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Phase Reconstruction-Assisted Electron-Li+ Reservoirs
Enable High-Performance Li-S Battery Operation Across
Wide Temperature Range

Yongqian He, Duanfeng Xiong, Yixin Luo, Wanqi Zhang, Sisi Liu, Yongjie Ye,
Mengqing Wang, Ying Chen, Hong Liu, Jian Wang,* Hongzhen Lin, Jincang Su,*
Xianyou Wang, Hongbo Shu,* and Manfang Chen*

Lithium-sulfur batteries (LSBs) are known as high energy density, but their per-
formance deteriorates sharply under high/low-temperature surroundings, due
to the sluggish kinetics of sulfur redox conversion and Li+ transport. Herein, a
catalytic strategy of phase reconstruction with abundant “electron-Li+” reser-
voirs has been proposed to simultaneously regulate electron and Li+ exchange.
As a demo, the 1T-phase lithiation molybdenum disulfide grown on hollow car-
bon nitride (1T-LixMoS2/HC3N4) is achieved via in situ electrochemical modu-
lation, where the 1T-LixMoS2 serves as an auxiliary “Li+ source” for facilitating
Li+ transport and the HC3N4 acts as an electron donor for electronic supplier.
From the theoretical calculations, experimental and post-modern analyses, the
relationship between the catalytic behaviors and mechanism of “electron-Li+”
reservoirs in accelerating the rate-determining kinetics of sulfur species
are deeply understood. Consequently, the cells with 1T-LixMoS2/HC3N4/PP
functional separator demonstrate excellent long-term electrochemical
performance and stabilize the areal capacity of 6 mAh cm−2 under 5.0 mg
cm−2. Even exposed to robust surroundings from high (60 °C) to low (0 °C)
temperatures, the optimized cells exhibit high-capacity retention of 76.2% and
90.4% after 100 cycles, respectively, pointing out the potential application of
catalysts with phase reconstruction-assisted “electron-Li+” reservoirs in LSBs.
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1. Introduction

With the consensus on global goals of
“Carbon Peak” and “Carbon Neutrality”,
electrochemical energy storage systems are
becoming increasingly popular.[1] In com-
parison to traditional lithium-ion batteries
encountered with unsatisfactory energy
density and high pollution, lithium-sulfur
batteries (LSBs) have the advantages of
high specific capacity (1675 mAh g−1), en-
vironmental sustainability and low cost.[2]

However, in addition to the challenges
of lithium polysulfides (LiPSs) shuttling
effect and the formation of Li dendrite,[3]

the low redox conversion reaction kinet-
ics of sulfur species directly contributes
to the low discharge capacity and rapid
capacity decay.[4] Reducing/increasing the
surrounding temperature, the performance
of LSBs will be even worse because of the
deteriorating reaction kinetics/severe
solvation and shuttling behavior.[5]

Toward addressing the low conductiv-
ity and sluggish electrochemical kinetics of
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sulfur, the strategies of the electrical network and catalysis con-
structure are proposed to accelerate the electron and Li+ migra-
tion ability, respectively.[6] In spite of conductive matrix, phase
reconstruction of catalyst is also considered to be an effective
strategy of regulating local electron density, resulting in the im-
provement of catalytic number, selectivity and activity.[7] For ex-
ample, the layer-structured MoS2 is initially investigated owing to
the advantages of the feasible phase adjustment between 2H and
1T structure. Zhang et al.[8] systematically compared the differ-
ence of catalytic efficiency in propelling polysulfide conversions
between 2H and 1T MoS2 in LSBs, and discovered that 1T MoS2
has the capability in promoting charge migration and accelerat-
ing sulfur reduction reactions (SRRs). However, the thermody-
namic instability would cause the gradual phase transformation
from 1T to 2H, resulting in the decrease and failure of catalytic
activity.[9] Inserting smaller alkali metal atoms such as Li and Zn
into the interlayer of 1T MoS2 seems a better choice to reconstruct
the electronic density to reduce its energy configuration.[10] Addi-
tionally, as known, the sulfur oxidation reactions (SORs) such as
the delithiation process of Li2S determine the re-utilization effi-
ciency of sulfur species and has a significant impact on the rate of
capacity decay of LSBs. To the best of our knowledge, the kinetic
of the SORs process has been neglected in above works regarding
catalysts, and there lacks the deep investigations on the catalytic
mechanism.

