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Li-S batteries (LSBs) offer significant promise for next-generation energy storage systems on account of
their high energy density and the high capacity of sulfur. Nevertheless, the severe shuttle effect of lithium
polysulfide (LiPSs) and the sluggish reaction kinetics greatly hinder the further application of LSBs. In this
manuscript, Hollow CeOy/CoS core-shell hybrid were designed and synthesized using ZIF-67 as the self-
template to prepare hollow CoS dodecahedral nanoboxs and the subsequent generation of CeOx nanodots.
When used as the polyolefin separator modifier, the unique dodecahedral structure of hollow CoS/CeOx
presents large specific surface area, abundant porous structure and enough active sites, which not only
ensures the fast transport of electrolyte/ions and offers numerous active catalytic sites to accelerate the
reaction kinetics of LiPSs. In addition, the catalytic activity of the CeOx/CoS hybrid greatly enhance the
uniform ion diffusion and stable growth of lithium nucleation on the lithium metal anode side. The cell
with CeOx/CoS modified separator presented excellent long cycle stability and satisfactory rate perfor-
mance. The battery can maintain the capacity of 502.2 mAh/g after 900 cycles at the current density of
1 C, accompanying by a minimal 2 decay rate of 0.057 %. Even at a current density of 3 C, a high specific
capacity of 735.58 mAh/g can still obtained. Besides, when the sulfur loading increase into 4.480 mg/cm?,
the battery still can maintain excellent cycling stability with the capacity retention ratio of 94.5% after
100 cycles. This study will provide new strategy for the design and preparation of heterostructure with

outstanding catalytic performance for LSBs.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Due to the rapid development of electric vehicles, portable
electronic devices and grid energy technology, traditional lithium-
ion batteries (LIBs) have hardly satisfied the ever-increasing de-
mand because of their low theoretical capacity and the short-
age/maldistribution of lithium resources [1]. Hence, it is necessary
to develop the new generation of rechargeable batteries with high
energy density to meet the increasing needs of energy storage sys-
tems [2-6]. Lithium-sulfur batteries (LSBs) are regarded as one of
the highly promising candidates because of their high theoretical
specific capacity (1675 mAh/g) and high specific energy density
(2600 Wh/kg), along with the plentiful natural reserves of sulfur
cathode, low cost and environmental friendliness [7-10]. However,
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LSBs are also faced with some key problems including low sul-
fur utilization, poor coulomb efficiency and short cycle life [11],
which are mainly caused by the following aspects: (1) Poor con-
ductivity of sulfur, large volume expansion (79%) during the cy-
cling process and the sluggish reaction kinetics [12-14]; (2) The
"shuttle effect” caused by the intermediate reaction product sol-
uble lithium polysulfide (LiPSs, Li,S,, 4 <n<8) produced in the
process of redox leads to rapid capacity attenuation [15,16]; (3)
Polysulfide lithium is easily dissolved in the electrolyte and mi-
grates to the lithium anode, forming insoluble Li,S/Li,S,, result-
ing in low sulfur utilization and the formation of lithium dendrites
[17-20]. To date, a variety of strategies have been developed to
address these obstacles, with much work devoted to the design
of high-performance sulfur cathode hosts [21-23], electrolyte op-
timization [24], lithium anode protection [25], and separator mod-
ification [26-28]. The sulfur cathode body is designed to physically
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confine polysulfide lithium to the sulfur cathode body by introduc-
ing porous carbon-based materials [29], metal oxides [30], nitrides
[31] and sulfides [32] into the cathode. However, the introduction
of a large number of main materials has a great impact on the en-
ergy density of the battery, and the electrochemical performance is
poor [33]. As a key component between the cathode and anode in
LSBs, the separator can avoid short circuit of the battery, provide
an effective ion transport channel, and exclude electron transport
[34,35]. The commonly used commercial polypropylene (PP) sepa-
rator has a poor ability to limit dissolved LiPSs due to their large
nanopore, and the pp separator has a poor affinity for LiPSs, result-
ing in still shuttling to the lithium anode [36]. Therefore, the ad-
dition of functional coatings between the separator is considered
to be a simple and effective strategy, including non-polar carbon
materials, such as porous carbon, graphene oxides (GOs), carbon
nanotubes (CNTs) and non-carbonized materials, such as metal ox-
ides, sulfides, and nitrides [37-40]. These functional coatings can
not only effectively inhibit the dissolution of LiPSs and the uneven
deposition of lithium ions, but also inhibit the shuttle effect of
LiPSs through the strong interaction with polysulfide to promote
its chemisorption and catalytic conversion, so as to obtain high-
performance LSBs [41].

