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A B S T R A C T

Lithium-sulfur (Li–S) batteries are considered a potential breakthrough in future energy storage systems owing to
remarkable energy density. However, they are fundamentally constrained by practical obstacles including pol-
ysulde shuttle effect and sluggish redox reaction kinetics. To address these challenges, single atomic Co
decorated sandwich-like mesoporous carbon/MXene heterostructure (SACo-MC@MX) is designed by using a
single-micelle-directed interfacial assembly strategy. This innovative catalytic heterostructure is endowed with
combined physical adsorption and chemical anchoring capability toward effectively capturing lithium poly-
suldes, while simultaneously enhancing the redox reaction kinetics of sulfur species through Co atomic catal-
ysis, as fully conrmed by comprehensive electrochemical characterizations and in-situ Raman. The cell
employed with SACo-MC@MX achieves an impressive capacity of 1241.6 mAh g1 at 0.2C, an excellent rate
capability up to 5C, and outstanding long-term cycling stability with a low decay rate of 0.030 % per cycle at 1C
over 1000 cycles. Additionally, even with a high sulfur loading of 5.3 mg cm2, the cell retains a superior areal
capacity of 4.64 mAh cm2 after 100 cycles, providing the possibility to commercialize Li–S batteries.

1. Introduction

To deal with global energy shortage and worsening ecological
challenges, energy storage devices, as a key part of renewable energy
systems, have drawn signicant attention from researchers [1–3].
Lithium-sulfur (Li–S) batteries are broadly recognized as competitive
contenders for modern power storage solutions owing to their impres-
sive theoretical energy density and capacity (2600 Wh kg 1/1675 mAh
g 1), economic viability, and ecological sustainability [4–6]. However,
several obstacles impede the commercial realization of Li–S batteries

due to the complex multi-electron redox reactions between solid and
liquid active phases, leading to the shuttle effect of lithium polysuldes
(LiPSs) and sluggish redox kinetics [7,8]. These issues collectively un-
dermine the electrochemical performance of Li–S batteries, causing
rapid capacity fading and inferior rate capabilities [9–11].

To tackle these obstacles, various approaches have been explored,
including the construction of conductive sulfur hosts [12–14], the design
of functional separators [15–17] and the optimization of electrolytes
[18–20]. Among them, developing functional separators has been
identied as one of the simplest and most effective methods [21].
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Separator coatings with the functions of physical connement and
chemical anchoring capabilities can efciently trap soluble LiPSs, miti-
gate the shuttle effect, and redistribute active sulfur species, signi-
cantly improving the sulfur utilization [22,23]. Furthermore,
introducing catalysts into the coatings can strengthen LiPSs conversion,
ultimately improving the rate capability of Li–S batteries [24,25].
MXene, as an emerging 2D transition metal carbide/nitride, has
demonstrated exceptional advantages in energy storage applications
owing to its electrochemical stability, superior electrical conductivity,
and Lewis site modulation [26,27]. In addition, compared to traditional
2D materials, MXene offers abundant functional groups (-O, –OH and
–F) that provide active sites for LiPSs adsorption [28]. It should be noted
that MXene nanosheets exhibit a tendency to restacking because of van
der Waals forces and hydrogen bonding, limiting functional surface
accessibility and ion transport [29]. In this case, heterostructure engi-
neering that incorporates nanomaterials onto MXene has been proposed
as a promising solution [30–32]. Our previous work has demonstrated
that grafting ordered mesoporous carbon onto MXene can effectively
prevent MXene stacking and create pathways to boost ion diffusion [33].
However, the limited active catalytic sites in the mesoporous carbon/-
MXene heterostructure limit its catalytic performance, particularly
under high concentrations of LiPSs, necessitating further catalytic
enhancement.