As known, due to the slow migration kinetics and the slow de-
solvation process of Li+, the kinetics of Li+ formation and trans-
port in the catalyst plays the decisive role in the utilization of sul-
fur species in the SRRs and SORs process.[11] For example, defect
engineering[12] and single atom catalysis[13] are applied to fur-
ther improve the mobility of Li+ dissociated from Li(solvents)x

+

or in the Li2S interior. However, the kinetics of this process is
limited by the Li(solvents)x

+ concentration and higher energy
barriers.[14] It is found that the 1T-LixMoS2 constructed by insert-
ing Li+ into the 2H MoS2 layer can act as a “Li+ source” to con-
tribute abundant Li+ to the SRRs, further enhancing the ionic
conductivity.[10b] In spite of Li+ transport, the electron exchange
around catalysts is also very important to the delithiation of Li2S
in the SORs process. Incorporating the “electron-Li+” reservoirs
into ideal catalyst is much of significance. This type of catalysts
could not only as a pool to modulate Li+ and electrons, but also
kinetically and spontaneously accelerate the interconversions of
sulfur species. Therefore, a comprehensive electronic and ionic
diffusion modulation of catalyst should be considered to achieve
the excellent performance of LSBs over the wide temperature
range.

In this work, a catalytic strategy of employing abundant
“electron-Li+” reservoirs is proposed to accelerate the conversion
kinetics of sulfur, even being exposed to the high- and low- tem-
perature surroundings from 60 to 0 °C. In detail, the 1T-LixMoS2
grown vertically on the hollow C3N4 (1T-LixMoS2/HC3N4) is
achieved by hydrothermal reaction and electrochemical recon-
struction. The 1T-LixMoS2 undergoing reconstruction could pro-
vide fast Li+ transport, while the HC3N4 acts as the electron donor
realizing electron-Li+ mobility and adjusting the reservoir abil-
ity, which synergistically accelerates the conversion kinetics of
SORs/SRRs. The combination of density functional theory (DFT)
calculations, in situ UV and time of flight secondary ion mass
spectrometry (TOF-SIMS) further successfully verify the role of

1T-LixMoS2/HC3N4 in significantly improving the kinetics of
SRRs and SORs. As a result, the cell with 1T-LixMoS2/HC3N4/PP
functional separator displays a capacity of 1668 mAh g−1 at 0.1 C
and maintains high-capacity retention of 76.2%/90.4% after 100
cycles under high (60 °C)/low (0 °C) temperatures, respectively.
Even under high-mass loading with 5 mg cm−2, the cell exhibits
an initial areal capacity of 6 mAh cm−2. This work points out
the way for potential application of “electron-Li+” type catalysts
in LSBs.

2. Results and Discussion

2.1. Simulation of “Electron-Li+” Reservoir Structure on
Adsorption and Delithiation Barriers

First of all, DFT calculations are adopted to assess the design
of “electron-Li+” reservoirs. The structures of 2H-MoS2 (with
trigonal prismatic coordination) and 1T-LixMoS2 (with octahe-
dral coordination) are depicted in Figure 1a. During the dis-
charge process, when Li+ intercalate into the van der Waals gaps
between adjacent MoS2 layers, they not only expand the inter-
layer spacing but also introduce additional electrons into the
MoS2 layers through charge transfer. This weakens the Mo-S p-
d covalent interactions and reduces the stability of the crystal
field, facilitating the transformation from the semiconducting
2H phase to the metallic 1T phase.[15] Specifically, the degen-
eracy and occupation of the Mo 4d orbitals differ between the
1T and 2H phases. In the stable semiconducting 2H phase, the
4dz2 orbitals are fully occupied, while in the metastable metal-
lic 1T phase, the 4dxy , yz , xz orbitals are only partially occupied.[9]