In recent years, metal-organic frameworks (MOFs) have at-
tracted extensive attention due to their unique structures and
diverse functionalities, making them the promising candidates in
many fields such as catalysis, sensors, energy storage and electro-
catalysis [42-46]. Notably, some reports have demonstrated that
the construction of modified layer from MOFs and their derived
materials can effectively improve the electrochemical and battery
performances in LSBs. Recently, rare earth oxides such as cerium
oxides (CeOx) have been widely used in electrocatalysis because
of their superior electron-ion conductivity and favorable oxygen
storage capacity [47]. The reversible oxygen ion exchange on the
surface of cerium oxide, which can switch between Ce*+ and Ce3+*
oxidation states, which contribute the excellent catalytic activity.
In addition, the proper concentration of oxygen vacancies gives the
CeOx catalysts a higher redox capacity [48]. They can significantly
enhance the chemical anchoring ability of LiPSs and accelerate
the redox kinetics of LiPSs by reducing the Li,S decomposition
energy barrier. However, CeOx nanoparticles are prone to agglom-
eration and have a low specific surface area, making it difficult to
construct a continuous conductive network. The combination of
MOF-derived carbon and CeOyx can form a synergistic interface:
The carbon skeleton provides a three-dimensional conductive path
and a physical constraint framework, while the oxygen vacan-
cies on the surface of CeOx act as active sites to promote the
adsorption-catalytic cycle of LiPSs. However, they are less reports
on the incorporation of CeOx with MOF derivatives to realize the
co-catalytic effect in LSBs.

In this study, we designed and synthesized double-shelled
CeOx/CoS hollow nanobox through the growth of CeOyx nanodots
(NDs) on the surface of ZIF-67 derived CoS nanobox. When served
as the modified layer for polyolefin separator, the multifunctional
separator (CeOx/CoS@PP) can provide large surface area, more ac-
tive sites, high electrolyte wettability, which ensure fast pathways
for electrolyte/ions and improved electrocatalytic activity. Besides,
CeOx nanodots could anchor the soluble LiPSs through physical
blocking or chemisorption on the cathode side to inhibit the shut-
tling effect, as well as promoting the catalytic conversion of LiPSs
to Li»S,/Li,S and accelerating the sulfur redox kinetics. In addition,
the catalytic activity of hollow CeOx/CoS hybrid nanoboxs is greatly
improved, and uniform ion diffusion and stable lithium nucleation
growth on the anode side of lithium metal can also be achieved.
As a result, the modified battery equipped with the CeOx/CoS@PP
separator provides an initial specific capacity of 1093.9 mAh/g at a
current of 0.5 C, with a decay rate of 0.10% after 400 cycles. Cycle
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performance is greatly improved at 1 C with a capacity of 502.2
mAh/g after 900 cycles, showing an ultra-low attenuation rate of
0.057 %. When the sulfur loading reached as high as 4.480 mg/cm?,
the battery can still remain distinguished cyclic stability after 100
cycles with the capacity retention rate of 94.5%.

The detailed preparation process of CeOx/CoS is shown in
Scheme S1 (Supporting information). Firstly, we synthesized
Co-based zeolite imidazolate framework (ZIF67) with a uniform
rhombic dodecahedral nanocrystal structure as a precursor by a
self-assembly method. After that, the ZIF-67 nanoparticles under-
went homogeneous redispersion in an ethanol solution containing
thioacetamide (TAA) using sonication and refluxed at elevated
temperatures, resulting in the formation of an amorphous CoS
hollow nanobox around the framework of each ZIF67 particle.
Secondly, a mixed solution containing hollow CoS, cerium nitrate,
and hexamethylenetetramine (HMT) was heated at 180°C for
6h by hydrothermal method to induce an in-situ surface coating
process, during which the in-situ-generated CeOx nanodots (CeOx
NDs) were firmly anchored on the surface of the CoS hollow
nanoboxs. Ce3t hydrolyzes in the HMT system to generate CeOy
nanodots that anchor on the surface of the CoS hollow nanobox
(CeOx/CoS). The abundant oxygen vacancies on its surface form
a strong electronic coupling with the sulfur defect sites of CoS,
constructing the Ce-0-S-Co heterointerface.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the surface mor-
phology and microstructure of all samples at different magni-
fications (Figs. 1a-c and Fig. S1 in Supporting information). As
shown in Figs. 1a and b, ZIF-67 exhibits a well-defined rhombo-
hedral nanocrystal structure with an average particle size of about
500nm, and a hollow nanobox with a thickness of about 20nm
was formed around the ZIF-67 nanoparticles after vulcanization.
The in situ grown CeOx NDs were uniformly dispersed on the hol-
low CoS nanoboxs can be seen in Fig. 1c. The growth of CeOx nan-
odots on the CoS surface is due to the fact that the large surface
area of CoS contains abundant amino groups that can serve as nu-
cleation sites, while the HMT surface also has a large number of
amino groups as dispersants, which leads to the uniform deposi-
tion of CeOx on CoS under thermal reduction conditions. the hol-
low CeOx/CoS core-shell structures were further demonstrated by
TEM images (Figs. 1d and e, Fig. S2 in Supporting information),
the CeOx NDs are uniformly dispersed on the hollow CoS dodec-
ahedron with a highly porous structure. The nitrogen adsorption-

