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Unveiling the Curvature-Dependent Electrocatalytic Kinetics
for Sulfur Redox Reaction in Li-S Chemistry

Kao Wang, Yang Wang, Jun Wang, Hong Wang, Chenzhi Ding, Zhaobo Zheng, Yue Liu,
Zhengtang Luo, and Yao Ding*

Lithium-sulfur (Li-S) batteries have suffered from serious “shuttle effect” and
sluggish kinetic of sulfur redox reaction (SRR). Herein, we focus on the
circumferential strain engineering on tailoring the single-atom catalysts
(SACs) for fast SRR in Li-S batteries. A distinguish coaxial V-doped
MoS2@CNTs (V-MoS2@CNTs) heterostructure with uniform biaxial strain is
developed as the platform to unveil the curvature-dependent electrocatalytic
kinetics in SRR. Both experimental results and theoretical calculations show
that this circumferential strain not only benefits the interaction between
cathodes and LiPSs, but also dynamically strengthens the SRR by a modified
d-band structure of dual-metal active sites, i.e., V and Mo. Consequently, the
V-MoS2@CNTs catalysts with strong circumferential strain exhibit a
discharge capacity of 1202 mAh cm−2 at 0.5 C and a capacity fading of 0.052%
at 1 C, while an outstanding rate performance of 796 mAh g−1 at 5 C. In
addition, a high area capacity of 3.2 mAh cm−2 is maintained after 65 cycles at
0.1 C with a high sulfur loading of 3.7 mg cm−2. The strategy developed in
this work deepens understanding the impact of curving strain engineering in
SRR, and provides a feasible way to the scale-up synthesis of
high-performance SACs with tunable electrocatalytic activities.

1. Introduction

Lithium-sulfur (Li-S) batteries, which have been considered as
one of the most promising alternatives to lithium-ion batteries,
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have aroused great interest in recent years
due to their intrinsic high theoretical spe-
cific capacity (1675 mAh g−1) and consid-
erable energy density (2600 Wh kg−1).[1]

Nevertheless, there are a number of is-
sues that prevent the commercialization
of Li-S batteries. First, sulfur and its
final discharge product Li2S have poor
electrical conductivity, resulting in slug-
gish oxidation/reduction kinetics during
charge/discharge. Second, sulfur produces
a huge volume expansion of ≈80% dur-
ing cycling, leading to the destruction of
active materials. Third, lithium polysulfide
(LiPSs) generated during the discharge pro-
cess can dissolve into the electrolyte, re-
sulting in the “shuttle effect” and leading
to poor cycling stability and low coulom-
bic efficiency.[2] Therefore, the develop-
ment of electrocatalysts, which can ac-
celerate the redox reaction of LiPSs dur-
ing cycling with adsorption capacity and
catalytic activity, is crucial to the scal-
ing up of high-performance Li-S batter-
ies with improved the reaction kinetics.[3]

In recent years, tremendous efforts have been devoted to de-
signing electrocatalysts that can solve these drawbacks in Li-S
batteries. An ideal catalyst should provide fast electron trans-
fer, considerable adsorption area, and high catalytic activity
for LiPSs during charge/discharge cycles. Taking advantage of
the large surface area in layered structure, 2D transition-metal
dichalcogenides (2D TMDs) have demonstrated outstanding per-
formance as cathode hosts in Li-S batteries, e.g. MoS2, VS2, CoS2,
NiS2, etc.

[4] They can anchor the LiPSs through the dipole inter-
action between metal-S and S-Li bonds.[5] Presentively, MoS2 has
been widely reported as a promising catalyst in cathodes for Li-S
batteries, owing to its intrinsic high catalytic properties and low
cost.[6] Common strategies, such as defect-engineering,[7] phase
engineering,[8] and structural design,[9] have been investigated
for promoting the catalytic activity in sulfur redox reaction (SRR).
However, the incomplete utilization of its active surface area still
hinders the industrial application of MoS2 cathodes.
Designing catalysts with single-atom catalysts (SACs) is an

effective way to boost the electrocatalytic activity of redox reac-
tions in Li-S batteries.[10] SACs with close to 100% atom uti-
lization have superior electrochemical activity for Li-S battery
cathodes.[11,8] However, less work has been reported on boost-
ing the catalytic effects of both host materials and the doped sin-
gle atoms (e.g., V, Cr, Mn). Also, the effective regulation of the
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coordination environment of these single atoms, regarded as ac-
tive sites, is the key to boost the electrocatalytic activity.
Local strain engineering, which is an effective method to uni-

formly control the electronic structure of TMDs in nanoscale,
has been widely studied in the field of electrocatalysis.[12] For
instance, Zhang et al. introduced tensile stress in MoS2 lattice
through different cooling rates.[13] Cabot et al. obtained surface
strain enhanced MoS2 by cladding on cubic Co9S8 surface.

[14]

However, the previously reported strain engineering always re-
main limitations, i.e., lack of dimensional control and with poor
homogeneity. In addition, the ambiguous correlation between
the bending strain of SACs and its electrocatalytic properties in
Li-S batteries still needs to be pointed out.
Inspired by the pioneering researches, this work designs a

vanadium-doped fewMoS2 (less than four layers) on carbon nan-
otubes (V-MoS2@CNTs) with uniform circumferential strain as
multifunctional cathode for high-performance Li-S batteries. By
tailoring the V-MoS2@CNTs heterostructures with different di-
ameters, e.g. ϕ ≈ 2 nm, ϕ ≈ 15 nm, ϕ ≈ 50 nm, a uniform
and tunable circumferential strain can be well applied in V-
MoS2 through the concentric-tube structure. Scanning transmis-
sion electronmicroscopy (STEM), Raman, X-ray absorption spec-
troscopy (XAS) characterizations confirm the changes in chemi-
cal environment of V-MoS2@CNTs with this tunable circumfer-
ential strain. More importantly, the curvature-dependent electro-
catalytic kinetics in redox reactions of LiPSs and further electro-
chemical performance in Li-S batteries has been detailly investi-
gated by a series of in situ characterizations (e.g., in situ Raman
and in situ XRD). Density functional theory (DFT) calculations
are carried out to investigate the remarkably enhanced adsorption
capability of LiPSs upon introduction of circumferential strain.
The catalysts developed in this work enable the Li-S batteries to
exhibit a high capacity of 1202 mAh cm−2 at 0.5 C and a low av-
erage capacity fading of 0.052% at 1 C, while demonstrating ex-
cellent rate performance of 796 mAh g−1 at a high rate of 5 C.
In addition, a high area capacity of 3.2 mAh cm−2 is also main-
tained with a high sulfur loading of 3.7 mg cm−2. The under-
lying curvature-dependent electrocatalytic mechanism revealed
in this work can provide guidance to optimize rate-determining
step (RDS) in redox reactions of LiPSs, and showing great po-
tential for practical applications in electrocatalytic energy storage
devices beyond Li-S batteries, e.g. metal-air batteries and redox
flow batteries.