The insertion of Li+ introduces extra electrons that half fill
the 4dxy , yz , xz orbitals, thereby enhancing the thermodynamic
stability of the 1T phase. As shown in Figure 1b, the density
of states (DOS) indicates the significantly notable difference
near the fermi energy level between 1T-LixMoS2 and 2H-MoS2.
Compared to 2H-MoS2 of exhibiting semiconducting proper-
ties, 1T-LixMoS2 exhibits a higher DOS, signifying stronger elec-
tron acceptor and typical metallic properties. The higher cen-
tral distribution of the S-p band in 1T-LixMoS2 by the projected
density of state (PDOS) of the S-p energy band, suggesting a
stronger hybridization with the Li-s band of LiPSs. Figure 1c
delves into the band engineering influence of S-p band eleva-
tion on s-p hybridization. The elevation of the p-band centers
in 1T-LixMoS2 leads to the related elevation of the s-p* (anti-
bonding orbitals), resulting in a decrease in its electron accep-
tor capability, which produces a more stable molecules with
stronger interactions. The inset of Figure 1c shows the adsorp-
tion behaviors with the corresponding differential charge den-
sity for Li2S6, highlighting the stronger interactions between
1T-LixMoS2 and Li2S6. Then, in order to explore the functions
on Li+ migration, diffusion pathways on the substrate are sim-
ulated, and 1T-LixMoS2 exhibits a lower Li+ diffusion barrier
compared to 2H-MoS2 (0.18 vs 0.23 eV) (Figure 1d; Figure
S1a, Supporting Information), further confirming its capabil-
ity to accelerate Li+ kinetics. Moreover, Ab Initio Molecular Dy-
namics (AIMD) simulation was performed to check the ther-
modynamic stability of 1T-LixMoS2 structure. The results are
shown in Figure S1b (Supporting Information), in which we
can find that the total energy and temperature of the structure
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Figure 1. a) Schematic diagram of the phase reconstruction of MoS2. b) DOS diagram. c) Band engineering influence of S-p band elevation on s-p
hybridization. d) Comparison of Li+ migration and Li2S decomposition energy barriers, e) Free energy for sulfur species reduction. f) Modification
mechanism diagram of “electron-Li+” catalysts.

fluctuate very little around a fixed value during the simulation
time. Furthermore, the structure 1T-LixMoS2–Li2S8 remains in-
tact during the simulation process, which confirms that 1T-
LixMoS2 is able to maintain a stable phase structure during elec-
trochemical processes.

As known, the capacity is also related with the redox con-
version kinetics of sulfur. Initially, the adsorption energies

of sulfur species on MoS2/HC3N4 and C3N4 were compared,
and MoS2/HC3N4 exhibited stronger interactions for all of
the different species of sulfur species (Figure S1c, Support-
ing Information). Then, the Li2S decomposition behavior in
the SORs process is intimated via DFT calculations. As shown
in Figure 1d and Figure S1d (Supporting Information), Li2S
on the 1T-LixMoS2 has a lower delithiation barrier compared
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Figure 2. a) Material synthesis diagram. b,c) HRTEM images and d) XPS spectra of Mo 3d of 2H-MoS2/HC3N4. e,f) HRTEM images and g) XPS spectra
of Mo 3d of 1T-LixMoS2/HC3N4.

to C3N4 (0.48 vs 0.62 eV), which is important for improving
sulfur reutilization. The Gibbs free energies of Li2S4→Li2S2
and Li2S2→Li2S, two key steps in SRRs, are then compared.
Figure 1e shows that the free energy change of the liquid-
solid conversion reaction is smaller under the help of 1T-
LixMoS2 and the successive solid-solid conversion reaction only
accounts for 0.02 eV, highlighting its superior SRRs catalytic ef-
fect. Besides, the electrons in 1T-LixMoS2/C3N4 will move di-
rectionally from the C3N4 side to the 1T-LixMoS2 side (Figure
S1e, Supporting Information), which implies that 1T-LixMoS2
as an electron acceptor can promote the inserting of Li+.
Thus, 1T-LixMoS2 acts as a “Li+ source” to supply Li+ to the
SRRs, and also as a “Li+ drain” to accept Li+ from SORs
through the electron-modulated action of C3N4 (Figure 1f). The
combination of C3N4 with 1T-LixMoS2 allows the optimiza-
tion of electron-Li+ transport, which further improves sulfur
species utilization and guide the design of the “electron-Li+”
type electrocatalysts.