Fig. 1. (a) SEM images of ZIF-67 precursor. (b) SEM images of CoS nanoboxs. (c)
SEM images of CeOx/CoS NDs. (d-f) TEM images at different magnifications of
CeOy/CoS NDs. (g) High-angle annular dark field (HAADF) of CeO/CoS and corre-
sponding elemental mapping images of Co, S, Ce and O.
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desorption isotherm indicated that the surface area measures 91.70
m?/g, with the pore size distribution predominantly concentrated
in the mesoporous regions of 2.16 and 12.46 nm (Fig. S3 in Sup-
porting information). Mesoporous structures enhance the perfor-
mance of LSBs through three aspects: physical confinement, chem-
ical adsorption, and ion transport optimization. 2.16 nm mesopores
are strongly anchored for LiPSs, suitable for high sulfur loads and
long cycles. 12.46 nm mesopores provide efficient ion transport,
suitable for high rates and volume expansion buffering. Under
high-resolution transmission electron microscopy (HRTEM, Fig. 1e),
lattice streaks of CeOx planes with spacings of 0.312nm corre-
sponding to the (111) plane of CeOx NDs, respectively, and a tiny
crystal lattice of the surrounding CoS are shown, which suggests
that the CeOx NDs are on the CoS substrate well-grown (Fig. 1f).
As shown in Fig. S4 (Supporting information), the selected area
electron diffraction (SAED) pattern shows multiple rings, consistent
with the polycrystalline structure of CeOx NDs in HRTEM. More
importantly, polycrystalline CeOx/CoS can be observed under high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) (Fig. 1g), and furthermore, the elemental distribu-
tions of CeOx/CoS were determined using energy-dispersive X-ray
spectroscopy (EDS) mapping, and the images show the coexistence
and uniform distribution of each element of Co, S, Ce, and O in
this heterostructure. In the nanohybrid structure with CeOx NDs
decorating hollow CoS, the large surface area of CoS, the abun-
dant porous structure and its huge cavity not only provide fast
channels for electrolyte and ions, but also more electrocatalytically
active sites to promote the catalytic conversion of LiPSs, whereas
the CeOx NDs as a functional layer not only anchor the soluble
LiPSs on the cathode side to physically blocking or chemisorption
to inhibit their shuttling, but also promote the catalytic conversion
of LiPSs to Li;S,/Li;S and accelerate the sulfur redox kinetics. An
electronic reconstruction effect is formed between CeOx and CoS
through strong interfacial coupling: The Ce3+/Ce*+ redox pair can
adjust the electron density of the Co-S bond, while the synergistic
effect of surface S-O defects and oxygen vacancies significantly en-
hances the chemical anchor-binding ability of LiPSs, providing ef-
ficient active sites for the adsorption-catalytic conversion of LiPSs
and accelerating the kinetics of redox reactions.

The detailed crystal structures as well as the chemical compo-
sitions of all materials were then analyzed in depth by XRD and
XPS. As shown in the XRD patterns of Fig. S5a (Supporting infor-
mation), each peak of ZIF67 corresponds to its standard PDF card,
which proved that the successful preparation of the ZIF67 precur-
sor, whereas the pattern of CoS proved its amorphous nature, and
we were not able to detect the signals of CoS nanoboxs. In addi-
tion, it turns out that the signals of the CoS shells in the CeOx/CoS
samples are also not accompanied by the peaks of CeOy, the peaks
of 28.5°, 33.1°, and 47.4° observed from the pattern should be at-
tributed to the (111), (200), and (220) facets in the CeO, crys-
tals. (PDF #34-0394), which indicated the existence of an ultrafine
crystal structure of CeOx [49]. All of evidences confirms that we
successfully fabricated the target products. The detailed chemical
composition and electronic states of CeOx/CoS were further illus-
trated using the XPS method (Figs. S5b-f in Supporting informa-
tion). Fig. S5b shows the survey spectrum of CeOx/CoS including
elements of Ce, Co, O, N, C and S, which is in agreement with the
results of the above XRD pattern, and further proved the success-
ful preparation of CeOx/CoS. We corrected with the C1s peak at
284.8 eV, and the peaks of C1s at 288.5, 286, and 284.8 eV belong
to C-C, C-C-0, and C-C=0, respectively (Fig. S5f). As can be ob-
served in Fig. S5c, the high-resolution XPS spectrum of Ce 3d in
CeOx/CoS shows the spin-orbit splitting of Ce 3ds;, and Ce 3dsp,
which typically consists of Ce3* and Ce*+. Specifically, the peak at
a binding energy of about 903.8 eV in Ce 3d3); is assigned to Ce3t,
and another peak assigned to Ce** is located at 917.2eV, and in
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Fig. 2. The DFT calculation of the adsorption energy for Li,Sg and their differen-
tial charge densities of (a) CoS and (b) CeOx/CoS. The density of states distribution
curves of (c) CoS and (d) CeOy/CoS for Li,Se.

