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ABSTRACT: The root-nodule system in legumes enables efficient
biological nitrogen fixation through symbiotic interactions and
hierarchical mass transport. Inspired by this natural architecture,
we synthesized a cobalt selenide (CoSe) catalyst supported on
carbon nanofibers (CoSe@C) that mimics this root-nodule
structure. This unique design promotes rapid electron transport
and facilitates efficient catalytic conversion of lithium polysulfides
(LiPSs) to Li,S. Through controlled sulfur doping, the initial
hexagonal phase of CoSe (h-CoSe) underwent a phase transition
to an orthorhombic structure (o-CoSeS), which exhibited a high-
spin state due to an increased density of unpaired electrons in the
Co d-orbitals. Density functional theory (DFT) calculations
revealed that this electronic configuration enhances orbital
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S-doping induced
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hybridization between Co d-orbitals and LiPSs p-orbitals, thereby strengthening LiPS adsorption and accelerating the redox
kinetics. When o-CoSeS supported on carbon nanofibers (0-CoSeS@C) was used to modify the separator in lithium—sulfur (Li—S)
batteries, the battery delivered an initial discharge capacity of 1509 mAh g~' at 0.1 C and maintained an ultralow decay rate of
0.057% per cycle over 1000 cycles at 1 C. The exceptional cycling stability stems from the synergy between the biomimetic
hierarchical network, which facilitates mass/charge transport, and the optimized electronic structure of the Co active sites, which
boosts catalytic activity. This work proposes a novel biomimetic strategy for designing high-performance catalysts for Li—S batteries
and provides atomic-level insights into the regulation of transition-metal electronic states for catalytic optimization.
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1. INTRODUCTION

Lithium—sulfur (Li—S) batteries have emerged as promising
candidates for next-generation energy storage systems due to
their high theoretical energy density of 2600 Wh kg™.'™*
However, their practical application faces several challenges,
including the insulating nature of sulfur and lithium sulfide, the
dissolution of lithium polysulfides (LiPSs), and sluggish redox
kinetics during cycling.”~” To address these issues, extensive
efforts have been devoted to developing catalysts that can
effectively adsorb and facilitate the conversion of LiPS
intermediates.>'® In this context, biomimetic materials have
offered innovative strategies for designing high-performance
Li—S batteries by emulating the structural and functional
features of natural systems.'"'” Notable examples include
bamboo-like nitrogen-doped carbon nanotubes developed by
Zhang and co-workers'” and a honeycomb-like three-dimen-
sional nitrogen-doped porous carbon framework introduced by
Yao and co-workers,'* both of which demonstrated excellent
LiPSs adsorption and conversion capabilities. Furthermore,
bioinspired materials based on natural architectures such as ant
nests," "¢ sea urchins,'” and red blood cells'® feature unique
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hierarchical porous structures. These materials have shown
distinct advantages, including a high specific surface area,
making them attractive as host materials for sulfur cathodes.
Natural biological structures offer valuable paradigms for the
design of advanced energy storage materials. The hierarchical
interconnected architecture of root nodules, formed through
symbiosis between plants and rhizobia, conceptually aligns well
with the performance requirements of Li—S batteries. This
structure can be conceptually mapped to the conductive
framework of Li—S electrodes, establishing efficient pathways
for ion and electron transport, thereby mitigating the sluggish
redox kinetics caused by the insulating nature of sulfur and
lithium sulfide. Meanwhile, the abundant hierarchical pores
and interfaces in root nodules provide the electrode with a high
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specific surface area and a dense distribution of exposed
catalytically active sites, which not only enhance polysulfide
adsorption but also accelerate conversion kinetics, helping to
suppress the shuttle effect. Furthermore, the inherent structural
elasticity of root nodules, which accommodates volume
changes during nitrogen fixation and nutrient exchange, is
beneficial for buffering the volume change of sulfur during
charge—discharge cycling, thereby improving the structural
stability of the electrode. Thus, the root-nodule-inspired design
can simultaneously address three key challenges in Li—S
batteries: sluggish reaction kinetics, polysulfide shuttling, and
substantial volume variation, laying a foundation for the
development of high-performance Li—S batteries. Drawing
inspiration from this structure offers a pathway for developing
more efficient and stable catalytic materials.