2.2. Synthesis and Related Characterizations of
Phase-Reconstructed Electrocatalyst

Guided by above simulation, as illustrated in Figure 2a, the hy-
drothermal and electrochemical methods were adopted to fabri-
cate ideal catalyst for the sulfur cathode. Briefly, the HC3N4 donor
was initially synthesized. Subsequently, a hydrothermal reaction
involving HC3N4, CH4N2S, C2H4(OH)2, and Na2MoO4 yields ver-
tically grown MoS2 on the HC3N4 donor (2H-MoS2/HC3N4). To
investigate the optimal ratio of functional materials, functional
separators with different metal contents were prepared, named
1T-LixMoS2/HC3N4/PP-0.5, 1T-LixMoS2/HC3N4/PP-1, and 1T-
LixMoS2/HC3N4/PP-1.5, respectively. Compared with the other
two ratios of separators, the cell with 1T-LixMoS2/HC3N4/PP-1
achieved both high capacity and high capacity retention (1513
mAh g−1, 84.9%) (Figure S2, Supporting Information), suggest-
ing that this ratio is optimal for the modification of Li-S batter-
ies, and therefore 1T-LixMoS2/HC3N4/PP-1 will be referred to as
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1T-LixMoS2/HC3N4/PP for simplicity. According to the TGA
curves of 2H-MoS2/HC3N4 under N2 atmosphere, a stable
plateau appeared when the temperature rises to 700 °C and the
mass decreased by 60%, which can be attributed to the volatiliza-
tion and decomposition of HC3N4 (Figure S3, Supporting In-
formation). Therefore, the mass ratio of MoS2 and HC3N4 is
2:3, which is consistent with the synthesis process. Further-
more, as shown in Figure S4a,b and Table S1 (Supporting In-
formation), we prepared the separator with a functional layer
thicknessr of 15.5–15.6 μm and the mass loading was 0.55–
0.56 mg cm−2. Meanwhile, the contact angle experiments be-
tween the separator and the electrolyte were also performed,
and 1T-LixMoS2/HC3N4/PP showed a stronger wettability com-
pared to HC3N4/PP (8.9° vs 33.4°) (Figure S4c,d, Supporting
Information), which represents a more adequate use of the
active site. Furthermore, the morphology and phase changes
were verified by transmission electron microscopy (TEM) and
X-ray photoelectron spectroscopy (XPS). Nanoflower-like MoS2
grows vertically on the HC3N4 surface and a lattice spacing of
0.612 nm is observed, corresponding to the (002) crystal plane
of MoS2 (Figure 2b; Figure S5a,b, Supporting Information).[16]

The diffraction rings in selected area electron diffraction (SAED)
is assigned to the (100) and (110) crystal planes of MoS2 (Figure
S5c, Supporting Information).[17] The crystal structure of MoS2
is dominated by the 2H phase as shown by high-resolution TEM
(HRTEM) in Figure 2c.[8] As shown in the XPS of Mo 3d, the 2H
phase (3d3/2 at 228.4 eV, 3d5/2 at 225.5 eV) and the 1T phase (3d3/2
at 227.7 eV, 3d5/2 at 224.8 eV)[18] coexist in 2H-MoS2/HC3N4, and
the proportion of 2H phase substance is ≈68.78% (Figure 2d).
After being activated by electrochemical method, the Li+ inser-
tion into the 2H-MoS2/HC3N4 and the 2H-MoS2 is converted
into the 1T-LixMoS2, leading to the phase reconstruction and
formation of 1T-LixMoS2/HC3N4 as confirmed by TEM (Figure
S5d, Supporting Information). In the HRTEM, the lattice spac-
ing of the (002) crystal plane of MoS2 is increased from 0.612
to 0.688 nm, showcasing the success of Li+ insertion (Figure 2e;
Figure S5e, Supporting Information). Furthermore, the Energy
dispersive spectrometer (EDS) demonstrated that the N, C, S, and
Mo elements are well-distributed in 1T-LixMoS2/HC3N4 (Figure
S5f, Supporting Information). In comparison with original crys-
talline, the crystal structure has changed to be dominated by the
1T phase after lithiation (Figure 2f).[8] Also observed was a shift in
the XPS peak of Mo 3d, and the proportion of 1T phase has been
changed to ≈69.49% (Figure 2g). Besides, the X-ray diffraction
(XRD) pattern shows that the peak corresponding to the (002)
crystal planes[19] of 1T-LixMoS2/HC3N4 are shifted to a lower an-
gle and new diffraction peaks appear at ≈9° (2𝜃) (Figure S5g,
Supporting Information), which suggests the expansion of the
layer spacing and the reconfiguration of the crystal structure.
Further combined with the Raman spectra, as shown in Figure
S5h (Supporting Information), the characteristic peak situated
at ≈700 cm−1 is attributed to the N-symmetric stretching of s-
triazine ring.[20] Besides, the two characteristic peaks centered
at 384.7 and 406.2 cm−1 can be ascribed to the E2g