Recently, single-atom catalysts (SACs) have emerged as superior
candidates for energy conversion, attributed to their nearly 100 %
atomic utilization and unique electronic properties [34,35], which has
been demonstrated the feasibility in Li–S batteries [36–39]. SACs can
effectively alleviate the shuttle effect of LiPSs through polar in-
teractions, while the densely exposed metal centers enable efcient
bidirectional catalysis of polysulde intermediates [40]. Given that, a
single atomic Co decorated sandwich-like mesoporous carbon/MXene
heterostructure (SACo-MC@MX) was achieved by using a
single-micelle-directed interfacial assembly strategy. In this design, the
mesoporous carbon was uniformly grafted onto both surfaces of the
MXene nanosheets to prevent restacking, offering a robust framework
for efcient electron and ion transport. Meanwhile, the exposed Lewis
acidic sites facilitated the capture of LiPSs and the Co single atoms
exhibited strong catalytic activity, realizing the goal of “adsorption-ca-
talysis-transformation”. As a result, the SACo-MC@MX enables Li–S cells
to obtain remarkable rate performance (716.7 mAh g 1 at 5C) and long
cycle life (capacity degradation of 0.030 % per cycle at 1C over 1000
cycles). Impressively, even with a high sulfur loading of 5.3 mg cm 2,
the cell retains a superior capacity of 4.64 mAh cm 2 after 100 cycles,
exhibiting the potential application in practical demands.

2. Experimental section

2.1. Synthesis of MXene

The MXene (Ti3C2) nanosheets were synthesized following a pro-
cedure adapted from previously reported methods [41]. Briey, 4.8 g of
LiF was dissolved in a solution containing 45 mL of HCl and 15 mL of
H2O. After stirring for 10 min, 2.0 g of MAX phase (Ti3AlC2) was
introduced, and the reaction was maintained at 35 ◦C for 24 h. The nal
product was thoroughly washed with deionized water until the pH
reached neutrality (~7.0). Finally, a 1.5 mg mL 1 MXene nanosheet
dispersion was prepared and refrigerated for storage.

2.2. Synthesis of SACo-MC@MX

To synthesize SACo-MC@MX, 1 g of F127 was dissolved in 50 mL
ethanol, and then the 50 mL MXene dispersion, 1 g dopamine hydro-
chloride, 50 mg Co(NO3)2⋅6H2O, and 3 mL 1,3,5-Trimethylbenzene
were added in sequence. After stirring for 30 min, 2.5 mL NH3⋅H2O
was introduced, and the mixture was stirred for 8 h. The product was
repeatedly washed via centrifugation with deionized water and ethanol,

then dried at 50 ◦C for 12h. The precursor was carbonized under a ni-
trogen atmosphere by heating it at 800 ◦C for 2 h. The nal product was
subjected to 2 M HCl treatment for 10 h to obtain SACo-MC@MX. For
MC@MX, the identical procedure was followed without adding Co
(NO3)2⋅6H2O.

3. Results and discussion

The synthesis process of SACo-MC@MX is illustrated in Fig. 1a.
Under mild conditions, Ti3C2 MXene nanosheets were synthesized by
selectively etching the Al atomic layer from Ti3AlC2 MAX using HCl and
LiF. Subsequently, Co-PDA/F127 micelles were uniformly self-
assembled onto both surfaces of MXene through electrostatic in-
teractions and hydrogen bonding. After carbonization and acid washing,
single atomic Co decorated sandwich-like mesoporous carbon/MXene
heterostructure (SACo-MC@MX) was obtained.

Transmission electron microscopy (TEM) images (Fig. S1) revealed
that the etched Ti3C2 MXene displayed an ultra-thin and sheet-like
morphology. As shown in the scanning electron microscopy (SEM) im-
ages (Figs. 1b and S2a), SACo-MC@MX and MC@MX both retained the
original 2D morphology of MXene. Moreover, both sides of the materials
displayed highly uniform and continuously open mesopores, indicating
the successful grafting of mesoporous carbon onto the MXene surfaces,
leading to the formation of a sandwich-like structure. This unique het-
erostructure provides effective pathways for electron transfer and Li+
diffusion. TEM images (Figs. 1c and S2b) further conrmed the 2D
morphology of SACo-MC@MX and MC@MX, with orderly arranged
mesopores, some of which were overlapping, providing additional evi-
dence that mesoporous carbon was located on both sides of the MXene
sheets. Furthermore, no noticeable Co metal nanoparticles were detec-
ted in the TEM images of SACo-MC@MX. Elemental mapping images
(Fig. 1e) showed a uniform distribution of C, N, Ti, and Co elements
without any aggregation, suggesting that Co atoms in SACo-MC@MX
might exist in an atomic-scale form. To investigate the exact form of
the Co element, aberration-corrected TEM (AC-TEM) analysis was con-
ducted. As shown in Fig. 1d, numerous randomly dispersed bright spots
were observed on the surface of SACo-MC@MX, verifying that Co is
present as single atoms on the mesoporous carbon surface.