In this study, inspired by the root-nodule system, we
developed a biomimetic catalytic material that mimics its
structural and functional characteristics. Using bacterial
cellulose (BC) as a structural template and an ethyl-
enediaminetetraacetic acid (EDTA)-mediated strategy, we
constructed a carbon-supported cobalt selenide catalyst with
a hexagonal phase (h-CoSe@C). Subsequent sulfurization
treatment induced a phase transformation from hexagonal to
orthorhombic structure, resulting in an orthorhombic cobalt
selenide sulfide catalyst supported on carbon (0-CoSeS@C).
When 0-CoSeS@C was applied as a modifier of the separator
in Li—S batteries, it delivered an initial discharge capacity of
1509 mAh g at 0.1 C and maintained a capacity decay rate as
low as 0.057% per cycle over 1000 cycles at 1 C, demonstrating
exceptional sulfur utilization and cycling stability. The excellent
capacity retention exhibited by 0-CoSeS@C implies that the
introduced S-doping combined with carbon encapsulation may
synergistically enhance structural stability plausibly through
mechanisms analogous to those reported. Density functional
theory (DFT) calculations further revealed that the high-spin
electronic configuration of 0-CoSeS@C enhances the overlap
between Co d-orbitals and LiPSs p-orbitals, thereby
strengthening adsorption and accelerating the catalytic
conversion of LiPSs. This work provides valuable insights
into the design of high-performance biomimetic catalysts
through nonmetal doping and electronic structure regulation,
offering a promising avenue for practical Li—S battery
applications.

2. EXPERIMENTAL SECTION

2.1. Preparation of BC-EDTA Aerogel

Solvothermal techniques were frequently employed to develop BC
and EDTAD composite aerogels. Following the ultrasonic dispersion
of 4.5 mmol of EDTAD in N, N-dimethylformamide (DMF), 5 mL of
pyridine was introduced as a stabilizer under continuous stirring.
Subsequently, 300 mg of freeze-dried BC aerogel was mixed with the
aforementioned solution, stirred for 2 h, and ultrasonicated to achieve
a uniform dispersion. The resulting mixture was then transferred to a
vacuum flask for air elimination and subjected to a hydrothermal
reaction at 70 °C for 20 h. After the reaction, the resulting solution
was centrifuged and stored for subsequent use.

2.2. Preparation of BC-E-Co Aerogel

Initially, 20 mmol of cobalt nitrate hexahydrate (Co(NO;),-6H,0)
was dissolved in 80 mL of DMF and subjected to ultrasonication to
achieve a uniform dispersion. The fabricated BC-EDTA composite
material was subsequently added to this solution, stirred for 6 h, and
transferred to a vacuum flask to remove air. The mixture was then

subjected to hydrothermal processing at 75 °C for 10 h. After
centrifugation, a purple gel was obtained and stored for further use.

2.3. Preparation of BC-E-Co-ZIF Aerogel

To prepare the BC-E-Co-ZIF aerogel, 40 mmol of 2-methylimidazole
(2-MIM) was dissolved in 100 g of methanol under constant stirring
to ensure a complete and uniform dispersion. Subsequently, BC-E-Co
aerogel was added to the mixture, which was stirred continuously for
6 h. Following this process, the composite material was rinsed
multiple times with ethanol and deionized water to eliminate any
residual ions. Finally, freeze-drying was performed to obtain the BC-
E-Co-ZIF aerogel.

2.4. Preparation of BC-Co-ZIF Aerogel

Solution A was prepared by dispersing 300 mg of freeze-dried BC
aerogel in 60 g of methanol under agitation. Methanol (20 g) was
equally distributed into two beakers, designated solutions B and C.
Solution B comprised 4 mmol of Co(NO,;),-6H,0, and solution C
comprised 10 mmol of 2-MIM. Subsequently, solutions B and C were
progressively incorporated into solution A under continuous agitation
for 6 h. The resultant composite material was extensively washed with
ethanol and deionized water to eliminate any residual ions. The BC-
Co-ZIF aerogel was obtained by freeze-drying.