this way, the peaks at 900.8 and 882.2eV in Ce 3ds, are assigned
to Ce*t, while the peak assigned to Ce3* is located at 886.2eV. As
shown in Fig. S5d, both Co?* and Co3+ were present in the high-
resolution spectra of Co 2p, where two sets of peaks were assigned
to Co 2p3; and Co 2py,. Notably, the binding energy peaks of Co2*
and Co®* were about 795.8 and 794.3eV in Co 2pqp, and about
7812 and 779.7eV in Co 2p;p. In addition, the XPS spectrum of
S 2p as shown in Fig. S5e, demonstrates peaks mainly located at
161.5 and 163.2 eV, which correspond to the binding energies of S
2p3j; and S 2ps); in the Co-S band, respectively, whereas the bind-
ing energy of 168.9eV could be assigned to the S-O band, which
came from adsorption of CoS surface of the solvent or oxidized S
in the air atmosphere. All of the above evidences indicated the suc-
cessful construction of this target hybridization system by the de-
position of CeOx NDs on hollow CoS. By introducing Ce into CoS,
the deposited CeOx layer can effectively protect CoS and make it
more stable. This coordination defect condition of S-O, for exam-
ple, is expected to generate more sulfur vacancies and oxygen va-
cancies, resulting in enhanced electrocatalytic activity.

In order to show a deep understanding of how the oxygen va-
cancies and sulfur vacancies in CeOx/CoS cooperatively promote
the adsorption and transformation of LiPSs, the models such as
CeOx/CoS and CoS were calculated and analyzed based on den-
sity functional theory (DFT) (Fig. 2). From the perspective of ad-
sorption energy, the adsorption energy of the CeOx/CoS system
for Li,Sg is —15.59eV (Fig. 2b), which is 93 % higher than that of
CoS (—1.07eV) (Fig. 2a). This indicates that the synergistic effect
of oxygen vacancies and sulfur vacancies significantly enhances
the adsorption capacity for LiPSs, and electrostatic attraction and
ionic bonding make the adsorption more stable. Differential charge
density shows that oxygen vacancies cause the loss of electrons
near Ce to form Lewis acid sites, while sulfur vacancies increase
the electron density around Co to form Lewis base sites. The two
form a “double anchoring” effect through charge transfer, enhanc-
ing the adsorption strength of the LiPSs. In addition, the hetero-
junction defect network formed by oxygen vacancies and sulfur
vacancies increases the density of active catalytic sites for LiPSs.
In terms of density of states (Figs. 2c and d), oxygen vacancies in-
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Fig. 3. (a) SEM images of the surface of commercial pp separator and (b) CeOx/CoS
modified separator. (c) Cross-sectional SEM image of CeOy/CoS modified separator.
(d) Digital photograph of the appearance of the different separators. (e) Flexural
mechanical properties of CeOx/CoS modified separator. (f) Contact angle of three
separators on electrolyte. Wetting performance of (g) CeOx/CoS@PP, (h) CoS@PP and
(i) PP separators on electrolyte.

crease the density of states of the d orbitals of Ce near the Fermi
level, while sulfur vacancies shift the density of states of the d or-
bitals of Co towards the lower energy region. The hybridization of
the two orbitals is enhanced, forming an electron transport chan-
nel, reducing the activation energy for LiPSs conversion, and accel-
erating the reaction. In conclusion, the oxygen and sulfur vacan-
cies in CeOx/CoS significantly enhance the adsorption capacity for
LiPSs through electrostatic synergy, electronic structure optimiza-
tion, and complementary active sites, and accelerate their conver-
sion process.