X-ray diffraction (XRD) analysis was performed to analyze the
crystalline phase structure of SACo-MC@MX and its synthetic pre-
cursors. As shown in Fig. S3, after etching the Ti3AlC2 MAX phase with
the HCl and LiF solution, the Al-related diffraction peak at 2θ = 39◦
disappeared, while the 002 diffraction peak shifted from 2θ = 9.5◦ to
6.4◦. This shift in the 002 diffraction peak indicates an increase in
interlayer spacing caused by the exfoliation effect, suggesting the for-
mation of thinner Ti3C2 MXene layers with fewer layers [42]. From the
XRD patterns of SACo-MC@MX and MC@MX (Fig. 2a), it is evident that
the characteristic MXene diffraction peak at 2θ = 6.4◦ vanished, being
replaced by a broad peak at 2θ = 25.5◦, corresponding to the 002
diffraction peak of disordered carbon structures. This result conrms the
successful formation of mesoporous carbon on the MXene surfaces.
Additionally, no Co-related diffraction peaks were observed, indicating
the absence of Co metal particles in SACo-MC@MX. Furthermore, the
XRD patterns of SACo-MC@MX and MC@MX are nearly identical, sug-
gesting that the presence of Co atoms has minimal impact on the overall
structure. The specic surface area and pore structure of the materials
were analyzed using nitrogen adsorption–desorption isothermal curves
(Fig. 2b). SACo-MC@MX displays typical type IV isotherms with distinct
hysteresis loops, characteristic of mesoporous structures. The BET sur-
face area of SACo-MC@MX is 330.2 m2 g 1, substantially higher than
that of original MXene nanosheets (22.5 m2 g 1). This increase dem-
onstrates that the formation of mesoporous carbon on MXene effectively
inhibits the restacking of the 2D layers and introduces abundant
porosity. The pore size distribution (Fig. 2c) reveals that SACo-MC@MX
has average pore sizes of 3.82 nm, further conrming the mesoporous
nature. The extensive surface area and mesoporous structure effectively
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expose additional active sites for LiPSs catalytic conversion, while
providing cross-plane channels for ion transport, thereby enhancing
electrolyte inltration and accelerating ion diffusion to promote the
sulfur redox reaction [43].

As shown in the Raman spectra (Fig. 2d), both SACo-MC@MX and
MC@MX exhibit two prominent characteristic peaks near 1350 cm 1

and 1580 cm 1, corresponding to the D-band and G-band of mesoporous
carbon [44]. The ID/IG ratios of SACo-MC@MX and MC@MX are 1.10
and 1.16, indicating that both materials possess good graphitization.
The surface chemistry of SACo-MC@MX was further investigated by
X-ray photoelectron spectroscopy (XPS) analysis. As shown in Fig. S4a,
the presence of the C–N bond indicates successful N doping in the
mesoporous carbon, which introduces additional polar sites for LiPSs
adsorption, thereby suppressing the shuttle effect [45]. The N 1s spec-
trum (Fig. 2e) reveals four distinct peaks at binding energies of 389.5,
400.7, 401.5, and 404.4 eV, corresponding to pyridinic N, pyrrolic N,

graphitic N, and oxidized N. Pyrrolic N and pyridinic N can act as co-
ordination sites for Co atoms, facilitating the coordination of Co single
atoms [46]. The Co 2p spectrum (Fig. 2f) shows relatively noisy data,
indicating a low Co content in SACo-MC@MX. The tted peaks at 779.6
and 794.2 eV correspond to Co3+, while those at 781.9 and 797.2 eV
correspond to Co2+. Satellite peaks at 786.2 and 803.4 eV are also
observed. Notably, no peak is detected at 778.2 eV, indicating the
absence of metallic Co clusters [47]. The Ti 2p spectrum (Fig. S4b) ex-
hibits tted peaks at 457.0 and 463.0 eV, corresponding to Ti–C bonds,
while peaks at 459.2 and 464.4 eV are attributed to C–Ti–O bonds.
Additionally, the peaks at 459.8 and 465.6 eV correspond to Ti–O bonds
[48]. These functional groups conrm the presence of MXene, and the
appearance of Ti–O bonds indicates slight oxidation of MXene.