2.5. Preparation of h-CoSe@C Catalytic Material

To achieve a consistent distribution of the freeze-dried BC-E-Co-ZIF
aerogel, it was placed in a quartz tube that was sealed at one end.
Subsequently, 0.8 g of selenium powder was measured and positioned
on either side of the BC-E-Co-ZIF aerogel. The quartz tube was
placed in a tube furnace and subjected to heat treatment at 800 °C at
a rate of 2 °C min™' under an argon atmosphere for 2 h.
Subsequently, the system was cooled to ambient temperature, after
which the sample was extracted and ground to yield the final
hexagonal cobalt selenide carbon (h-CoSe@C) composite material.

2.6. Preparation of 0-CoSeS@C Catalytic Material

S and h-CoSe @C were combined in a $:1 mass ratio via chemical
vapor deposition (CVD). The h-CoSe@C specimen was placed at the
center of a quartz tube with S positioned at the inlet of the tube.
Subsequently, the quartz tube was heated to 420 °C in a tube furnace
under an argon atmosphere at a rate of 2 °C min™' for 2 h.
Subsequently, the system was cooled to ambient temperature. The
sample was then extracted and ground to obtain the 0-CoSeS@C
composite material.

2.7. h-CoSe@C- and o-CoSeS@C-Modified Separators

The as-synthesized 0-CoSeS@C, Ketjen black (KB), and poly-
vinylidene fluoride (PVDF) were mixed in N-methyl-2-pyrrolidinone
(NMP) at a mass ratio of 8:1:1 and stirred for 12 h to form a uniform
slurry. This slurry was then applied to the clean, flat surface of
polypropylene (PP) separators (Celgard 2400) to modify them. After
drying, the separators were cut into 19 mm diameter circular disks.
For comparison, h-CoSe@C-modified separators were prepared using
the same method

2.8. Preparation of Sulfur Electrodes

To prepare the sulfur electrodes, a melt-diffusion method was
employed. First, 75 wt % sublimed sulfur and 25 wt %KB were
blended and finely ground to form a homogeneous mixture. This
mixture was then sealed in an argon atmosphere and heated at 155 °C
for 12 h. The resulting sulfur composite was combined with additional
KB and PVDF in a mass ratio of 7:2:1, dissolved in NMP to produce a
smooth slurry. This slurry was applied onto an aluminum foil current
collector and dried under vacuum at 60 °C for 12 h. Afterward, the
electrodes were punched into 12 mm diameter disks, with an areal

sulfur loading of approximately 0.8 mg-cm™

2.9. Material Characterization

Scanning electron microscopy (SEM, Zeiss Sigma 300) was used to
examine the morphologies of the prepared samples. To examine the
structures of the samples, various analytical techniques were
employed, including Fourier-transform infrared (FTIR) spectroscopy,
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Figure 1. (a) Schematic representation of the synthesis method for BC-E-Co-ZIF; (b, c) SEM image of BC-E-Co-ZIF; (d) structure of the root
nodules of plants; (e) simulation of bond energy for Co—O and Co—N in BC-E-Co and BC-E-Co-ZIF structures.

X-ray diffraction (Bruker, Advanced D8A A2S), Raman spectroscopy
(Thermo Scientific DXR3), and X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250XI).

2.10. Electrochemical Characterization

Electrochemical investigations of Li—S batteries were conducted using
CR2032 coin cells, employing KB/S as the cathode, lithium metal as
the anode, and a modified separator. A 1 M solution of lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) in a 1:1 volume
mixture of dioxolane (DOL) and dimethoxyethane (DME)
containing 1 wt % LiNO; was used as the electrolyte. The ratio of
electrolyte to sulfur (E/S) in the halfcell was 5 pL mg™'
Galvanostatic charge—discharge cycle behaviors were conducted on
an automated battery test station (LAND CT2001A) within a
potential range of 1.7—2.8 V at various C-rates (1.0 C = 1675 mA
g™"). Electrochemical impedance spectroscopy (EIS) in the 0.01—100
kHz frequency range and cyclic voltammetry (CV) were performed
using an Autolab 302 N electrochemical workstation.