2. Results and Discussion

Figure 1a presents the schematic synthesis of coaxial vanadium-
dopedMoS2@CNTs (V-MoS2@CNTs) heterostructures with uni-
form circumferential strain in V-dopedMoS2 layers. Importantly,
acid treatment should be conducted on CNTs with different di-
ameters to improve the hydrophilicity before synthesis. After
this, coaxial MoS2 and CNTs heterostructures (MoS2@CNTs)
are obtained by annealing CNTs at 700 °C using molybdenum
source and sulfur powder.[15] V-MoS2@CNTs are obtained by an-
nealing MoS2@CNTs with additional vanadium source (Exper-
imental Methods in Supporting Information for details). Three
types of CNTs with different diameters are used for investigat-
ing the effect of this uniform circumferential strain on the elec-
trocatalytic behavior in Li-S batteries. Namely, V-MoS2@CNT1

(V-doped MoS2 on single-wall CNTs with ϕCNT = ∼2 nm), V-
MoS2@CNT2 (V-doped MoS2 on multi-wall CNTs with ϕCNT =
∼15 nm) andV-MoS2@CNT3 (V-dopedMoS2 onmulti-wall CNTs
with ϕCNT = ∼50 nm) are prepared.
In order to carefully observe the heterointerface and the lo-

cal atomic structure of V-MoS2@CNTs heterostructures, high-
resolution transmission electron microscopy (HRTEM) images
for V-MoS2@CNTs are provided in Figure 1b,d. The coaxial tube-
structure of V-MoS2@CNTs can be clearly seen in Figure S26
(Supporting Information). Figure 1b shows V-MoS2@CNT1 of
single-wall CNTs coated with 2–3 layers of 2H phase V-MoS2 (d
= 6.27 Å), referring to the crystal plane of MoS2 (002), which
maintains the same results of other V-MoS2@CNTs samples in
Figure S1 (Supporting Information), Figure 1c,d. It should be
pointed out that the less layers of V-MoS2 should result in the
stronger circumferential strain in V-MoS2 with obvious smaller
curvature of the tubes, which is verified to be important for the
acceleration of electrocatalytic kinetics of SRR in Li-S batteries.
Besides, Figure 1e–h display the high-angle annular dark-field
scanning transmission electronmicroscopy (HAADF-STEM) im-
age of V-MoS2@CNT1, together with the corresponding energy
dispersive X-ray spectroscopy (EDX) results, which demonstrates
the uniformly distribution of Mo, S and V elements in the het-
erostructures. Notably, V dopants are successfully supported by
the presence of slight vanadium signals in Figure 1h, due to the
few amounts of V dopants in samples (1 wt.%, Table S1, Sup-
porting Information). Additionally, TG (Figure S28, Supporting
Information) and ICP-OES results indicate that MoS2 in differ-
ent samples are relatively with the same amount, which excludes
the influence of proportional variation in the following electro-
chemical behavior. TheHAADF-STEM image and EDX results of
V-MoS2@CNT2 and V-MoS2@CNT3 are also showed in Figures
S2 and S3 (Supporting Information). Figure 1i shows that V-
MoS2 (100) layers on CNT in V-MoS2@CNT have the lattice dis-
tance d(100) = 2.80 Å. Compared with the standard lattice dis-
tance of MoS2 (100), d(100) = 2.74 Å, the circumferential strain
in V-MoS2@CNT endows a larger lattice spacing. In addition
to get a direct view of the strain distribution in V-MoS2@CNT,
Figure 1j,k plot the strain distribution of the wrapped V-MoS2 in
V-MoS2@CNT. Here, Figure 1k is the corresponding strain dis-
tribution along 𝜖xy direction of V-MoS2 in Figure 1j. It finds that
a symmetric and uniform bi-direction tensile strain has been ap-
plied in V-MoS2 among the radial direction of inside CNTs.
In order to observe the circumferential strain effects on

elemental phase states and chemical environment in V-
MoS2@CNTs heterostructures, X-ray diffraction (XRD) tech-
nique is applied on MoS2@CNTs and V-MoS2@CNTs. Here,
characteristic peaks of MoS2 crystal faces, matched well with
standard MoS2 (JCPDS No. 75–1539), appeal on all samples,
respectively. No other peaks associated to V elements are de-
tected in XRD patterns, which suggested the atomic distribution
of V atoms in V-MoS2@CNTs. Additionally, diffraction peaks at
26°and 42° can be attributed to CNTs, of which V-MoS2@CNT3
occupies the highest peak intensity due to the multi-wall struc-
tures. Figure 2b enlarges the diffraction peak of MoS2 (100) at
≈33° in V-MoS2@CNTs, in which a slight shift of the peak posi-
tion to small angle is observed with the decreases of diameters,
due to the increasing interplanar spacing of MoS2 (100). In addi-
tion, for the Raman spectra in Figure 2c, two characteristic peaks
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Figure 1. Coaxial V-doped MoS2@CNTs (V-MoS2@CNTs) heterostructures with uniform circumferential strain. a) Schematic diagram of the synthetic
procedure of MoS2/CNTs heterostructure with different diameters for CNTs (ϕCNT). b–d) HRTEM images of V-MoS2@CNT1 (b), V-MoS2@CNT2 (c),
and V-MoS2@CNT3 (d), respectively. e–h) HAADF-STEM (e) and elemental mapping images of Mo (f), S (g), and V (h) in V-MoS2@CNT1. i,j) STEM
image of the MoS2 (100) on CNT and the corresponding strain distribution of (j) in (k).
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Figure 2. Characterizations of V-MoS2@CNTs heterostructures. a) XRD patterns of MoS2@CNT2 and V-MoS2@CNTs with different diameters. b) mag-
nified regions of (a) to show the shift of characteristic peak ofMoS2 (100). c) Raman spectra of E2g

1 and A1 g modes inMoS2@CNT2 and V-MoS2@CNTs
heterostructures. d) XPS spectra of V 2p peaks of MoS2@CNT2 and V-MoS2@CNTs. e) XPS spectra of Mo 3d peaks of MoS2@CNT2 and V-MoS2@CNTs
heterostructures.