We explored the physical properties of different separators by
the following experiments. From the comparison of the surface
SEM images (Figs. 3a and b), it can be visualized that the surface
of the commercial PP separator display the uniformly distributed
reticulation structure with large number of pores that are larger
than the diameter of LiPSs, which would result in the inability to
block its access to the lithium anode and inhibit the electron trans-
fer, and after coating a layer of CeOx/CoS material on the PP sepa-
rator, the pores on its surface are uniformly covered by nanopar-
ticles, which is more effective in terms of physical blocking for
suppressing the shuttle effect of LiPSs. From the cross-sectional
SEM image of the modified diaphragm (Fig. 3¢), it can be observed
that the thickness of the coating layer averages 17 pum. We took
digital photos of the different separators. Fig. 3d shows that all
three separators have a diameter of 19 mm, and the CeOy/CoS@PP
separator is a uniformly textured nano-coating over PP. In order
to verify the mechanical properties of the CeOy/CoS@PP separator
even further, we performed multiple folding tests. It can be ob-
served that the CeOx/CoS modified layer did not come off from
the PP separator after multiple folding from Fig. 3e, and the modi-
fied separator remained intact. The results proved that the adhe-
sion between CeOx/CoS modified material and PP separator was
satisfactory, and the CeOx/CoS@PP separator had excellent tough-
ness. Furthermore, we tested the wettability of three separators
to the electrolyte by adding drops of electrolyte to their surfaces
and observing their contact angles. It can be directly observed that
the PP separator has the worst wettability with a contact angle
of 43.27°, both CeOx/CoS@PP and CoS@PP separators have signif-
icantly improved affinity for the electrolyte with contact angles of
5.79° and 12.65° (Fig. 3f), respectively. It can be seen from the elec-
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trolyte immersion experiment in Figs. 3g-i, the electrolyte diffused
the fastest on the CeOx/CoS@PP separator with the largest infiltra-
tion area (Fig. 3g). The above results indicate that the CeOy/CoS@PP
separator increased the affinity with the electrolyte. The significant
improvement in wettability is attributed to: (1) The abundant hy-
droxyl groups on the surface of CeOx form strong hydrogen bonds
with ether electrolytes; (2) The ion sieving effect of the multi-level
pores in the coating reduces the interfacial transport resistance.
LSBs with different modified separators were assembled and
their electrochemical performances were investigated, and the re-
sults showed that the CeOx/CoS@PP batteries exhibited commend-
able performances, including long-cycle stability, excellent rate per-
formance, cycling stability under high sulfur loading, and good re-
sistance to self-discharge. As shown in Fig. 4a, the CeOx/CoS@PP
battery has an initial specific capacity of 1093.91 mAh/g at 0.5
C and still maintains a specific capacity of 640.31 mAh/g after
400 cycles with a decay rate of 0.10% per cycle, which is much
higher than the CoS@PP battery with a decay rate of 0.12% per
cycle (specific capacity after cycling of 413.95 mAh/g) and the PP
battery with a decay rate of 0.14% per cycle (specific capacity af-
ter cycling of 298.04 mAh/g). In additionally, the Coulombic effi-
ciency of the CeOx/CoS@PP battery has been maintained at a sta-
ble level higher than 99%, and the promising cycling stability indi-
cates that CeOx/CoS@PP has a strong chemisorption effect on LiPSs
and promotes its catalytic conversion. The correctness of this anal-
ysis is supported by further investigation of its long-cycle perfor-
mance and rate performance. With the current density increased
to 1 C (Fig. 4c), the CeOx/CoS@PP battery still exhibits an initial
specific capacity of 1050.31 mAh/g and superb cycling stability, it
still maintains a specific capacity of 500.21 mAh/g after 900 cycles,
demonstrating an ultra-low degradation rate of 0.058% per cycle.
The result is far superior to the CoS@PP battery (194.29 mAh/g ca-
pacity after cycling) with a decay rate of 0.086% per cycle and the
0.087 % decay rate per cycle for PP battery (131.817 mAh/g capacity
after cycling). It is further emphasized that CeOx/CoS plays an im-
portant role in the long cycle stability through its unique structure
and strong electrocatalytic activity. The rate performance of differ-
ent separators is shown in Figs. 4b, d, f and Fig. S6 (Supporting
information), which can be used to analyze the kinetics of redox
reactions on the separator surface. Satisfactorily, the battery us-
ing CeOx/CoS@PP separator achieved discharge specific capacities
of 1362.3, 1142.2, 1036.7, 886.5, and 735.6 mAh/g at current densi-
ties of 0.2, 0.5, 1, 2, and 3 C, respectively, which were far superior
to those of the CoS@PP and PP batteries (Fig. 4b). It is commend-
able that CeOx/CoS@PP battery can also maintain a high specific
capacity of 1197.2 mAh/g when the current density is restored to
0.2 C, indicating that the introduction of CeOx/CoS@PP improves
the rate performance of the cells at different current densities.
Furthermore, the above analysis can also be verified by the gal-
vanostatic charge/discharge (GCD) curves at different current den-
sities, and the CeOx/CoS@PP battery has the highest specific ca-
pacity as well as the smallest polarization voltage (Fig. 4d), which
suggests that it is more susceptible to the conversion of LiPSs to
Li,S, or Li,S to accelerate the kinetics of the redox reaction. This
phenomenon can be attributed to the synergistic catalytic effect
of CeOx/CoS heterostructures on LiPSs: On the one hand, the hi-
erarchical porous structure effectively inhibits the shuttle effect of
LiPSs through physical confinement; On the other hand, the syn-
ergistic effect of the redox pairs of Ce3*/Ce*+ and Co%*/Co3* sig-
nificantly reduces the activation energy barrier of the Li,S nu-
cleation/decomposition process, thereby accelerating the conver-
sion kinetics of LiPSs to Li,S, or Li,S. The cycling performances of
CeOx/CoS@PP battery at 0.5 C with high sulfur loading were shown
in Fig. 4e. Its capacity remained at 772.7 mAh/g and the capacity
retention was 94.5% at a sulfur loading of 2.304 mg/cm? after 100
cycles. When the sulfur loading was increased to 3.328 mg/cm?,
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Fig. 4. (a) Cycling performance at 0.5 C and (b, d, f) rate performance of Li-S batteries assembled by different separators. (c) Long cycle performance of different separators
at 1 C current density. (e) Cycle performance of CeOx/CoS@PP separator at 0.5 C with different high sulfur loading. (g) Cycling stability of CeOyx/CoS@PP separator at high
current density. (h) Typical discharge-charge voltage curves revealing self-discharge behavior after standing for 72 h.

