed using UV-vis spectroscopy. The Li2S6 absorbance with the Au 
QDs@MXene was remarkably lower than that with the MXene, further verifying that Au QDs@MXene 
provided superior polysulfide blocking [Figure 3B]. The shuttle constant (ks) was used to evaluate the 
polysulfide shuttling behavior. The battery constructed using the Au QDs@MXene-decorated separator 
exhibited a higher slope than the battery with the MXene-decorated separator, indicating superior screening 
performance of Au QDs@MXene [Figure 3C].

Polar polysulfides must be strongly adsorbed for their subsequent rapid redox reactions on the catalyst. 
Hence, the role of the Au QDs@MXene in improving the redox reaction kinetics for S/Li2S was explored by 
electrochemical analysis. As shown by the CV profiles [Figure 3D], the full cell based on the Au 
QDs@MXene-decorated separator exhibited a higher current response and narrower voltage separation 
than the full cell with the MXene-decorated separator. This indicates the higher reversibility of active S and 
the faster S/Li2S conversion kinetics. The improved Li+ transport ability was further confirmed by the lower 
interfacial resistance of the battery with the Au QDs@MXene-decorated separator than the battery with the 
MXene-decorated separator [Supplementary Figure 6]. The catalytic effect of Au QDs@MXene was further 
investigated by comparing the Tafel plots of the two cells with different separators. The Au QDs@MXene-
based full cell showed a higher Tafel slope during both reduction and oxidation processes than those of the 
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MXene-based full cells. This indicates faster conversion from Li2Sx  to Li2S [Figure 3E and 
Supplementary Figure 7].

The activation energies (Ea) were calculated from EIS spectra obtained at different temperatures, which 
reflect the S/Li2S conversion rate [Supplementary Figure 8 and Supplementary Table 1]. As shown in 
Figure 3F, the Ea of the S/Li2S conversion decreased by 9.16 kJ mol-1 for the Au QDs@MXene-based full cells 
compared with the MXene-based full cells. This implies that the S/Li2S conversion rate was accelerated. The 
different conversion reaction kinetics for the two types of cells were compared using the GITT. The Au 
QDs@MXene-based full cells demonstrated higher discharge capacities and lower ohmic polarization and 
voltage polarization than the MXene-based full cells. This indicates the intrinsically faster charge transfer 
abil ity of the S cathode with the Au QDs@MXene-decorated separator [Figure 3G and 
Supplementary Figure 9]. The catalytic activity of Au QDs@MXene was also investigated by Li2S 
precipitation experiments[44]. The Au QDs@MXene presented a shorter nucleation time (1,122.5 s) and Li2S 
precipitation capacity (259.7 mA h g-1) than MXene (1,450.9 s/141.9 mA h g-1) [Figure 3H and I], confirming 
that Au QDs@MXene accelerated the kinetics of the redox reaction from Li2Sx to Li2S/Li2S2. The above 
results demonstrate the advantages of Au QDs@MXene in lowering the Ea and accelerating the redox 
kinetics of LiPSs.

To confirm the correlation between the Au NP size and catalytic activity, two other Au@MXene 
composites, referred to as Au NPs@MXene-1 and Au NPs@MXene-2, were prepared by regulating the 
chloroauric acid content using the same method [Supplementary Figures 10 and 11]. Upon increasing the 
Au NP size from 6 to 11 nm and further to 20 nm, Ea increased slightly from 33.12 kJ mol-1 to 34.94 kJ mol-1 
and then to 36.79 kJ mol-1 [Supplementary Figure 12]. The Li-S battery with the smallest Au NPs (6 nm) 
exhibited the greatest discharge specific capacity and best capacity retention [Supplementary Figure 13]. 
The charge transfer resistance monotonically declined as the Au NP size decreased, indicating that the 
smallest Au NPs provided the fastest kinetics [Supplementary Figure 14]. The underlying reasons for the 
improved performances using smaller Au NPs were attributed to the increased number of exposed 
catalytically active sites[45]. Therefore, the separator anchored with 6 nm Au NPs was used to test its 
electrochemical properties in subsequent experiments.