1 and A1g vi-
bration modes of MoS2, respectively.[21] In addition, compared
to 2H-MoS2/HC3N4, the characteristic peaks at 148.7, 223.7, and
332.7 cm−1 (known as J1, J2, and J3)[3] of 1T-LixMoS2/HC3N4
are significantly enhanced, suggesting a phase transformation
of MoS2 from 2H to 1T. These results successfully confirmed

the presence of “electron-Li+” reservoirs via phase reconstruction
method.

2.3. Electrochemical Electron-Li+ Transport Kinetics on
SRRs/SORs

The catalytic effects of 1T-LixMoS2/HC3N4 was evaluated by vari-
ous electrochemical measurements of Li+ transport and polysul-
fide redox conversion. The distribution of relaxation time (DRT)
method is adopted to fit electrochemical impedance spectrum
(EIS), which can provide a more intuitive and realistic depiction
of impedance spectra changes for each part.[22] Figure 3a,b shows
the DRT evolution before and after cycling, and it can be observed
that the Li+ diffusion resistance (low frequency region)[23] dom-
inates the overall resistance of the cell. Notably, the cell with 1T-
LixMoS2/HC3N4/PP shows a much lower Li+ diffusion resistance
in comparison to that with HC3N4/PP (28.9 vs 784.3 Ω). The
LiPSs and Li+ diffusion resistances of 1T-LixMoS2/HC3N4/PP
remain lower after cycling (5.9 and 81.8 Ω), which indicates a
more complete conversion of LiPSs. Then, the galvanostatic in-
termittent titration technique (GITT) is used to observe the ki-
netic processes of the cells. The conversion efficiency between
liquid-solid sulfur species determines the overall kinetics of the
cell, and the cell with 1T-LixMoS2/HC3N4/PP displays a lower
difference of potential (51 and 137 mV) compared to that with
HC3N4/PP (64 and 151 mV) (Figure S6a,b, Supporting Informa-
tion). Furthermore, based on the Li+ diffusion coefficients and
internal resistance calculated using the GITT technique could
provide deeper insights into the storage and transport mech-
anisms of Li+ within electrode materials. The calculations re-
veal that, compared to batteries with HC3N4/PP, the batteries
incorporating 1T-LixMoS2/HC3N4/PP exhibit a more stable and
higher Li+ diffusion coefficient (−12.3 vs−11.6) as well as smaller
Li2S nucleation and activation internal resistances during charg-
ing and discharging cycles. This observation validates the con-
cept that 1T-LixMoS2/HC3N4 acts as the Li+ reservoir, accelerat-
ing the transport of Li+ (Figure S6a–d, Supporting Information).
The accelerated kinetics is also reflected in the precipitation and
dissolution of Li2S during the redox processes.[24] For HC3N4, a
notable transition occurs after 3 000 s. Specifically, the precip-
itation of Li2S gradually tapers off, and the reduction of Li2S6
gradually become the predominant process. This transition is at-
tributed to the formation of a Li2S layer on the surface of the
HC3N4 catalyst. The formation of this Li2S layer acts as a physical
and electrochemical barrier, significantly reducing the catalytic
efficiency of the HC3N4 surface, resulting in a capacity of only
73.7 mAh g−1. In contrast, the capacity of 1T-LixMoS2/HC3N4
reaches 224.5 mAh g−1, highlighting its superior catalytic ca-
pacity in Li2S precipitation (Figure 3c; Figure S7a, Supporting
Information). Further exploration into the growth patterns of
Li2S precipitation is conducted through peak fitting,[25] and the
cell with 1T-LixMoS2/HC3N4 exhibits a 3D nucleation growth
pattern, which allows for a significant improvement in the uti-
lization of active materials and catalytic sites (Figure S7b, Sup-
porting Information). In the Li2S dissolution experiments, the
weak electron conductivity of HC3N4 makes it difficult to main-
tain the SORs. In contrast, 1T-LixMoS2/HC3N4 exhibits excellent
SORs catalysis (29.8 vs 437.2 mAh g−1) (Figure S7c,d, Supporting
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Figure 3. a,b) DRT. c) Profile of precipitation of Li2S of 1T-LixMoS2/HC3N4. Contour plots of CV patterns for d) HC3N4/PP and e) 1T-LixMoS2/HC3N4/PP.
f) Li+ migration coefficients.