at 378 cm−1 and 403 cm−1 are assigned to E2g
1 and A1 g modes

of MoS2, respectively.
[16] By comparing the peak positions of

V-MoS2@CNT1, V-MoS2@CNT2, and V-MoS2@CNT3, a slight
red-shift can be observed, indicating the successful introduction
of strain.[13] V-MoS2@CNT1 occupies the largest shift, which
should correspond to the highest strain effect. Moreover, by
comparing peak positions in V-MoS2@CNT2 and MoS2@CNT2
(CNTs with same diameters), it shows that both peaks also have
a red-shift, suggesting that V doping effect leads to a change in
the vibration of in-plane and out-of-plane S-Mo-S bonds.[16]

Additionally, the elemental states of V-MoS2@CNTs het-
erostructures with different diameters are analyzed by X-ray pho-
toelectron spectroscopy (XPS) in Figure 2d,e (total spectra in
Figure S3, Supporting Information). As shown in Figure 2d, dual
peaks, at ≈513.5 and 520.7 eV respectively attributed to V 2p3/2
and V 2p1/2 orbitals, are observed in V-MoS2@CNT1, whereas no
associated peaks can be detected in MoS2@CNT2. At the mean-
time, characteristic peaks that belong to V dopants also presented
in V-MoS2@CNT2 and V-MoS2@CNT3 as shown in Figure S4
(Supporting Information). The abovementioned evidences indi-
cate the successful doping of V atoms in heterostructures as the
oxidation states of V4+, which is also consistent with the TEM-
EDX mapping results. Besides, the core-level of Mo XPS spec-
tra for MoS2@CNT and V-MoS2@CNT heterostructures are pre-
sented in Figure 2e, in which the binding energy locating at
228.82, 234.93, and 226 eV are corresponded to the Mo 3d3/2, Mo
3d5/2, and S 2s orbitals in V-MoS2@CNT1, respectively. The pre-

dominant valence state of Mo species is determined to be +4,
which is consistent with the formation of MoS2 layers. Here,
compared with pure MoS2@CNT2, V-doped heterostructures be-
have a lower binding energy in dual peaks of Mo 3d, indicat-
ing that the nearby V dopants can change the electronic struc-
ture of MoS2 by lowering its Fermi level.[17] Besides, when com-
pared with the signals of Mo 3d in V-MoS2@CNT1, it can be
found that dual peaks of Mo 3d shift to higher binding energy in
V-MoS2@CNT2 and V-MoS2@CNT3, indicating that circumfer-
ential strain can increase the electronic aggregation on V-MoS2
surface.[18] It should be pointed out that the aforementioned char-
acterizations clearly indicate that no MoO2 or other Mo-derived
crystal phases are formed by this strategy instead of MoS2. Be-
sides, the high-resolution S 2p spectra of different samples in
Figure S27 (Supporting Information) have shown that no S8 re-
mains in the original materials.
To further explore coordination information of V atoms and

curvature-dependent bonding environment in V-MoS2@CNTs
heterostructures, X-ray absorption fine structure (XAFS) analy-
ses are carried out. As shown in Figure 3a, X-ray near-edge ab-
sorption fine structure (XANES) spectra of V K-edge present that
the absorption edges of V-MoS2@CNT1, V-MoS2@CNT2, and V-
MoS2@CNT3 are located between V foils and VO2, which indi-
cates the partially oxidated V states in heterostructures.[19] Be-
sides, white-line peaks intensity of V-MoS2@CNT heterostruc-
tures exhibit a trend of V-MoS2@CNT1 > V-MoS2@CNT2 >

V-MoS2@CNT3. Here, the intensity of white-line peaks should
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Figure 3. XANES characterizations of V-MoS2@CNTs heterostructures. a) V K-edge XANES spectra for V-MoS2@CNTs heterostructures, VO2, and V
foil. b) FT-EXAFS spectra of V K-edge in V-MoS2@CNTs heterostructures, VO2, and V foil in k2 weighted R-space. c) EXAFS fitting curves of V K-edge in
V-MoS2@CNT1 (inset: atomic V-doping in MoS2@CNT1). d–f) The wavelet transforms (WT) images of V-MoS2@CNT1 (d), V-MoS2@CNT2, (e) and
V-MoS2@CNT3 (f) at V K-edge.

relate to the transfer of inner electrons in V atoms from 1s- to
the 4p-orbitals, which implies that the strengthened V-S bonds
can facilitate the electrons transfer,[20] i.e., V-MoS2@CNT1 het-
erostructures occupy more electrons in V 4p-orbitals.
In addition, Fourier transform extended X-ray absorption fine

structure (FT-EXAFS) spectra of V-MoS2@CNTs heterostruc-
tures, VO2, and V foil are also plotted in Figure 3b. Specifically,
compared with the spectra of VO2 and V foil, V-MoS2@CNTs
heterostructures with different diameters show distinctive peaks
at ∼1.81 Å, which is represented for V-S coordination, as well
as peaks at ∼3.2 Å correspond to the second-shell V-S-Mo
coordination.[21] It is worth noting that R-space peaks in EXAFS
spectra should correspond to the spatial position of atoms in-
stead of direct bonding information. Thus, no direct V-V bond-
ing signal is detected, which proves the single-atomic V dopants
in V-MoS2@CNTs heterostructures rather than V clusters. More-
over, Figure 3c gives EXAFS fitting results of V-MoS2@CNT1,
together with the structural parameters in Table S2 (Support-
ing Information), which indicates that the average coordina-
tion numbers of V-S (CNV-S) equal to 5.84 for V-MoS2@CNT1.
Compared with that for V-MoS2@CNT2 (CNV-S = 5.77) and V-
MoS2@CNT3 (CNV-S = 5.61) in Figure S5 (Supporting Informa-
tion), V-MoS2@CNT1 possess the highest CNV-S value due to the
strongest circumferential stress. Figure 3d–f depict the wavelet
transform images of EXAFS (WT-EXAFS) for V-MoS2@CNThet-
erostructures with different diameters and V foil (ĸ = 10, and
𝜎 = 1). All three samples show distinct V-S resolved spectra, in

which V-MoS2@CNT1 has the V-S signal in k-space of 6.05 A
−1,

V-MoS2@CNT2 has that of 6.20 A
−1 and V-MoS2@CNT3 has that

of 6.35 A−1, respectively, as well as the highest intensity of V-
S bonds. These also evident that V-MoS2@CNT1 has the most
strengthened V-S bonds and strongest elemental interaction due
to the circumferential strain caused by inside SWCNTs.
Important capabilities of electrodes, i.e., the adsorption and

conversion of soluble LiPSs, are crucial for the capacity and per-
formance of Li-S batteries. To elucidate the curvature-dependent
electrocatalytic properties in Li-S chemistry, standard Li2S6
adsorption experiment is conducted on V-MoS2@CNTs het-
erostructures and MoS2@CNT2 with Li2S6 solution (5 mL,
2 mmol L−1). Visualized adsorption results are performed in the
inset of Figure 4a, together with the ultraviolet-visible (UV-vis)
spectra acquired from the supernatant of solutions after adsorp-
tion. After 6 h adsorption, Li2S6 electrolyte with V-MoS2@CNT1
catalysts become completely decolorized, whereas samples with
other catalysts show incompletely fading. This indicates the out-
standing adsorption performance of V-MoS2@CNT1 and the cru-
cial role of circumferential strain in LiPSs adsorption. Besides,
characteristic peaks of S6