To investigate the adsorption capacity of SACo-MC@MX for LiPSs,
Li2S6 adsorption experiments were conducted. As shown in the inset of
Fig. 3a, equal masses of SACo-MC@MX and MC@MX were immersed in

Fig. 1. (A) Schematic illustration of the synthesis process of SACo-MC@MX. (b) SEM image, (c) TEM image, and (d) AC-TEM image of SACo-MC@MX. (e) Element
mapping images of the SACo-MC@MX.



2 mM Li2S6 solution. After standing for 12 h, both SACo-MC@MX and
MC@MX showed signicant decolorization of the Li2S6 solution
compared to the blank, indicating strong adsorption of Li2S6. The
incorporation of mesoporous carbon provided additional adsorption
sites, while SACo-MC@MX exhibited superior adsorption performance,
with the supernatant becoming nearly colorless and transparent. Sub-
sequently, UV–vis spectroscopy was performed on the supernatants to
quantify the residual Li2S6. As shown in Fig. 3a, the SACo-MC@MX
system exhibited the lowest absorption intensity, demonstrating that
Co single atoms markedly enhanced the chemical anchoring of poly-
suldes. This improved anchoring suppresses the polysulde shuttle
effect, thereby enhancing battery capacity retention and cycle life [49].

To further explore the interactions between SACo-MC@MX and
LiPSs, SACo-MC@MX before and after Li2S6 adsorption were charac-
terized. In the Li 1s spectrum (Fig. 3b), two tted peaks at 55.2 and 56.3
eV correspond to Li–S and Li–N bonds, indicating that the abundant N-
doped polar sites in SACo-MC@MX effectively anchored LiPSs and
suppressed the shuttle effect [50]. The S 2p spectrum of SACo-MC@MX
after Li2S6 adsorption (Fig. 3c) revealed the formation of thiosulfate and
polythionate, indicating the strong interactions between SACo-MC@MX
and Li2S6 [51]. The Ti 2p spectrum (Fig. 3d) shows that the peaks all
shifted to lower binding energies, demonstrating an increase in the
electron density of Ti metal centers due to the interactions between Ti
and sulfur [33]. Thus, these results conrm that the SACo-MC@MX not
only physically adsorbs LiPSs via its abundant mesoporous structure but
also chemically anchors them, effectively suppressing the shuttle effect.
To study the catalytic effect of different samples on LiPSs, cyclic vol-
tammetry (CV) tests of symmetrical cells were performed. As shown in
Fig. 3e, the CV curve of the SACo-MC@MX electrode displays four
distinct redox peaks with lower polarization and higher current response
compared to the MC@MX electrode, indicating reduced activation en-
ergy for the multistep conversion of polysuldes [52]. Even at an
increasing scan rates ranging from 10 to 100 mV s 1 (Fig. 3f), the

SACo-MC@MX symmetrical cell remain distinct redox peaks with high
peak current, indicating that the multistep sulfur conversion reactions
proceed smoothly despite intense electron transfer. In contrast, the
MC@MX symmetrical cell exhibits attened under high scan rates
(Fig. S5), with indistinguishable peaks, suggesting the active sulfur
species are unable to complete the full conversion reaction. The rapid
ion and electron transfer is further evidenced by the electrochemical
impedance spectroscopy (EIS) results (Fig. 3g). The semicircle in the
mid-frequency region represents the charge transfer resistance (Rct)
during electrode reactions, which characterizes the rate of charge
transfer during the charging and discharging processes [53]. The
SACo-MC@MX cell exhibits a smaller semicircle, indicating a lower
charge transfer resistance than MC@MX cell. This is consistent with the
higher peak current in the CV curves, providing further evidence that Co
single atoms facilitate faster charge transfer, thereby accelerating the
catalytic conversion of LiPSs. These results further conrm that the
introduction of Co single atoms enhances the reaction kinetics of LiPSs.