2.11. Experiments on Li,S Nucleation

A Li,S4(0.2 mmol. L") solution was prepared by reacting sulfur and
Li,S in a 7:1 stoichiometric ratio in tetraglyme, followed by
continuous magnetic stirring at 60 °C for 24 h. The cathode was
fabricated by mixing the active materials with PVDF in a 9:1 mass

ratio in NMP. The subsequent fabrication steps were the same as
those used for the lithium—sulfur battery (LSB) electrodes. A total of
1S uL of Li,Sg electrolyte and 15 uL of blank electrolyte (without
Li,Sg) were separately dropped onto both sides of the separator. The
batteries were initially discharged at 0.112 mA to 2.10 V, followed by
a potentiostatic hold at 2.09 V for Li,S deposition.

2.12. Experiments on Symmetric Cells

A Li,S¢-based LiTFSI electrolyte with a concentration of 0.5 m was
configured by adding sublimated sulfur in a molar ratio of 5:1 to Li,S.
The active materials (h-CoSe@C and 0-CoSeS@C), KB, and PVDF
were ground in NMP at a ratio of 8:1:1 and uniformly coated on Al
foil. After being dried, two identical positive and negative electrodes
were assembled with polypropylene (PP) separators to form
symmetric cells. The CV voltage range was from —1.0 to 1.0 V at
S0 mV s

3. RESULTS AND DISCUSSION

As shown in Figure 1la, this work successfully utilized BC as a
template and employed an EDTA-assisted site-specific growth
strategy to prepare a cobalt-based zeolitic imidazolate frame-
work aerogel (BC-E-Co-ZIF) with a root-nodule structure.
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Figure 2. (a) TEM image of 0-CoSeS@C; (b) HR-TEM image of h-CoSe@C; (c) HR-TEM image of 0-CoSeS@C; (d) XRD patterns of h-
CoSe@C and 0-CoSeS@C; (e) high-resolution XPS spectra of Co 2p; (f) Raman spectra of h-CoSe@C and 0-CoSeS@C; and (g) schamatic

illustration of the phase transition process driven by sulfur doping.

Specifically, EDTA was first grafted onto the hydroxyl groups
of BC through chemical bonding via a solvothermal method,
resulting in EDTA-modified BC (denoted as BC-E).
Subsequently, BC-E was immersed in a Co(NO,),-6H,0
solution to adsorb Co?* ions (BC-E-Co). After adsorption
saturation was reached, the sample was transferred to a
methanol solution containing 2-methylimidazole (2-MIM) to
facilitate the growth of Co-ZIF on the BC template. The
interaction between BC and EDTA was analyzed with Fourier-
transform infrared spectroscopy (FTIR). Compared to pure
BC, the BC-E aerogel exhibited a new characteristic absorption
peak at 1740 cm™""? (Figure Sla,b Supporting Information),
which was attributed to the chemical bonding between the
carboxyl groups of EDTA and the hydroxyl groups of BC.
EDTA can serve as an adsorption site for metal ions, not only
promoting the uniform distribution of Co®* but also
accelerating the nucleation and growth process of Co-ZIF.
The structure of the BC-E-Co-ZIF aerogel was characterized
using X-ray diffraction (XRD) (Figure S2, Supporting
Information), and the results showed that its diffraction
peaks were highly consistent with the standard structure of Co-
ZIF,” indicating its successful formation. The SEM images of
BC-E-Co-ZIF (Figure 1b,c) demonstrated that Co-ZIF
particles were uniformly anchored on the BC nanofibers,
exhibiting a distinctive root-nodule-like morphology (Figure