2− in UV–vis spectra also disappear in
the supernatant of solutions with V-MoS2@CNT1 catalysts,

[22]

which is consistent with the result of abovementioned visualized
Li2S6 adsorption test.
Furthermore, electrochemical test conducted on the sym-

metric cell with 0.25 m Li2S6 provide deeper insight into
the curvature-dependent LiPSs conversion properties of
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Figure 4. LiPSs adsorption and conversion kinetics for V-MoS2@CNTs heterostructures. a) UV–vis spectra and digital photo (inset) of standard Li2S6
adsorption test for V-MoS2@CNTs heterostructures with different diameters. b) CV cures of Li2S6 symmetric cells with V-MoS2@CNT1, V-MoS2@CNT2,
V-MoS2@CNT3, and MoS2@CNT electrodes at 2 mV s−1. c–f) Potentiostatic nucleation test of Li2S on V-MoS2@CNT1 (c), V-MoS2@CNT2 (d), V-
MoS2@CNT3 (e), and MoS2@CNT (f) electrodes discharged at 2.05 V. g) CV curves of V-MoS2@CNT1/S, V-MoS2@CNT2/S, V-MoS2@CNT3/S, and
MoS2@CNT2/S electrodes at 0.1 mV s−1. h,i) Corresponding Tafel plots of Peak B (h) and Peak C (i) in (g) for different electrodes.

V-MoS2@CNTs heterostructures. As shown in Figure 4b,
cyclic voltammograms (CV) test conducted on V-MoS2@CNTs
with different diameters at a scan rate of 2 mV s−1 con-
firm the superior catalytic performance of V-MoS2@CNT1
on the LiPSs conversion. Specifically, compared with
V-MoS2@CNT2 and V-MoS2@CNT3, V-MoS2@CNT1
catalysts demonstrate the higher current density, sharper
redox peaks, and lower redox potential, which indicates a faster
LiPSs conversion kinetics.[23] For V-MoS2@CNT1 catalysts, they
show two pairs of distinct redox peaks at 0.043/-0.039 V and
0.375/-0.376 V, in which the anodic peaks at 0.043 and 0.375 V
should refer to the oxidation of Li2S/Li2S2 to long-chain LiPSs
and further conversed to S8. Meanwhile, the corresponding
cathodic peaks at -0.039 and -0.376 V refer to the opposite
reduction steps. Notably, distinctive redox peaks appeared at
-0.261/0.266 V and 0.1/-0.102 V are observed in V-MoS2@CNT1

catalysts, which should be attributed to the conversion between
long-chain polysulfides.[24] Nevertheless, V-MoS2@CNT2, V-
MoS2@CNT3, and MoS2@CNT catalysts have no obvious redox
peaks at this potential, which further confirms the sluggish
conversion kinetics in catalysts beyond V-MoS2@CNT1.
In addition, Li2S precipitation kinetic experiments are con-

ducted on V-MoS2@CNTs heterostructures with different diame-
ters andMoS2@CNT electrodes to explore their liquid-solid tran-
sition ability of LiPSs to Li2S. As shown in Figure 4c–f, in compar-
ison to V-MoS2@CNT2 (174.7 mAh g−1, 2793 s), V-MoS2@CNT3
(127.6 mAh g−1, 1945 s) and MoS2@CNT (110.9 mAh g−1, 2886
s) electrodes, it can be observed that V-MoS2@CNT1 electrodes
exhibit both the highest capacity and the shortest conversion
time (201.7 mAh g−1, 1317 s). This indicates that circumferential
strain in V-MoS2@CNT heterostructures can effectively acceler-
ate the nucleation and growth of Li2S, as well as the V-doping

Adv. Funct. Mater. 2025, 35, 2422689 © 2025 Wiley-VCH GmbH2422689 (6 of 14)
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contribution. To further investigate the effect of circumferential
strain on bi-directional sulfur redox ability of V-MoS2@CNTs het-
erostructures, Li2S dissolution experiments are also carried out
by using different electrodes (Figure S6, Supporting Informa-
tion). Also, V-MoS2@CNT1 electrodes (578.7 mAh g−1, 936 s) ex-
hibit the highest Li2S dissolution capacity and the shortest con-
version time, which far exceeds that of V-MoS2@CNT2 (539.7
mAh g−1, 1448 s) electrodes, V-MoS2@CNT3 (439.6 mAh g−1,
1069 s) and MoS2@CNT (307.1 mAh g−1, 1468 s). These results
imply that V-MoS2@CNT1 electrodes with the strongest circum-
ferential strain can effectively accelerate the bi-directional conver-
sion between LiPSs and Li2S, thus improving the electrochemical
performance in Li-S batteries.[25]