The electrochemical performance of Li-S batteries using different modified separators was investigated. Due 
to the improved LiPS adsorption ability and catalytic activity, the Au QDs@MXene-based Li-S cells 
delivered a high initial discharge capacity of 1,500 mA h g-1, corresponding to a high sulfur utilization rate of 
90% at 0.2 C [Figure 4A]. After 100 cycles, the discharge capacity of the Au QDs@MXene-based full cell was 
maintained at 669 mA h g-1 [Figure 4B]. Even at a high rate of 0.5 C, the Au QDs@MXene-based full cell 
performed stably for 200 cycles and showed a capacity retention of 81% [Figure 4C]. The Au QDs@MXene 
also favored rapid Li+/e- transport, which ensured a superior rate capability. The reversible capacities 
obtained from the Li-S batteries based on the Au QDs@MXene-decorated separators were 1,150, 950, 830, 
700, and 550 mA h g-1 at rates of 0.1, 0.3, 0.5, 1, and 2 C, respectively. These values are much higher than 
those obtained using the MXene-decorated separators [Figure 4D]. The superior LiPS screening 
performance and rapid sulfur redox reaction kinetics gave the Au QDs@MXene-based full cells long 
lifetimes and high-rate capabilities. The results of a long-term cycling test involving 300 charge/discharge 
cycles at 1 C are presented in Figure 4E. The Li-S battery with the Au QDs@MXene-decorated separator 
showed good cyclability and a capacity retention of 71% with a low decay rate of 0.092% during each cycle. 
Moreover, the cycling performance and rate of the high-sulfur-loaded sulfur cathodes are tested to highlight 
the advantages of Au QDs@MXene-decorated separators. As shown in Supplementary Figure 15, even when 
the sulfur loading is increased to twice the previous (approximately 5.1 mg cm-2), the Li-S battery with the 
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Figure 4. (A) Galvanostatic charge/discharge profiles of Li-S cells with MXene-decorated and Au QDs@MXene-decorated separators, 
and (B) corresponding cycling performance at 0.2 C (E/S ratio of 6.0 μL mg-1). (C) Cycling performance comparison for the two cells at 
0.5 C. (D) Rate performance of S cathodes with different separators. (E) Long-term cycling performance at 1 C. (F) EIS comparison of 
Li-S cells with MXene-decorated and Au QDs@MXene-decorated separators after the 100th cycle at 0.5 C. (G) XPS spectra of S 2p for 
the cycled Li anodes with MXene-decorated and Au QDs@MXene-decorated separators.

Au QDs@MXene-decorated separator still delivers a high initial discharge capacity of 1,091 mA h g-1. The 
capacity is significantly higher than that of 838 mA h g-1 for the battery with the pure MXene-decorated 
separator. Furthermore, the battery with the Au QDs@MXene-decorated separator demonstrates good 
cycling performance, retaining 74% of its capacity after 50 cycles. In contrast, the pure MXene-decorated 
separator fails to achieve this level of performance [Supplementary Figure 15A]. Additionally, the rate 
capability of the battery with the Au QDs@MXene-decorated separator surpasses that of the battery with the 
pure MXene-decorated separator [Supplementary Figure 15B].

To further compare the effect of Au QDs@MXene versus bare MXene on the reaction kinetics and 
interfacial stability in batteries, we carried out EIS and ex-situ XPS. The first semicircle in the high-
frequency region corresponded to Li+ transfer via the interfacial layer on the S cathode and Li anode[15]. The 
interfacial resistance of the batteries with the Au QDs@MXene-decorated separator greatly decreased 
because of the rapid conversion of sulfur species and decreased accumulation of insulating Li2S or Li2S2. The 
semicircle in the low-frequency region was related to the charge transfer resistance. The resistance of Au 
QDs@MXene was much lower than that of MXene, indicating the improved catalytic activity and electronic 
conductivity of the Au QDs@MXene-based batteries [Figure 4F]. XPS analysis was performed on the cycled 
Li anodes to investigate the shuttle effect. The spectra of both cells contained four peaks at 160.0, 161.4, 
166.9, and 168.2 eV, which were attributed to the chemical bonds of ST

-1, SB
0, thiosulfate, and polythionate 
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[Figure 4G][46,47]. However, weaker sulfur peaks were observed from the Li surface with the Au 
QDs@MXene-decorated separator, indicating that polysulfides were converted to Li2S on the cathode. This 
suppressed their migration toward the Li anode during cycling.

CONCLUSIONS AND OUTLOOK
In summary, we have realized the in-situ defect-induced preparation of Au QDs (~6 nm) that were evenly 
dispersed on an MXene as a functional separator for Li-S batteries. MXene, with a strong affinity for sulfur, 
chemically captured soluble polysulfides and suppressed their migration toward the Li anode. Au QDs with 
desirable electrocatalytic activity and high conductivity boosted the rapid conversion of polysulfides and 
reduced their local accumulation, thereby improving the sulfur utilization rate. Due to the strong 
chemisorption ability of MXene and the catalytic effect of Au QDs, the assembled Li-S batteries delivered a 
high reversible capacity of 1,500 mA h g-1 at 0.2 C, a favorable rate capability (cycled at 2 C), and exceptional 
long-term cycling (only 0.092% capacity fading per cycle over 300 cycles at 1 C). This concept of integrating 
chemisorption and catalysis provides a method to rationally design materials for Li-S (Se), Li-O2, Na-S (Se), 
and Na-O2 batteries.
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