To further validate the catalytic role of Co single atoms on the
nucleation behavior of Li2S, the potentiostatic discharge experiments
were conducted (Fig. 3h–i). The SACo-MC@MX electrode reaches the
peak current at 1031 s, signicantly earlier than the MC@MX electrode
(2140 s). Additionally, the SACo-MC@MX electrode exhibits a larger
peak current and a sharper nucleation peak prole for Li2S. These
characteristics suggest that Li2S nucleation on SACo-MC@MX occurs
with lower overpotential, faster response, and higher reaction activity.
Furthermore, the deposition capacity of the SACo-MC@MX electrode is
318.5 mAh g 1, higher than that of the MC@MX electrode (245.6 mAh
g 1), conrming that SACo-MC@MX promotes the reduction of poly-
suldes to Li2S.

CV curves of Li–S cell were used to study the catalytic effects of
different materials on the redox reactions. As shown in Fig. 4a, at a scan
rate of 0.1 mV s 1, both SACo-MC@MX and MC@MX cells exhibit two
sharp reduction peaks near 2.3 V (Peak A) and 2.05 V (Peak B),

Fig. 2. (A) XRD patterns of SACo-MC@MX and MC@MX. (b) N2 adsorption–desorption isotherms curves, and (c) corresponding pore size distributions of SACo-
MC@MX and MX. (d) Raman spectra of SACo-MC@MX and MC@MX. (e) N 1s and (f) Co 2p XPS spectra of SACo-MC@MX.



corresponding to the reduction of S8 to long-chain LiPSs and the
reduction of long-chain LiPSs to Li2S. A sharp oxidation peak (Peak C)
near 2.4 V corresponds to the oxidation of Li2S to long-chain LiPSs and
elemental sulfur [54]. Compared to the MC@MX cell, the
SACo-MC@MX cell displays higher reduction potentials and lower
oxidation potentials, demonstrating stronger electrochemical driving
forces and enhanced sulfur conversion kinetics. This results in signi-
cantly reduced polarization behavior. Additionally, the higher current
response at the redox peaks of the SACo-MC@MX cell indicates greater
electrochemical reactivity and reaction rates, attributed to the enhanced
reaction kinetics enabled by Co single atoms. Tafel slopes were calcu-
lated for the reduction (Peak B) and oxidation (Peak C) peaks based on
the CV curves (Fig. 4b–c). The Tafel slope of the SACo-MC@MX cell for
Peak B (42.4 mV dec 1) is smaller than that of the MC@MX cell (58.6
mV dec 1), indicating that the SACo-MC@MX enhances the electro-
chemical kinetics of the sulfur reduction process and accelerates Li2S
deposition. For Peak C, the SACo-MC@MX cell also exhibits a smaller
Tafel slope (78.6 mV dec 1) compared to the MC@MX cell (108.5 mV
dec 1), highlighting the electrocatalytic role of SACo-MC@MX in the
oxidation of Li2S to LiPSs. This bidirectional enhancement accelerates

the redox reactions in Li–S batteries.
The Li + diffusion properties were further evaluated through CV tests

at various scan rates. As shown in Figs. 4d and S6a, the CV curves of both
cells retain sharp redox peaks as the scan rate increases, with corre-
sponding current responses also increasing, demonstrating good elec-
trochemical stability. Even at 0.5 mV s 1, the SACo-MC@MX cell
maintains lower polarization potentials and higher response currents.
According to the Randles-Sevcik equation, the Li+ diffusion kinetics can
be evaluated by the slope of the linear relationship between the peak
current and the square root of the scanning rate. A smaller slope cor-
responds to faster Li+ diffusion [55]. As shown in Figs. 4e and S6b, the
SACo-MC@MX cell exhibits higher slopes for Peaks A, B, and C
compared to the MC@MX cell, indicating faster Li+ diffusion rates
during the charge and discharge process. This demonstrates that Co
single atoms improve the catalytic conversion of LiPSs, reduces their
dissolution in the electrolyte, lowers the viscosity of the electrolyte, and
accelerates lithium-ion transport.