Furthermore, to prove the underlying catalytic mechanism in
the outstanding property of V-MoS2@CNT1 electrodes, the po-
larization voltage of LiPSs conversion is determined by using the
CV method, which is conducted on coin cells assembled with
V-MoS2@CNT1/S, V-MoS2@CNT2/S, V-MoS2@CNT3/S, and
MoS2@CNT/S cathodes (see Experimental Section for details,
Supporting Information). Besides, TG analyses of the amount
of S in each electrodes show consistent result, which infers to
the limited influence of proportional variation in active mate-
rials (Figure S29, Supporting Information). CV curves of dif-
ferent electrodes at a scan rate of 0.1 mV/s have been pre-
sented in Figure 4g. Here, two reduction peaks appearing at 2.2–
2.4 V (Peak A) and 1.9–2.1 V (Peak B) are related to the con-
version of S to soluble Li2Sx (4 ≤ x ≤ 8) and further conver-
sion to Li2S/Li2S2 during discharge. Meanwhile, two distinct ox-
idation peaks at 2.3–2.5 V (Peak C and Peak D) are attributed
to the conversion of Li2S/Li2S2 to Li2Sx and further to S8 dur-
ing charge. It is observed that V-MoS2@CNT1/S electrodes show
the minimum polarization voltage (ΔE) of 287 mV. In contrast,
V-MoS2@CNT2/S, V-MoS2@CNT3/S and MoS2@CNT/S elec-
trodes exhibit larger polarization voltages and smaller current
density, which suggests that V-MoS2@CNT1/S electrodes can ef-
fectively reduce the active energy barrier of LiPSs conversion,
thereby enhancing the stability and cycling life of Li-S batteries.
In addition, Tafel slopes calculated from the abovementioned CV
curves elucidate the catalytic kinetics of these V-MoS2@CNTs
heterostructures with different diameters.[26] For the transition
from S8 to Li2Sx (Figure S7, Supporting Information), the V-
MoS2@CNT1/S electrodes has the smallest Tafel slopes. Besides,
for the conversion of soluble Li2Sx to Li2S/Li2S2 (Peak B), which
is always regarded as the step contributed the most to capacity, V-
MoS2@CNT1/S electrodes show significant smaller Tafel slopes
of 27 mV dec−1, in comparison to that of V-MoS2@CNT2/S (37
mV dec−1), V-MoS2@CNT3/S (47mV dec−1), andMoS2@CNT/S
(63 mV dec−1) electrodes (Figure 4h). Meanwhile, in Figure 4i,
Tafel slope of V-MoS2@CNT1/S electrodes for the opposite reac-
tion (Li2S/Li2S2 to Li2Sx) is also the smallest (52 mV dec−1) one
among all cathodes. These electrochemical results further indi-
cate that the circumferential strain in V-MoS2@CNTs can accel-
erate the catalytic conversion reaction between S and Li2S, further
improve the thermodynamics and kinetics of reactions, which
should lead to a boosted capacity and cycling stability in Li-S
batteries.
To further verify the abovementioned circumferential strain

effect of V-MoS2@CNTs in the redox reaction of LiPSs, coin-
type batteries are assembled with cathodes of different catalysts

for electrochemical performance tests. Figure 5a displays the
electrochemical impedance spectroscopy (EIS) spectrum of cells
using V-MoS2@CNT1/S, V-MoS2@CNT2/S, V-MoS2@CNT3/S
andMoS2@CNT/S as electrodes. Specifically, the charge-transfer
resistance (Rct) value of V-MoS2@CNT1/S electrodes (12.9 Ω)
batteries is lower than that of V-MoS2@CNT2/S (28.3 Ω), V-
MoS2@CNT3/S (32.8 Ω) and MoS2@CNT2/S (55.4 Ω), indicat-
ing that the circumferential strain can accelerate the electron
transfer.[27] The galvanostatic charge-discharge (GCD) curves at
0.2 C (1 C = 1675 mAh g−1) are displayed in Figure 5b, V-
MoS2@CNT1 cathodes have the highest discharge specific capac-
ity of 1462.9 mAh g−1 compared with V-MoS2@CNT2 (1321.4
mAh g−1), V-MoS2@CNT3 (1308 mAh g−1) and MoS2@CNT
(1203.6 mAh g−1) at 0.2 C. It exists two distinctive dis-
charge plateaus and one charging plateau within one cycle,
which is consistent with the CV curves. Here, the first dis-
charge plateau belongs to the formation of soluble LiPSs
(S8→Li2S8→Li2S6→Li2S4), and the second discharge plateau
corresponds to the conversion of soluble LiPSs to Li2S2/Li2S
(Li2S4→Li2S2→Li2S). Besides, Q1 and Q2 are used to define the
specific capacity derived from the first and second discharge plat-
forms. The voltage difference between two platforms is defined
as the polarization potential (ΔE). In addition, V-MoS2@CNT1
cathode has the lowest ΔE of 161 mV and highest Q2/Q1 ratio of
2.74 (Figure 5c), which further indicates that the circumferential
strain can improve the kinetics of sulfur anodic redox reaction.[28]

In order to further investigate the circumferential strain effect
on ionic transfer and conversion kinetics of Li-S chemistry, the
galvanostatic intermittent titration (GITT) tests are performed
(Figure 5d; Figure S8, Supporting Information) on different cath-
odes. The open-circuit-voltages (OCV) are obtained by holding at
0.2 C for 10 min and quasi-open-circuit-voltages (QOCV) are ob-
tained after 30 min of resting. The transfer internal resistance of
the four different cathodes is calculated according to the follow-
ing Equation (1).[27]

ΔRinternal (Ω) =
|
|
|
ΔVQOCV−OCV

|
|
|
∕Iapplied (1)

where ΔV refers to the voltage difference between QOCV and
OCV, Iapplied denotes the applied current, and ΔRinternal represents
the internal resistance of battery during lithiation/delithiation
process. The internal resistance of four heterostructures in differ-
ent states has been presented in Figure 5e. Here, V-MoS2@CNT1
cathode exhibits the lowest internal resistance at the Li2S nu-
cleation and activation positions, which inhibits the excellent
chemisorption and electrocatalytic ability.
Additionally, the batteries based on V-MoS2@CNT1/S cath-

ode also have well rate performance. As shown in Figure 5f,
V-MoS2@CNT1/S cathode present the specific capacities of
1275.7, 1116.9, 1035.4, 964.4, 905.7, 847.3, and 796.7 mAh g−1 at
0.2, 0.5, 1, 2, 3, 4, and 5 C, respectively. Then, when the current
density recovered from 5 C to 0.5 C, the discharge capacity
also recovers to 1112.7 mAh g−1, and the resulting calculated
energy density at different current densities are shown in Figure
S32 (Supporting Information). Moreover, the specific capac-
ity of V-MoS2@CNT1 (796.7 mAh g−1) is much higher than
that of other cathodes at 5 C. This demonstrates the excellent
rate capability and outstanding reversibility of V-MoS2@CNT1