the capacity retention was 92.3 %, and even after the sulfur loading
was increased to 4.480 mg/cm?, it maintained a strong cycling sta-
bility with 92.8 % capacity retention. Additionally, the CeOy/CoS@PP
also showed excellent performance in the long-cycle test of 1000
cycles at 2 C and 4 C with the discharge specific capacity remain-
ing at 414.3 and 398.8 mAh/g (Fig. 4g), and the Coulombic efficien-
cies exceeding 99.8% in both cases, which further demonstrated
that even at high current densities, the CeOy/CoS@PP separator can
also achieve high-quality catalytic conversion. All the above results
are attributed to the special structure and strong catalytic perfor-
mance of CeOx/CoS to promote the catalytic conversion of LiPSs
and accelerate the redox reaction process, which enables the bat-
tery to maintain a high specific capacity and slow capacity decay
after long cycles, showing a strong long cycle life. It is worth not-
ing that the self-discharge phenomenon in the battery is also a
difficult problem that affects the cycle performance. We observed
the self-discharge phenomena of batteries with different separa-
tors after standing them for 72 h, the specific discharge capacity of
the CeOx/CoS@PP battery was 1118.7 mAh/g and the capacity re-
tention rate was 93.15% (Fig. 4h). This result was higher than that
of CoS@PP battery with capacity retention rate of 89.73% and PP
battery with capacity retention rate of 88.14% (Fig. S7 in Support-
ing information), indicating that the introduction of CeOx/CoS@PP
can effectively control self-discharge phenomenon. Furthermore,
we conducted multi-dimensional comparisons of the electrochem-
ical performance of this work and other works, proving that this
work has excellent long-cycle stability, coulombic efficiency and
rate performance (Fig. S8 in Supporting information).

In order to further investigate the electrocatalytic effect of
CeOx/CoS@PP on LSBs, cyclic voltammetry (CV) and electrochem-
ical impedance spectroscopy (EIS) were employed to test different
separator batteries. As shown in Fig. 5a, the presence of two ca-
thodic peaks and one anodic peak can be clearly observed in the
CV curves at a scan rate of 0.1 mV/s. The cathodic peaks (reduc-
tion peaks) at voltages around 2.0 and 2.3V indicate that the re-
duction of Li,Sg first to Li,Sg or Li,S4 and then further to Li,S, or
Li,S. Meanwhile, the anodic peak (oxidation peak) near the volt-
age of 2.4V indicates that the process of Li,S, or Li,S being oxi-
dized to soluble LiPSs and then further oxidized to solid Sg. It can
be clearly observed that the CeOy/CoS@PP battery has the high-
est peak current and the smallest polarization potential at the ca-
thodic and anodic peaks compared to the CoS@PP and PP batteries,
which confirms that the CeOy/CoS@PP separator has an improving
and accelerating effect on the kinetics of the redox reaction, and it
plays an extremely important role in promoting the catalytic con-
version of polysulfides. The CV curves for the first three cycles of
CeOx/CoS@PP at a scan rate of 0.1 mV/s were highly overlapping,
indicating good stability as well as reversibility (Fig. 5b). In or-
der to further investigate the Lit diffusion ability, the CV curves
of different separator batteries were tested at different scan rates
from 0.1 mV/s to 0.5mV/s. Compared with CoS@PP (Fig. 5d) and
PP batteries (Fig. S9 in Supporting information), the CV curves
of CeOy/CoS@PP batteries exhibited higher peak currents and the
smaller polarization voltages at all the scan rates (Fig. 5c). We per-
formed a linear fit of the square root of the scan rate to the peak
current based on the CV curves of the three separators at different
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Fig. 5. (a) Comparison of CV curves for different separator batteries at a scan rate of 0.1 mV/s. (b) CV curves for the first three cycles at a scan rate of 0.1 mV/s and (c)
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scan rates and the Randles-Sevcik equation can be used to repre-
sent their relationship [50-52]:

I, = (2.69 x 10°)n*2AD,; /G V12 (1)

where I, denotes the peak current density, n denotes the num-
ber of electrons transferred in the reaction, A denotes the ac-
tive electrode area, D;;+ denotes the Li* diffusion coefficient, Cj;+
denotes the Lit concentration, and V denotes the scan rate. Ac-
cording to the equation, it can be seen that a larger slope of
the fitted curve indicates a larger Li* diffusion coefficient (Fig. 5e
and Fig. S10 in Supporting information). From the comparison of
Fig. 5f and Fig. S11 (Supporting information), it can be directly
observed that the slopes of all three peaks of the CeOx/CoS@PP
battery are much larger than those of the CoS@PP and PP bat-
teries, which suggests that the synergistic effect between CeOx
and CoS greatly facilitates the Li* transfer during redox reactions.
The higher peak current of the CeOy/CoS@PP battery can be seen
from the symmetrical CV curve (Fig. 5g), which also confirms this.
We performed EIS measurements to better understand the rea-
son for the improved redox kinetics of the CeOx/CoS@PP separa-
tor. As shown in Fig. 5h, the battery using CeOx/CoS@PP separator
showed lower impedance than these of CoS@PP and PP batteries,
indicating that the conductivity of CeOx/CoS hybrid material is su-
perior to that of pure CoS, and that the presence of this hybrid
structure accelerates the rate of charge transfer and ion diffusion.
The above CV and EIS measurements indicate that the CeOx/CoS
core-shell structure effectively improves the electrochemical reac-
tion kinetics compared to CoS. We further emphasize the strong
catalytic role of CeOx/CoS@PP in the kinetics of redox reactions
by performing CV and EIS tests on Li,Sg symmetric batteries. The
CV curves of the symmetric batteries at a scan rate of 10mV/s
(delivers the highest peak current among all separator batteries.
The EIS curves (Fig. 5i) indicated that the CeOx/CoS@PP battery
improved the ionic conductivity and greatly reduced the charge