1d). DFT calculation was employed to investigate the growth
mechanism of BC-E-Co-ZIF. As shown in Figure le, in the
BC-E-Co framework, the Co atom formed coordination bonds
with two nitrogen and two oxygen atoms, where the Co—O
and Co—N bond energies were 131.22 and 257 kcal mol ™.
This result indicated that the Co—N coordination exhibited a
stronger affinity. Consequently, when 2-MIM was added to the
methanol solution containing BC-E-Co, the initial equilibrium
of the system was disrupted due to the higher bond energy and
stronger binding force of the Co—N bond, leading to the
breaking of Co—O bonds and the formation of new Co—N
bonds. The above result was further confirmed by the
independent gradient model analysis (Figure S3a,b, Supporting
Information). The BC-E-Co-ZIF precursor was initially
selenized at 800 °C, yielding a carbon-based CoSe catalyst
with a hexagonal phase structure, which was denoted as h-
CoSe@C. Subsequently, sulfur doping was performed,
resulting in the formation of carbon-based CoSeS with an
orthorhombic phase structure (designated as 0-CoSeS@C).
SEM analysis (Figure S4, Supporting Information) demon-
strated that the Co-ZIF framework retained its root-nodule
structure during the reactions, confirming its exceptional
structural stability. Additionally, the TEM characterization of
0-CoSeS@C (Figure 2a) revealed the formation of a highly
ordered porous structure. High-resolution TEM analysis
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Figure 3. Electrochemical characterization of h-CoSe@C and 0-CoSeS@C membrane-modified batteries. (a) CV curves; (b) EIS impedance
spectra; (c) CV curve of symmetric batteries; (d—f) Li,S deposition profiles; (g—i) GITT curves; and (j—I) contour maps of CV curves at different

scan rates.

(Figure 2b) exhibited lattice fringes with an interplanar spacing
of 0.261 nm, corresponding to the (1 0 1) plane of hexagonal
CoSe, " while Figure 2c displayed lattice fringes with a spacing
of 0.259 nm, characteristic of the (111) plane of orthorhombic
CoSe,.”” The XRD pattern (Figure 2d) confirmed a hexagonal
crystal structure of h-CoSe@C after high-temperature
selenization with the main characteristic peaks at 33.3, 44.7,
50.6, 60.4, 61.9, 69.9, and 71.3° corresponding to the (101),
(102), (110), (103), (112), (202), and (004) crystal planes,
respectively.”> While the XRD pattern of 0-CoSeS@C
exhibited principal peaks at 30.7, 34.5, 35.9, and 47.7°
which correspond to the (011), (101), (111), and (120)

crystal planes, respectively. Thus, sulfur doping induced a
substantial phase transition, converting the structure into an
orthorhombic structure in 0-CoSeS@C. To exclude the
influence of temperature and time on the phase transition
and confirm the crucial role of sulfur doping, a strict control
experiment under identical conditions was designed. As shown
in Figure SS, the h-CoSe@C sample (without sulfur doping)
was subjected to the same heat treatment process as the sulfur-
doped 0-CoSeS@C sample, including an identical heating
temperature, holding time, and cooling rate (consistent with
the experimental parameters described in the Section 2).
Subsequent XRD characterization of the heat-treated h-CoSe@
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C sample showed no discernible shifts in diffraction peaks or
emergence of new phases (consistent with the original h-CoSe
phase, JCPDS #04-006-8806), confirming that the heat
treatment conditions alone do not induce phase transition.
X-ray photoelectron spectroscopy (XPS) was further employed
to analyze the elemental valence states and electronic
structures of 0-CoSeS@C and h-CoSe@C. As shown in Figure
2e, the Co 2p spectra of h-CoSe@C exhibited two main Co**
peaks at 780.84 eV (Co 2p;5,) and 793.19 eV (Co 2p,)),
respectively, while the satellite peaks at 783.29 and 797.12 eV
were attributed to the presence of Co™. The above results
indicated that cobalt predominantly existed as Co** and Co®*
in h-CoSe@C. Notably, after sulfur doping, the binding
energies of Co 2p;/, and Co 2p,,, in 0-CoSeS@C shifted to
higher energies by approximately 1.12 and 0.76 eV,
respectively. This upward shift suggests that sulfur doping
induced electron withdrawal from Co sites, leading to a higher
oxidation state (or enhanced electron localization) at the metal
centers. Se 3d spectra of both h-CoSe@C and o0-CoSeS@C
(Figure S6a, Supporting Information) exhibit four principal
peaks, while the S 2p spectra analysis revealed multiple
chemical states of sulfur (Figure S6b, Supporting Information).
The disorder of carbon in the prepared materials was studied
with Raman spectroscopies (Figure 2f) of h-CoSe@C and o-
CoSeS@C. The degree of defects in carbon materials was
usually quantitatively evaluated using the intensity ratio of I/
I>**> The ratio for h-CoSe@C was 1.02, slightly lower than
that of 0-CoSeS@C (1.07). This suggested that sulfur dopin§
reduced the graphitization degree of the carbon material.”