Adv. Funct. Mater. 2025, 35, 2422689 © 2025 Wiley-VCH GmbH2422689 (7 of 14)
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Figure 5. Electrochemical performance of Li-S batteries with V-MoS2@CNTs heterostructures as cathodes. a) Nyquist plots of V-MoS2@CNT1/S, V-
MoS2@CNT2/S, V-MoS2@CNT3/S and MoS2@CNT2/S cathodes. b) GCD profiles at 0.2 C for different cathodes. c) Polarization potential and Q2/Q1
ratios of Li-S batteries with different cathodes. d) GITT results of charge/discharge process of V-MoS2@CNT1/S cathodes at 0.2 C. e) The corresponding
internal resistances of four cathodes. f) Rate performances of different cathodes. g) Charge/discharge profiles at different current densities with V-
MoS2@CNT1/S cathode. h) Long cycling performances of V-MoS2@CNT1/S, V-MoS2@CNT2/S, V-MoS2@CNT3/S and MoS2@CNT2/S cathodes at
1 C. i) Cycling performances of V-MoS2@CNT1/S cathode with high sulfur loading. j) Voltage-time curves of Li||Li symmetric batteries with PP and
V-MoS2@CNT2/PP separators, respectively.

cathodes. Figure 5g shows the GCD curves of V-MoS2@CNT1
cathodes at different current densities (from 0.2 C to 5 C). In
contrast, the GCD curves of V-MoS2@CNT2, V-MoS2@CNT3
and MoS2@CNTs cathodes (Figure S9, Supporting Information)
have the relatively larger polarization (ΔE) of potentials and

lower specific capacity at each current density. Figure S10 (Sup-
porting Information) also presents the cycling performances of
batteries with different cathodes evaluated at a current density
of 0.5 C, in which V-MoS2@CNT1/S batteries show an excellent
discharge specific capacity of 999.1 mAh g−1 after 150 cycles. In

Adv. Funct. Mater. 2025, 35, 2422689 © 2025 Wiley-VCH GmbH2422689 (8 of 14)
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Table 1. Comparison of electrochemical properties of Li-S batteries based on MoS2 in recent works.

Active materials Maximum capacity Rate capacity Fading rate [%]

Low rate High rate

V-MoS2@CNT1/S (this work) 1275/0.2 C 796/5 C 0.1/0.5 C 0.052/1 C

Zn0.12MoS2-CNF/S
[29] 1325/0.1 C 698/3 C – 0.045/1 C

MoS2/rGO-5.6
[13] 1268/0.2 C 800/4 C 0.13/0.2 C 0.041/1 C

MoS2-SnS/NC-PP
[30] 1504/0.1 C 794/4 C 0.25/0.2 C 0.07/4 C

N-MoS2 NHTs@S[16] 1146/0.2 C 632/4 C 0.07/0.2 C 0.044/1 C

Co9S8@MoS2/CNF
[31] 1221/0.1 C 477/5 C 0.09/0.1 C 0.091/1 C

Co-MoS2-G/S
[8] 1220/0.3 C 941/2 C – 0.04/1 C

Pd/OMC[32] 1256/0.2 C 998/2 C 0.094/1 C 0.031/2 C

B/2D MOF-Co/PP[33] 1112/0.1 C 478/5 C 0.13/0.5 C 0.07/1 C

MoS2/PP
[34] 1471/0.1 C 550/1 C 0.08/0.5 C –

comparison, the capacities of V-MoS2@CNT1/S, V-
MoS2@CNT2/S and MoS2@CNT2/S are 870.4, 830.8, and
689.1 mAh g−1, respectively. Meanwhile, V-MoS2@ CNT1/S
cathodes have a good cycling stability with a coulombic effi-
ciency close to 100%, which indicates that V-MoS2@CNT1 can
greatly inhibit the shuttle effect of LiPSs and enhance the sulfur
utilization. The long-term cycling stability of V-MoS2@CNT1/S,
V-MoS2@CNT2/S, V-MoS2@CNT2/S, and MoS2@CNT1/S
batteries at 1 C are further investigated. As shown in Figure 5h,
V-MoS2@CNT1/S cathodes still show a high specific capacity of
692.3 mAh g−1 after 550 cycles and also carry out an outstanding
capacity decay rate of 0.052% per cycle, which is superior to most
of reported MoS2-based Li-S batteries (Table 1). In contrast, the
V-MoS2@CNT2/S (643.7 mAhg−1), V-MoS2@CNT3/S (573.9
mAh g−1) and MoS2@CNT/S (441.2 mAh g−1) cathodes show
diminishing discharge capacity in cycles. Moreover, the elec-
trochemical properties of MoS2@CNT1/S are shown in Figure
S31 (Supporting Information). These results indicate that the
uniform circumferential strain in MoS2 layers with V dopants
can accelerate the kinetics of the redox reaction of sulfur, reduce
the shuttle effect of LiPSs, and contribute to the cycling stability.
Additionally, high energy density is the key to the practical appli-
cation of Li-S batteries, and the electrochemical performance of
high sulfur-loaded Li-S batteries has been measured as shown
in Figure 5i. The V-MoS2@CNT1/S cathodes are tested at a high
sulfur loading of 3.8 mg cm−2, while still show a high energy
density of 3.2 mAh cm−2 at 20 μl of electrolyte (total amount)
within 65 cycles at 0.1 C. In order to explore the practical use of
curvature-dependent electrocatalytic activity in Li-S chemistry,
V-MoS2@CNT2/PP is also used as the functionalized separator
for Li-S batteries, and photographs of PP and V-MoS2@CNT2
modified separators are shown in Figure S11 (Supporting
Information). Meanwhile, EIS tests (Figure S12, Supporting
Information) performed with symmetric cells assembled using
different separators showed that V-MoS2 has a strong conversion
capacity. Figure 5j shows the cycling performance of Li||Li
symmetric batteries with V-MoS2@CNT2/PP separators in
1600 h cycles at a current density of 1 mA cm−2 and a stationary
capacity of 1 mAh cm−2, which also maintains a low and stable
overpotential of 13 mV. Meanwhile, the symmetric battery
with commercial PP separators exhibits high overpotential of