Information), and this efficient catalytic activity stems from the
fast electron-Li+ transport together with the phase reconstruction
of the functional material. Moreover, 1T-LixMoS2/HC3N4/PP has
a lower shuttling current (0.001 mA) compared to HC3N4/PP
(0.002 mA), indicating its more effective inhibition of the shuttle
effect (Figure S8, Supporting Information).

Later, the relationship between electrochemical kinetics and
catalytic capacity is verified by the cyclic voltammetry (CV)
tests, the cell with 1T-LixMoS2/HC3N4/PP has higher response
currents in both the reduction (S8→Li2Sn, Li2Sn→Li2S) and
oxidation (Li2Sn→S8) processes of the sulfur species than
that with HC3N4/PP, exhibiting excellent catalytic performance
(Figure 3d,e; Figure S9a,b, Supporting Information). By fitting,
1T-LixMoS2/HC3N4/PP demonstrates faster Li+ migration rates
on peaks A, B, and C, which confirms the superior Li+ con-
ductivity (Figure 3f; Figure S9c and Table S2 and Equation S1,
Supporting Information). Comparing the CV curves at 0.1 mV
s−1, 1T-LixMoS2/HC3N4/PP exhibits a lower chemical double-
layer capacitance (Cdl) (9.94 vs 2.65 mF cm−2) and a lower Tafel
slope (Figure S10a–f, Supporting Information), which demon-
strates the advantages of 1T-LixMoS2/HC3N4 in increasing the
electrochemically active surface area and improving the kinet-
ics of LSBs, displaying the promotion of 1T-LixMoS2/HC3N4 for
electrochemical kinetics and electron-Li+ transport kinetics.

2.4. Robust Capacity and Long-Term Life Achieved by
“Electron-Li+” Reservoirs

Further, the charge/discharge and cycling performance of the
cells were evaluated under various conditions. In the rate test,

the cell with 1T-LixMoS2/HC3N4/PP consistently exhibits higher
initial capacity and stability, notably with an initial discharge
specific capacity reaching a remarkable 1668 mAh g−1 at 0.1C
(Figure 4a). In the galvanostatic charge/discharge (GCD) curves
under different rates, 1T-LixMoS2/HC3N4/PP shows additional
capacity during charging, which is not part of the oxidation of
Li2S (highlighted by the pink rectangle) (Figure 4b; Figure S11a,
Supporting Information). Therefore, the additional capacity of
the 1T-LixMoS2/HC3N4/PP cell without sulfur cathode is tested,
which shows a consistent capacity of over 80 mAh g−1 even af-
ter 500 cycles at 0.1C, supporting the capability in “Li+ source”
and “Li+ drain” (Figure S11b,c, Supporting Information). Then,
the GCD profiles of 1T-LixMoS2/HC3N4/PP has lower overpoten-
tial and lower potential barriers for Li2S dissolution and nucle-
ation than HC3N4/PP at 0.1 C, which indicates that it has ex-
cellent reversibility in the cycling process (Figure S12a–d, Sup-
porting Information). Besides, 1T-LixMoS2/HC3N4/PP also ex-
hibits a lower capacity degradation ratio compared to HC3N4/PP
after 72 h of shelving (8% vs 19%), reflecting its excellent resis-
tance to self-discharge in inhibiting LiPSs shuttling (Figure 4c;
Figure S13, Supporting Information). To test the cycling perfor-
mance of the batteries, as shown in Figure S14 (Supporting In-
formation), after 100 cycles at 0.2C, the discharge specific capac-
ity of the battery with 1T-LixMoS2/HC3N4/PP is much higher
than that of the battery with HC3N4/PP (1285 vs 582 mAh g−1).
Then, the surface morphology of Li anodes after 100 cycles at
0.2C was monitored by SEM. A large number of Li dendrites was
observed on the surface of the Li anode of the HC3N4/PP cell
(Figure S15a, Supporting Information). In contrast, the surface
of the Li anode of the 1T-LixMoS2/HC3N4/PP cell was relatively
smooth, confirming the uniform deposition of Li+ (Figure S15b,