The Li–S cells were assembled using Li anode and KB/S cathode to
evaluate the electrochemical performance with various modied sepa-
rators. As shown in Fig. 4f, the initial discharge capacity of the SACo-

Fig. 3. (A) UV–vis curves of the SACo-MC@MX and MC@MX samples in Li2S6 solution. (b) Li 1s, (c) S 2p, and (d) Ti 2p XPS spectra of the SACo-MC@MX sample
after Li2S6 adsorption. (e) CV curves of symmetric cells with different samples at 5 mv s1. (f) CV curves of SACo-MC@MX symmetric cells at different scan rates. (g)
EIS curves of symmetric cells with different samples. (h, i) Potentiostatic discharge proles of Li2S8 solution with different electrodes.



MC@MX cell is 1241.6 mAh g 1, higher than that of the MC@MX cell
(1125.7 mAh g 1), indicating that SACo-MC@MX effectively accelerates
the reduction of LiPSs to Li2S. After 200 cycles, the SACo-MC@MX cell
retains a reversible capacity of 965.5 mAh g 1 with a capacity retention
rate of 77.76 %, superior to the MC@MX cell (794.4 mAh g 1, 70.57 %),

demonstrating higher sulfur utilization and cycle stability. Fig. 4g pre-
sents the initial charge-discharge curves at 0.2C. Both cells display two
discharge plateaus near 2.3 and 2.1 V and one charge plateau near 2.2 V,
corresponding to the solid-liquid reduction of sulfur to Li2S8, the liquid-
solid reduction of short-chain LiPSs to Li2S, and the oxidation of LiPSs to

Fig. 4. (A) CV curves and (b, c) derived Tafel curves of SACo-MC@MX and MC@MX. (d) CV curves at different scan rates and (e) peak current tting curve of SACo-
MC@MX. (f) Cycling performance and (g) corresponding charge-discharge proles at 0.2C, (h) Rate performance and (i) corresponding charge-discharge proles, (j)
Long-term cycle performance at 1C of SACo-MC@MX and MC@MX. (k) Cycling performance at high sulfur loading of SACo-MC@MX.



solid sulfur [56]. The polarization potential of the SACo-MC@MX cell
(145 mV) is smaller than that of the MC@MX cell (187 mV), consistent
with the CV results, further conrming the SACo-MC@MX separator
enhances sulfur redox kinetics. The QH/QL ratio was calculated to
evaluate the catalytic activity of the materials for LiPSs. A higher QH/QL
ratio indicates higher catalytic activity and sulfur utilization during
charge and discharge. The SACo-MC@MX cell exhibits a QH/QL ratio of
2.51, higher than the MC@MX cell (2.44), conrming that
SACo-MC@MX accelerates the reduction of LiPSs to Li2S.

The rate performance of the Li–S cells was tested to evaluate the
sulfur redox behavior and reversible capacity at various current rates. As
shown in Fig. 4h, the SACo-MC@MX cell achieves capacities of 1280.7,
1008.8, 903.8, 830.0, 780.6, 743.3, and 716.7 mAh g 1 at 0.2, 0.5, 1, 2,
3, 4, and 5C, respectively. In comparison, the MC@MX cell keeps ca-
pacities of 1142.9, 888.9, 796.8, 708.3, 625.1, 547.0, and 335.9 mAh
g 1 under the same conditions. The SACo-MC@MX cell consistently
delivers higher capacities at all current rates, with the gap widening as
the current rate increases, highlighting its superior electrocatalytic
capability. When returns to 0.5C, the SACo-MC@MX cell recovers a
reversible capacity of 949.2 mAh g 1, demonstrating stable performance
even after high-current cycling. Figs. 4i and S7 show the charge-
discharge curves of SACo-MC@MX and MC@MX at different current
rates. As the current rate increases, the cells’ potential polarization also
increases due to faster charge transfer at the electrode surface, leading to
incomplete charging and discharging. At 5C, the SACo-MC@MX cell
maintains a discharge voltage platform around 1.97 V with less polari-
zation, indicating strong catalytic activity and efcient redox reactions
even at high current rates. In contrast, the MC@MX cell loses its
discharge platform at 5C, with a sharp decrease in capacity due to low
LiPS reactivity and concentration polarization. This demonstrates that
SACo-MC@MX has stronger catalytic activity, and Co single atoms
enhance the sulfur redox kinetics, accelerating the reaction and reducing
polarization. To evaluate the suppression of the shuttle effect, long-cycle
tests were conducted at a current rate of 1C. As shown in Fig. 4j, the