90 mV at only 800 h. Besides, the symmetric battery assembled
with V-MoS2@CNT2/PP separators delivers satisfactory rate
performance, which displays low overpotentials of 13.6, 16.4,
24.2, and 53.4 mV at current densities of 0.5, 1, 2, and 5 mA
cm−2, respectively (Figure S13, Supporting Information), and
the overpotential maintains a value of 10.4 mV when the current
density switches back to 0.5 mA cm−2. To further explore the
large-scale application of this circumferential strain effect on
V-MoS2@CNTs heterostructures, the capabilities of Li-S pouch
cells with V-MoS2@CNT1/S cathodes are also teste, the internal
structure and discharge capacity of the pouch cell is shown in
Figure S14 (Supporting Information).
In order to straightforwardly reveal the circumferential strain

effects on redox reaction kinetics of V-MoS2@CNTs cathodes
during charge/discharge process, in situ XRD tests are car-
ried out with V-MoS2@CNT1/S and V-MoS2@CNT3/S cath-
odes. The schematic structure of the device for tests is
shown in Figure S15 (Supporting Information). As shown in
Figure 6a–c, the PXRD is shown in Figure S29 (Supporting In-
formation), for V-MoS2@CNT1/S cathodes, the initial diffrac-
tion peaks observed at 23.03°, 26.73°, 27.77°, and 28.77° cor-
respond to 𝛼-S8 (JCPDS NO.77-0145). During the discharge
process, the diffraction peaks of 𝛼-S8 generally disappear at
1.99 V, indicating the complete conversion of 𝛼-S8 to LiPSs.
Besides, when the discharge potential arrives at 1.96 V, a
new diffraction peak (26.8°) which belongs to Li2S (111) crys-
talline surface appears and becomes even stronger until to-
tally discharged. Oppositely, during the charge process, the peak
intensity of Li2S (111) generally diminishes. Then, the diffrac-
tion peak of 𝛽-S8 (26°) gradually appears at 2.52 V, indicating
the fast change of Li2S to 𝛽-S8. It should be indicated that the
characteristic peaks of LiPSs are not clearly observed during
charge/discharge process, which can be the results of their amor-
phous structures.[35] Thus, further detailed observation about the
formation of intermediate products, e.g. Li2S8 and Li2S6, is pro-
vided in Figure 7 by in situ Raman characterization. In contrast,
for the in situ XRD results of V-MoS2@CNT3/S cathodes, there
is no obvious Li2S diffraction peaks which have been detected,
which indicating the incomplete transformation process of
S—LiPSs—Li2S in V-MoS2@CNT3/S cathodes due to the less
circumferential strain effect. In order to systematically quantify

Adv. Funct. Mater. 2025, 35, 2422689 © 2025 Wiley-VCH GmbH2422689 (9 of 14)
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Figure 6. In situ XRD characterization of the curvature-dependent electrocatalytic kinetics in Li-S chemistry. a,d) GCD curves during the in situ XRD
measurements (0.2 C) and corresponding contour plots of XRD patterns with V-MoS2@CNT1/S (a) and V-MoS2@CNT3/S (d) cathodes. b,e) In situ
XRD patterns at different voltage states with V-MoS2@CNT1/S (b) and V-MoS2@CNT3/S (e) cathodes. g,h) Trend diagram of peak intensity changes
of 𝛼-S8 (222), Li2S (111) and 𝛽-S8 (130) with V-MoS2@CNT1/S cathodes (g) and that of S8 (222) and S8 (311) with V-MoS2@CNT3/S electrodes (h) as
a function of potential.

the redox reaction of LiPSs in different cathodes, the peak inten-
sity of 𝛼-S8 (222), Li2S (111), and 𝛽-S8 (130) at different poten-
tials during charge/discharge process is quantitatively plotted in
Figure 6c,f. Compared with V-MoS2@CNT3 cathodes with less
strain effect, V-MoS2@CNT1 cathodes always show a fast con-
version kinetic within a short discharge/charge potential range.
These time-resolved XRD results verifies that the circumferen-
tial strain effect on V-MoS2@CNTs heterostructures can signifi-
cantly improve the conversion reaction kinetics of LiPSs in Li-S
chemistry, which is consistent with conclusions in previous elec-
trochemical tests in Figure 4.
Furthermore, in situ Raman technique is also performed on

V-MoS2@CNT1 and V-MoS2@CNT3 cathodes (details in Figure
S16, Supporting Information). As shown in Figure 7a,d, two
characteristic Raman bands of MoS2 can be detected at 403
and 371 cm−1 and remain unchanged during charge/discharge
process in both cathodes. Distinctively, for V-MoS2@CNT1,
three peaks of S8 (208.7, 461.8 and 141.5 cm−1) sharply dis-
appeared and the signal of S8

2− at 480.2 cm−1, correspond-
ing to long-chain Li2S8, appears at the initial stage during dis-
charge. Then, the signal of S8

2− gradually convers to the sig-
nals of S6

2− (395.3 cm−1), which is attributed to the formation
of Li2S6.

[36] When the discharge potential reaches at 2.15 V, the
Raman signal of S6

2− becomes weakened, while the signal of
S4

2− (373.7 cm−1) appears.[28] On the contrary, for MoS2@CNT3
cathode, the conversion speed of LiPSs become much slowly

by comparing the Raman signals of intermediate products in
different cathodes at same potentials (Figure 7c,f). Overall, it
can be concluded that the circumferential strain effect on V-
MoS2@CNTs heterostructures can accelerate the conversion of
sulfur to each intermediate product (e.g., Li2S8, Li2S6, and Li2S4)
and finally to insoluble Li2S, resulting in the prevention of shut-
tling effect caused by LiPSs and well cycling stability of Li-S
batteries.[24,37]

To further investigate the underlying correlation between the
circumferential strain and the electrocatalytic activity in SRR
of V-MoS2@CNTs heterostructures, DFT calculations are pro-
vided to support the abovementioned experimental explanations.
The models of MoS2, V-MoS2, curved MoS2, and curved V-MoS2
are shown in Figure S17 (Supporting Information). Figure 8a
shows the charge density difference diagrams of *Li2S4 adsorp-
tion on MoS2, V-MoS2, curved MoS2, and curved V-MoS2. Rel-
atively, the more notable charge redistributions after V doping
and curved strain reveal the stronger interaction. Bader charge
analysis also shows that curved V-MoS2 (1.08 |e|) exhibits a larger
amount of charge transfer from substrates to LiPSs compared to
that in MoS2 (0.24 |e|), V-MoS2 (0.88 |e|) and curved MoS2 (1.04
|e|), indicating the enhanced adsorption of LiPSs. For gaining
deeper insights into the different adsorption behaviors of *Li2S4,
the projected crystal orbital Hamilton population (pCOHP) be-
tween *Li2S4 group and the corresponding adsorption site on
MoS2, V-MoS2, curved MoS2 and curved V-MoS2 was analyzed,