transfer resistance, and these results further demonstrate that the
CeOy/CoS heterostructure plays a strong catalytic role in the re-
dox reaction kinetics. The differences in the catalytic performance
of CeOx/CoS@PP, CoS@PP and PP diaphragms were further quanti-
fied based on the Tafel curve analysis (Fig. S12 in Supporting in-
formation). The experimental data showed that the Tafel slope of
CeOx/CoS@PP modified diaphragm (88.6 mV/dec) was significantly
lower than that of CoS@PP (312 mV/dec) and PP (389 mV/dec), sug-
gesting that the kinetics of its charge-transfer reaction was signif-
icantly optimized. The above results further demonstrate that the
CeOx/CoS heterostructure significantly reduces the electrochemical
polarization and enhances the redox reaction kinetics of LSBs by
constructing an efficient bifunctional catalytic interface, which pro-
vides a key guarantee for their efficient operation.

Fig. 6a shows the linear scanning voltammetry (LSV) curves of
CeO4/CoS@PP, CoS@PP, and PP batteries at a scan rate of 5mV/s,
which illustrated that the CeOy/CoS@PP battery exhibits the best
electron transfer rate as well as electrocatalytic reaction kinetics.
We further illustrate the effect of different modified materials on
the kinetics of the redox reaction by means of nucleation exper-
iments (Figs. 6b and c), the detailed experimental steps of which
have been mentioned in the supporting section. The integral areas
in the curves indicate the precipitation of Li,S when CeOx/CoS
and CoS materials are used as the cathode of the battery, which
are 496.9038 and 234.6795 mAh/g, respectively, it can be clearly
observed that CeOx/CoS exhibits the largest peak current as well
as the fastest nucleation time. From the equations related to time
and peak current, it can be seen that the higher peak current, the
faster nucleation time, and the larger nucleation area proved the
faster kinetics of the redox reaction [53]. The above experimental
results indicate that CeOx/CoS has a strong electrocatalytic ability,
which can promote the rapid conversion of LiPSs to Li,S and
accelerate the reaction kinetics. In addition, the internal resistance
(AR) during charging and discharging was further investigated by
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Fig. 6. (a) LSV diagram of different batteries. (b, c) Constant potential discharge curves of Li,S nucleation on CeOx/CoS and CoS electrodes respectively at 2.05V. (d) GITT
curves of CeOy/CoS@PP, (e) CoS@PP and (f) PP batteries. (g) Cycling performance of Li//Li symmetric cells at 2 mA/cm? for 2 mAh/cm?2. (h) Comparison between the cycling
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measuring the constant-current intermittent titration (GITT) curves
of different separator cells at 0.1 C. The AR of Li,S nucleation and
Li,S activation for the three separator batteries are shown in
Figs. 6d-f. CeOx/CoS@PP exhibits the lowest Li;S nucleation and
Li,S activation internal resistance, which further suggests that it
mitigates the hindrance of polarization and reaction kinetics [54].
We explored the modulation effect of CeOx/CoS@PP, CoS@PP, and
PP on Li anodes by assembling Li//Li symmetric cells, and mea-
sured the long-cycle stability of at a current density of 2 mA/cm?
and an area capacity of 2 mAh/cm? (Fig. 6g). It can be directly ob-
served that the PP separator cells show a huge voltage hysteresis
(>700mV) and short circuits after 150 h. On the contrary, the cell
with CeOx/CoS@PP exhibits a stable polarization behavior as low
as 16 mV and a long cycle life of 1000h, both exceeding that of
CoS@PP and PP, suggesting a significant inhibition of lithium den-
drite growth. In addition to this, the long cycle stability of Li//Li
symmetric cells were determined at different current densities
of 1 and 2mA/cm? (Fig. 6h). When the current density is small,
the initial overpotential is small and gradually reaches a low and
stable polarization behavior (10 mV) after 400 h. When the current
density is large, the initial overpotential is large but reaches a
low and stable polarization behavior (16 mV) after 180h. The
above results confirm that CeOx/CoS@PP diaphragms can promote
uniform Li*t flow and lithium metal plating due to the enhanced
modulation effect on Li* diffusion. The multiplicity performance
and lithium deposition/stripping reversibility were tested by
cycling Li//Li symmetric cells at variable current densities (0.5-
5mA/cm?, area capacity 2 mAh/cm?). The experimental data show
(Fig. S13 in Supporting information) that at a low current density
of 0.5mA/cm?, the polarisation voltage of the CeOx/CoS@PP cell
is only 15mV, which is significantly lower than that of CoS@PP
(37mV) and PP (120mV). As the current density was increased
to 5mA/cm?2, the polarisation voltage was stabilised at 75mV,
while it was as high as 367 mV and 597 mV for CoS@PP and PP,