SACo-MC@MX cell also demonstrates excellent long-term cycling sta-
bility at 1C after 1000 cycles with a capacity retention rate of 69.9 %
(0.030 % capacity decay per cycle) and high Coulombic efciency
approximately 100 %. In contrast, the MC@MX cell only achieves a
lower capacity retention rate of 65.8 % (0.034 % capacity decay per
cycle). Moreover, even with a high sulfur loading of 5.3 mg cm 2, the
cell retains a superior areal capacity of 4.64 mAh cm 2 after 100 cycles
(Fig. 4k). The outstanding electrochemical performance of the SACo-
MC@MX cell can be attributed to the mesoporous carbon structure
and Co single atoms, which provides abundant physical adsorption and
chemical anchoring sites as well as strong catalytic conversion capa-
bility for LiPSs, thus efciently suppressing the shuttle effect and
enabling fast sulfur conversion.

To further conrm the suppression of the lithium polysulde shuttle
effect by SACo-MC@MX, in-situ Raman spectroscopy was performed. As
shown in Fig. 5a–b, characteristic peaks of Li2S6 (400 cm 1), and liquid
electrolyte and Li2S8 (LE + S82 ) (480 cm 1) were detected on the PP
separator during the initial discharge stage at 2.32 V [57]. When dis-
charged to 2.11 V, characteristic peaks of Li2S4 (200 and 450 cm 1) also
appeared, and with further discharge, Li2S6 and Li2S4 accumulated
continuously [58]. These results indicate the occurrence of substantial
shuttle behavior on the PP separator, leading to active material loss. In
sharp contrast, only the characteristic peak at 480 cm 1 corresponding
to LE + S82 was observed on the SACo-MC@MX modied separator
(Fig. 5c–d), demonstrating that SACo-MC@MX, through its combined
physical adsorption and chemical anchoring effects, effectively captured
polysuldes and signicantly suppressed the shuttle effect.

4. Conclusion

In summary, sandwich-like 2D mesoporous carbon/MXene hetero-
structure integrated with the atomically distributed Co is achieved by
single-micelle-directed interfacial assembly strategy, which serves as the
bifunctional redox catalyst to propel the sulfur conversions in Li–S

Fig. 5. In situ time-resolved Raman spectra tested during the discharging processes of the cells with (a) PP and (c) SACo-MC@MX. Partial Raman spectra of the cells
with (b) PP and (d) SACo-MC@MX.
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battery, exhibiting the strategy of “adsorption-catalysis-trans-
formation”. Experimental results demonstrate that mesoporous carbon
was uniformly grafted onto both sides of MXene, effectively preventing
MXene restacking and providing a robust framework for efcient elec-
tron and ion transfer. The abundant mesoporous structure not only ex-
poses the Lewis acidic surface of MXene but also maximizes the
synergistic effects of heterointerfacial interactions. Furthermore, the Co
single atoms exhibit strong catalytic activity, accelerating the catalytic
conversion of polysuldes, as conrmed by the in-situ Raman charac-
terization. As a result, Li–S cells with SACo-MC@MX exhibit excellent
rate capability up to 5C and outstanding long-cycle performance over
1000 cycles at 1C. Furthermore, even with a high sulfur loading of 5.3
mg cm 2, the cell retains the areal capacity of 4.63 mAh cm 2 after 100
cycles, providing new insights for future designs of advanced energy
storage systems.
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