Adv. Funct. Mater. 2025, 35, 2422689 © 2025 Wiley-VCH GmbH2422689 (10 of 14)
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Figure 7. In situ Raman characterization of the curvature-dependent electrocatalytic kinetics in Li-S chemistry. a,d) GCD curves during in situ Raman test
(at 0.2 C) and the corresponding contour plots of Raman spectra with V-MoS2@CNT1/S (a) and V-MoS2@CNT3/S (d) cathodes. b,e) Raman spectra
extracted from (a) and (b) at different potentials with MoS2@CNT1/S (b) and V-MoS2@CNT3/S (e) cathodes. c,f) Trend diagram of peak intensity
changes of Li2S8 and Li2S6 with V-MoS2@CNT1/S (c) and V-MoS2@CNT3/S (f) cathodes as a function of potentials, which can be used to determine
the kinetics of SRR in different cathodes.

respectively (Figure 8b). It clearly shows that considerable bond-
ing states are located below the Fermi level after introduction
of V doping and curved strain, manifesting much more occu-
pation and stronger *Li2S4 bonding with V doping and curved
strain MoS2 than with pristine MoS2. Furthermore, the inte-
grated COHP (ICOHP) values were calculated to be −0.228,
−0.308, and −0.318 eV in V-MoS2, curved MoS2, and curved
V-MoS2, which is more negative than the value of −0.195 eV
in MoS2, further suggesting the stronger *Li2S4 adsorption af-
ter modification of V doping and curved strain. Moreover, the
changes of electronic structure after introduction of V doping and
curved strain were investigated. Figure 8c shows the calculated
partial density of states (pDOS) of Mo and S atoms in MoS2, V-
MoS2, curved MoS2. After V doping or curved strain, an upward
shift of pDOS with respect to the Fermi level for both of Mo and
S atoms can be clearly found, signifying the promoted interac-
tion between adsorbates and substrates, resulting in the stronger
binding strength of *S8,

*Li2S8,
*Li2S6,

*Li2S4,
*Li2S2, and

*Li2S on
curved V-MoS2 with adsorption energies of −1.50, −2.30, −2.14,
−2.93, −3.22, and −4.30 eV, respectively (Figure S18, Support-
ing Information). The optimized configurations for the binding
of *S8,

*Li2S8,
*Li2S6,

*Li2S4,
*Li2S2, and

*Li2S to MoS2, V-MoS2,
curved MoS2 and curved V-MoS2 are shown in Figures S19–S22
(Supporting Information).
In order to further understand the significantly promoted ac-

tivity for reduction of LiPSs, the Gibbs free energy variation of
elementary steps along the pathway of *S8 →

*Li2S8 →
*Li2S6 →

*Li2S4 → *Li2S2 → *Li2S on MoS2, V-MoS2, curved MoS2, and

curved V-MoS2 was investigated (Figure 8d). Clearly, it is noted
that the formation of *Li2S group in all cases is most endother-
mic step. Especially, the uphill energy of this step on curved V-
MoS2 is 0.99 eV, which is remarkably lower than that on MoS2
(2.01 eV), V-MoS2 (1.93 eV), and curved MoS2 (1.18 eV), deliv-
ering an energetically smoother free energy profiles, responsi-
ble for effectively facilitating the reduction of LiPSs upon V dop-
ing and curved strain. Besides, it can be concluded that the cir-
cumferential strain effect plays a more critical role in reducing
the energy barrier of rate limited step (*Li2S2-*Li2S) when com-
pared with the V-doping effect. In addition, the energy barrier
profiles of *Li2S decomposition into *LiS and *Li over MoS2,
V-MoS2, curved MoS2, and curved V-MoS2 was presented in
Figure 8e. The MoS2 displays the highest

*Li2S decomposition
barrier of 0.95 eV, while V-MoS2 and curved MoS2 shows slightly
lower energy barriers of 0.65 and 0.55 eV, indicating the pro-
moted catalytic reaction kinetic. Besides, upon the simultane-
ous introduction of V doping and curved strain, the *Li2S de-
composition barrier can be further reduced to 0.37 eV, signify-
ing the accelerated *Li2S decomposition and rapid oxidation of
*Li2S during charging, thereby enhancing the redox reversibil-
ity of Li-S chemistry, which is consistent with the galvanostatic
charge-discharge profiles. Overall, these results confirm that the
customization of V doping and curved strain can achieve the
simultaneous improvement of adsorption capabilities and cat-
alytic reaction dynamics and facilitate the conversion of LiPSs,
ultimately enhancing the electrochemical performance of Li-S
batteries.
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Figure 8. Theoretical investigation of circumferential strain effect and V doping on the reduction of LiPSs. a) Optimized *Li2S4 adsorption models of
MoS2, V-MoS2, curved MoS2 and curved V-MoS2, along with the Bader charge analyses and charge density differences (isosurface value 1.5 × 10−3

|e|/bohr3) between *Li2S4 group and corresponding substrates, in which yellow and cyan represent charge accumulation and depletion, respectively
(Purple: Mo atoms; yellow: S atoms in substrates; red: S atoms in LiPSs; green: Li atoms; blue: V atoms). b) pCOHP and ICOHP analyses between
*Li2S4 group and their corresponding adsorption sites over MoS2, V-MoS2, curved MoS2 and curved V-MoS2. c) Calculated pDOS of Mo and S atoms
with and without V doping and curved strain. d) Gibbs free energy profiles for the reduction of LiPSs onMoS2, V-MoS2, curvedMoS2 and curved V-MoS2.
e) Energy barrier profiles of the *Li2S decomposition onMoS2, V-MoS2, curvedMoS2 and curved V-MoS2. The structures of each state along the reaction
path on curved V-MoS2 are shown by insets, while the other can be found in Figures S23–S25 (Supporting Information).
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3. Conclusion

In summary, this work introduces a feasible way to the
scale-up synthesis of high-performance SACs with tunable
curvature-dependent electrocatalytic activities. Benefited from
the time-resolved characterizations, the underlying regulat-
ing mechanism revealed in this work, which is caused by
uniform circumferential strain in V-MoS2@CNTs heterostruc-
tures, deepens the understanding of strain engineering in
SRR. V-MoS2@CNTs heterostructures with the strongest cir-
cumferential strain exhibit a sparkle discharge capacity of
1202 mAh g−1 at 0.5 C and a capacity fading of 0.052%
at 1 C, while an outstanding rate performance of 796 mAh
g−1 at 5 C. In addition, the considerable behavior of V-
MoS2@CNTs cathodes with a high sulfur loading and fur-
ther applications in the modified separators of Li-S batter-
ies also shows the potential industrial value of this work.
The unique synthetic strategy and regulatory mechanism of
circumferential strain confirmed here pave a special way
for the design of high-performance electrocatalysts in en-
ergy storage and conversion devices beyond Li-S batter-
ies, e.g. metal-air batteries, redox flow batteries, and fuel
cells.

Supporting Information
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the author.
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