Adv. Funct. Mater. 2025, 35, 2410899 2410899 (6 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202410899 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [02/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. a) Rate performance and b) GCD curves. c) Self-discharge performance at 0.5C. Cycling performance at 0.5C under d) 60 °C and e) 0 °C.
f) Comparison of initial capacity and capacity retention at 60 and 0 °C temperatures. g) Cycling performance with a S loading of 5 mg cm−2 and h)
Comparison of performance parameters with recent works.

Supporting Information). This observation strongly suggests
that 1T-LixMoS2/HC3N4/PP is able to effectively regulate the
Li+ transport, thus avoiding the formation of Li dendrites and
the polysulfide shuttling that could affect the performance
of the cells. Further, to test the cycling performance of 1T-
LixMoS2/HC3N4/PP in LSBs at high current densities, the dis-
charge specific capacity still reaches 570 mAh g−1 and the
coulombic efficiency is still as high as 99.7% after 400 cycles at
3C, exhibiting excellent cycling stability (Figure S16, Supporting
Information).

Further, cycling performance under different temperature con-
ditions is investigated.[5] Increasing the temperature would ac-

celerate the reaction kinetics and cause the severe LiPSs shut-
tling as well. As exhibited in Figure 4d, under 60 °C, the cell with
1T-LixMoS2/HC3N4/PP shows an initial specific capacity of 1419
mAh g−1 at 0.5C and a capacity retention rate is 76.2% after 100
cycles, which is higher than that with HC3N4/PP (750 mAh g −1

and 69.9%). When the temperature is reduced to 0 °C, the dif-
fusion kinetics of Li+ and the dissolution kinetics of Li2S may
be the key issue. The 1T-LixMoS2/HC3N4/PP still exhibits an ad-
vantage in capacity and retention over HC3N4/PP (827 mAh g−1,
90.4% vs 541 mAh g−1, 77.6%) (Figure 4e). As summarized in
Figure 4f, the increased capacity retention strongly demonstrates
excellent wide temperature adaptability. To further explore the

Adv. Funct. Mater. 2025, 35, 2410899 2410899 (7 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. The in situ UV for a) HC3N4 and b) 1T-LixMoS2/HC3N4. c) TOF-SIMS S− ion depth profiles of S cathode after operating for 20 cycles and
d) mappings on the top surface. e) TOF-SIMS 3D rendering Li2S depth profile image of Li anode, f) mappings on the top surface of Li anode surface
(HC3N4 on the left, 1T-LixMoS2/HC3N4 on the right).

effectiveness of the cell at low temperatures, as shown in
Figure S17a (Supporting Information), the cell using 1T-
LixMoS2/HC3N4/PP can still realize effective reversible cycling
at −10 °C. Moreover, the capacity contribution attributed to 1T-
LixMoS2/HC3N4 can still be observed in the corresponding GCD
curve (Figure S17b, Supporting Information). The above results
confirm that the catalytic mechanism of “electron-Li+” reservoirs
is still feasible at low temperatures. High areal capacity is also an
important goal for commercial LSBs.[26] As shown in Figure 4g,
the cell with 1T-LixMoS2/HC3N4/PP reaches an initial areal ca-
pacity close to 6 mAh cm−2 at a high sulfur loading of 5 mg cm−2