respectively, indicating that the heterostructured diaphragm has
excellent current tolerance. All the above parameters confirm that
CeOx/CoS@PP diaphragms provide an efficient solution strategy
for high-performance LSBs systems by synergistically optimizing
the electrocatalytic activity, charge transport ability and interfacial
stability. Then, the battery was disassembled after cycling to
practically analyze the effect of CeOx/CoS@PP on Li anode. Obvi-
ously, it is observed that many bulk particles and cracks on the
anode surface for PP and CoS@PP cells (Figs. S14a-d in Supporting
information). In contrast, the cell with CeOx/CoS@PP has smooth
anode surface (Figs. S14e and f in Supporting information).

The adsorption effect of CeOx/CoS material was further ex-
plored by Li;Sg adsorption test (Fig. 7a), and the yellow solution
was lightened after adsorption. From the comparison plots of the
XPS survey spectra (Fig. 7b) as well as the fine spectra before
and after CeOx/CoS adsorption, it is clearly noticed that the peaks
of each element are shifted to higher binding energies in the
high-resolution XPS spectra, where the binding energy of Ce 3d
shows a shift to the left of about 0.2 eV (Fig. 7c) while that of Co
2p is about 0.3eV (Fig. 7d). And this result is attributed to the
higher electronegativity of Li;Sg, and the transfer of electrons from
each component to Li,Sg. The analysis can be further confirmed by
the high-resolution XPS spectra of S 2p in Fig. 7e. The intensities
of its two significant peaks originally located at 161.5 and 163.2 eV
corresponding to S 2p3;; and S 2p;, become weaker, and the
intensity of the peak located at 168.9eV corresponding to S 2ps),
increases and shifts to a higher binding energy, suggesting that
CeOx/CoS reacts significantly with S in Li;Sg to generate sulfate.
The above results further illustrate that CeOx/CoS plays a crucial
role in the chemisorption of Li;Sg. As shown in Fig. 7f, we ob-
served the high permeation resistance of the three separators to
soluble LiPSs by H-type device permeation experiments. It can be
intuitively seen that the Li,Sg electrolyte on the left side of the PP
separator permeates completely to the right side after 12 h, while
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Fig. 7. (a) Experiments on the adsorption of Li;Sg by CeOx/CoS. (b) XPS survey spectrums, (c) Ce 3d, (d) Co 2p and (e) S 2p of adsorbed CeOy/CoS in Li,Sg. (f) Experimental

permeation of Li,Sg to different separators.

the CeOy/CoS@PP separator almost has only slight permeation
after 12h, which shows the strongest blocking performance and
greatly inhibits the shuttle effect of LiPSs. To further demonstrate
the adsorption and catalytic performance of the CeOx/CoS hybrid
material, we disassembled different separator cells that underwent
900 long cycles at 1 C to observe the separator morphology
(Figs. S10a-f). Disordered dendritic surfaces appeared on the sur-
face of the PP separator, which affected the transfer of Li* and
electrons (Figs. S15a and b in Supporting information). The sur-
face material of the CoS separator presents a large-area lump-like
accumulation with low porosity (Figs. S15c¢ and d in Supporting in-
formation). In sharp contrast, the CeOx/CoS separator has a rough
and porous surface with high porosity (Figs. S15e and f in Support-
ing information), which enhances its chemical adsorption capacity
for LiPSs. Therefore, the shuttle effect of LiPSs has been alleviated,
and the battery cycle performance has been greatly improved.

In summary, double-shelled CeOx/CoS hollow nanobox were
successfully prepared through ZIF-67 template and the follow-
ing growth of CeOx nanodots from hydrothermal method, which
presented high electrical conductivity and electrolyte wettability.
When applied as the LSBs PP separator modifier, it can greatly
accelerate the conversion reaction kinetics and hinder the shut-
tle effect of LiPSs. In the CeOx/CoS heterostructures, the abundant
porous structure of the CoS surface with enough cavities ensures
the fast transport of electrolytes/ions and provides more active cat-
alytic sites. While functional CeOx nanodots can anchor soluble
LiPSs through physical barrier or chemisorption, which can also
promote the catalytic conversion of LiPSs and accelerate the sulfur
redox kinetics. The results deliver that the CeOx/CoS@PP battery
exhibits excellent cycling stability with the capacity remaining at
502.2 mAh/g at 1 C after 900 cycles (decay rate: 0.057 %). When
the sulfur loading increased to 4.480 mg/cm?, the capacity reten-
tion was maintained 94.5% after 100 cycles. This study demon-
strates the success preparation of novel high catalytic heterostruc-
ture and the modification strategy with fast kinetics and efficiently
promote LiPSs adsorption/catalytic conversion in LSBs.
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