The above structural transformation from h-CoSe@C to o-
CoSeS@C is illustrated in Figure 2g.

Membrane modification technology was proven to signifi-
cantly suppress the polysulfide shuttle effect in Li—S
batteries.””*® Based on it, this study modified the separator
with CoSe catalysts. The surface of an untreated polypropylene
(PP) separator contained multiple submicron-sized pores,
which provided pathways for LiPS shuttling, leading to
significant degradation in battery performance (Figure S7a,
Supporting Information). In contrast, the 0-CoSeS@C-
modified separator exhibited a denser surface with enhanced
LiPS adsorption capability (Figure S7b, Supporting Informa-
tion), effectively suppressing the shuttle effect. The SEM
analysis of the separator’s cross-section (Figure S7c, Support-
ing Information) demonstrated a well-formed interface
between the modification layer and the PP separator. The
thickness of the modified layer was observed to be only 6.5 um,
indicating minimal impact on the energy density of the battery.
Additionally, the elemental distribution mapping of the cross-
section (Figure S7d, Supporting Information) showed a
uniform distribution of C, O, Co, Se, and S elements within
the material. Meanwhile, the wettability and electrolyte affinity
of the interface of h-CoSe@C-, and 0-CoSeS@C-modified
membranes were greatly enhanced (Figure S8, Supporting
Information). These modifications promoted uniform LiP$
diffusion and accelerated their conversion, effectively suppress-
ing the shuttle effect.”” Figure 3a presents the cyclic
voltammetry (CV) curves of batteries with PP separators and
h-CoSe@C and 0-CoSeS@C-modified separators (denoted as
PP, h-CoSe@C, and 0-CoSeS@C battery). The results
revealed that the CV curves of all three batteries exhibited
typical Li—S battery redox characteristics, including one
oxidation peak and two reduction peaks.’’ Notably, the o-
CoSeS@C battery exhibited significantly enhanced current