and the cycling capability lasts for 100 cycles with the areal ca-
pacity of ≈4 mAh cm−2. Further, the sulfur loading was further
increased to 7.5 mg cm−2 with an E/S ratio of only 6.8 μL mg−1.
The test results showed that the modified cell achieved an initial
areal capacity of 7.1 mAh cm−2 at 0.1C, which meets the require-

ments for commercial batteries (Figure S18, Supporting Infor-
mation). The potential performance of 1T-LixMoS2/HC3N4/PP
under high sulfur loading is demonstrated by comparing the per-
formance metrics (sulfur loading, sulfur content, initial capacity,
final capacity, number of cycle laps, and areal capacity) with re-
cent work (Figure 4h).[27] The above tests demonstrate that 1T-
LixMoS2/HC3N4/PP can help LSBs achieve excellent cycling per-
formance under various conditions, which provides an important
reference for the commercial application of LSBs.

2.5. Analysis of Polysulfide Shuttling Inhibition via Fast
Conversion Kinetics

In order to further investigate the modification mechanism and
electrocatalytic ability of 1T-LixMoS2/HC3N4, the in situ UV and

Adv. Funct. Mater. 2025, 35, 2410899 2410899 (8 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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ToF-SIMS tests were performed. The in situ UV allows the ob-
servation of concentration changes with different sulfur species
during the process in the cell. The higher concentrations of S3

.−

and S8
2−[25b,28] and extended discharge time are observed in 1T-

LixMoS2/HC3N4 than in HC3N4 (Figure 5a,b). This phenomenon
can be attributed to the ability of 1T-LixMoS2/HC3N4 to promote
the formation of S3

.−, propelling the ring-opening reaction of the
S8 molecule and resulting in higher sulfur utilization.[29] The
distribution of sulfur species in the cathode and anode after cy-
cling was further constructed obviously by TOF-SIMS, provid-
ing a visual analysis of sulfur utilization. Notably, the cathode
of the cell with 1T-LixMoS2/HC3N4/PP exhibits stronger inten-
sity of secondary S− ions (Figure 5c). Similarly, in the ToF-SIMS
surface profiles, 1T-LixMoS2/HC3N4/PP system has a larger and
uniform area of the S− regions, representing higher sulfur uti-
lization (Figure 5d). Further, the severe shuttle effect leads to the
appearance of “dead sulfur species” dominated by Li2S on the
surface of the Li anode. The 3D constructure images of Li an-
ode show a fewer and shallower distribution of Li2S with 1T-
LixMoS2/HC3N4/PP, and the smaller area of the Li2S− regions
in the 1T-LixMoS2/HC3N4/PP system is due to the enhanced ki-
netics for SRRs, which prevents the shuttle effect (Figure 5e,f).
The above analysis further reveals the modification mechanism
of 1T-LixMoS2/HC3N4 and confirms the excellent electrocatalytic
ability for LSBs.

3. Conclusion

In this work, a catalytic strategy is proposed for “electron-Li+”
reservoirs by reconstructing the phase of electrochemical cata-
lyst based on the mechanism that Li+ regulates the conversion
kinetics of sulfur species. The 1T-LixMoS2 severs as an auxil-
iary “Li+ source” for fast Li+ transport and the HC3N4 acts as an
electron-donor for electronic structure regulation, which syner-
gistically accelerates the redox kinetics for sulfur. From the DFT
calculations, electrochemical analysis and TOF-SIMS, the kinetic
modulation mechanism is investigated, confirming the excellent
electrochemical catalysis of 1T-LixMoS2/HC3N4. As a result, the
1T-LixMoS2/HC3N4 achieves an initial discharge specific capac-
ity of 1668 mAh g−1 at 0.1C, maintains high-capacity retention of
76.2%/90.4% after 100 cycles at high (60 °C)/low (0 °C) tempera-
tures, respectively. Impressively, an initial areal capacity of 6 mAh
cm−2 is also achieved even at a high sulfur loading of 5 mg cm−2.
This work presents the precise regulations of SRRs and SORs
from a new perspective, and points out the way for further opti-
mization of LSBs electrocatalysts toward high/low- temperature
surroundings.
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