density responses in the CV curves, confirming the superior
electrocatalytic performance of o0-CoSeS@C. The potential
positions of the corresponding redox peaks (Figure S9,
Supporting Information) directly reflected the polarization
degree of the electrode reaction,”’ where the potential
difference (AE) between the oxidation peak (C) and the
reduction peak (A). The polarization potential of the o-
CoSeS@C battery was only 0.29 V, representing a 27.5%
reduction compared to that of the h-CoSe@C battery (0.4 V)
and a 42% reduction compared to that of the unmodified PP
separator battery (0.5 V). This further confirmed the
exceptional catalytic performance of 0-CoSeS@C in promoting
LiPS conversion reactions.”’ Figure 3b displays the Nyquist
plots of the PP, h-CoSe@C, and 0-CoSeS@C battery. It
revealed that the impedance arc radius of the o-CoSeS@C
battery was significantly smaller than that of the other two
batteries, indicating a notable reduction of charge transfer
resistance (R). For further quantitative analysis, the R, of the
0-CoSeS@C battery was only 17.9 Q, representing a 40.1%
reduction compared to the h-CoSe@C battery (29.9 Q) and a
73.2% reduction compared to the unmodified PP battery (66.8
Q) (Figure S10, Supporting Information). This significant
reduction in impedance demonstrated the excellent electro-
chemical activity of the 0-CoSeS@C modification layer at the
electrode interface, effectively promoting electron transfer
during LiPS conversion reactions.”” To investigate the catalytic
performances of KB, h-CoSe@C, and 0-CoSeS@C in the
polysulfide redox process, symmetric cells with a Li,S¢
electrolyte were assembled using these catalysts as electrode
materials. As shown in Figure 3c, the 0-CoSeS@C battery
outperformed the KB and h-CoSe@C batteries, exhibiting a
higher current density, a broader peak area, and a smaller
polarization potential difference. These results demonstrated
that the 0-CoSe@C electrode possessed markedly superior
catalytic performance in LiPSs redox reactions.”> Constant
potential discharge experiments were performed to investigate
the influence of the three catalysts on the nucleation process.
The KB electrode reached its peak current at 5712 s with a
nucleation capacity of 65.6 mAh g™', as shown in Figure 3d.
The h-CoSe@C electrode achieved its peak current at 4305 s,
with an increased nucleation capacity of 78.3 mAh g™, while
the 0-CoSeS@C electrode exhibited its peak current at 3652 s,
achieving the highest nucleation capacity of 94.2 mAh g™, as
shown in Figure 3e,f. It also revealed that the nucleation time
of the 0-CoSeS@C electrode was reduced by 36.1 and 15.2%
compared to those of KB and h-CoSe@C, respectively, and its
nucleation capacity increased by 43.6 and 20.3%, respectively.
The above results demonstrated that 0-CoSeS@C could
significantly reduce the energy barrier for Li,S nucleation
and promote rapid LiPS deposition.”* Furthermore, the
galvanostatic intermittent titration technique (GITT) was
employed to analyze changes in the interface resistance. All
three batteries exhibited varying degrees of polarization during
charge—discharge processes (Figures 3g—i and S11, Support-
ing Information). Specifically, the PP battery exhibited the
highest polarization potentials with 72 mV during charging and
180 mV during discharging, indicating weak LiPS redox
conversion capability and significant interfacial reaction
resistance. In contrast, the h-CoSe@C battery showed
significantly reduced polarization potentials, with 56 mV
during charging and 170 mV during discharging, representing
reductions of 22.2 and 5.6%, respectively, compared to the PP
battery. The 0-CoSeS@C battery exhibited the smallest
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Figure 4. (a) First cycle charge—discharge curves of batteries with PP, h-CoSe@C, and 0-CoSeS@C modified membranes at 0.1C; (b) AE values
and Q;/Qy ratios; (c) local magnification of the discharge curve; (d) local magnification of the charge curve; (e) rate performance; (f, g) first cycle
charge—discharge curves at different rates; (h) Q,/Qy; and (i) overpotential.

polarization, with 40 mV during charging and 145 mV during
discharging, corresponding to reductions of 44.4 and 19.4%,
respectively, compared to the PP battery. These results
demonstrated that separator modification strategies signifi-
cantly affected the kinetics and interfacial reaction resistance of
Li—S batteries. In particular, the introduction of 0-CoSeS@C
not only effectively reduced polarization potentials and
interfacial reaction resistance during charge—discharge pro-
cesses but also significantly enhanced LiPSs redox kinetics.”>*°
The CV curves of PP, h-CoSe@C, and 0-CoSeS@C batteries
at scan rates of 0.1, 0.2, 0.3, 0.4, and 0.5 mV/s (Figure S12a—c,
Supporting Information) show that the redox peak currents of
the 0-CoSeS@C battery were significantly higher than those of
the h-CoSe@C battery and the PP battery, demonstrating that
0-CoSeS@C exhibited superior catalytic performance and
stronger kinetic regulation capabilities.” As shown in Figure
3j—], the contour map of the 0-CoSeS@C battery displayed a
distinct oxidation peak corresponding to the oxidation of
Li,S,/Li,S to Sg, as well as two reduction peaks corresponding
to the reduction of Sg to Li,S, (x = 4, 6, and 8) and the further
reduction of higher-order LiPSs to Li,S,/Li,S. In contrast, the
contour maps of the PP battery and the h-CoSe@C battery

exhibited blurred peaks and peak shifts, indicating lower LiPS
conversion efficiency and slower reaction kinetics. These
results confirmed that the 0-CoSeS@C separator modification
significantly enhanced LiPS catalytic conversion and reaction
kinetics in Li—S batteries.”” The relationship between CV peak
currents and the scan rate was analyzed to evaluate the impact
of separator modifications on LiPS redox kinetics. The peak
currents of all three separator-modified batteries exhibited a
good linear relationship with the square root of the scan rate
(Figure S13a—c, Supporting Information), suggesting that the
electrochemical reaction rate in the system was primarily
limited by the diffusion rate of reactants (such as LiPSs or
lithium ions). The slopes for the 0-CoSeS@C battery were
550, 370, and 1070, significantly higher than 110, 70, and 330
for the h-CoSe@C battery and 70, 40, and 130 for the PP
battery (Figure S13d, Supporting Information). It confirmed
that the former one had the fastest diffusion kinetics, greatest
catalytic activity, and highest reaction rates.”*”” The diffusion
coefficients of lithium ions were computed using the Randles—
Sevcik equation.*”*" The calculated Li* diffusion coefficients,
summarized in Table S1 (Supporting Information), further
support these findings. These results demonstrated that the o-
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Figure S. (a) Schematic representation of the working principle of the 0-CoSeS@C modified membrane Li—S battery; SEM images of the Li anode
surface after 200 cycles at 1C for (b) h-CoSe@C; (c) 0-CoSeS@C modified membrane batteries; (d) cycle stability test of batteries with h-CoSe@
C and 0-CoSeS@C modified membranes at 1C, and (e) cycle stability of Li/Li symmetric batteries with PP, h-CoSe@C, and o0-CoSeS@C

modified membranes at 1 mA cm™.

CoSeS@C modification strategy could significantly reduce
diffusion resistance, promote reaction kinetics, and enhance
LiPS conversion efficiency.

Constant current charge—discharge tests at 0.1 C revealed
charge—discharge curves with a charge plateau and two
discharge plateaus, aligning with the oxidation and reduction
peaks observed in the CV curves (Figure 4a).*” The initial
cycle discharge capacity of the 0-CoSeS@C battery was 1509
mAh g™, significantly higher than that (1301 mAh g™') of the
h-CoSe@C battery and that (988 mAh g™') of the PP battery.
The capacity ratio between the lower (Q) and upper (Qy)
discharge plateaus is essential for evaluating the catalytic
performance in the conversion of soluble LiPSs. Subsequently,
the overpotentials and Q. /Qy ratios of the three batteries
during the charge—discharge cycles were examined. As shown
in Figure 4b, the overpotential of the 0-CoSeS@C battery was
162 mV, significantly lower than that (185 mV) of the h-
CoSe@C battery and that (197 mV) of the PP battery.
Notably, the Q;/Qy ratio of the 0-CoSeS@C battery reached
3.55, significantly higher than those of the h-CoSe@C battery
(3.0) and the PP battery (2.16). This enhanced ratio

demonstrated the superior catalytic capability of the o-
CoSeS@C battery in facilitating the conversion of long-chain
LiPSs to short-chain LiPSs, thereby effectively mitigating the
shuttle effect.*’ Furthermore, as shown in Figure 4c,d, the
polarization potentials of the 0-CoSeS@C battery were 17.6
and 40.3 mV, significantly lower than those (18.9 and 51.8
mV) of the h-CoSe@C battery and those (33.6 and 52.1 mV)
of the PP battery. This demonstrated that 0-CoSeS@C could
effectively reduce polarization during charge—discharge pro-
cesses, thereby improving electrochemical reaction kinetics.
Rate performance tests were conducted on the PP, h-CoSe@C,
and 0-CoSeS@C batteries. As shown in Figure 4e, the o-
CoSeS@C battery delivered outstanding discharge capacities
of 1509, 1205, 1090, 973, 849, and 767 mAh g'l, at current
densities of 0.1, 0.2, 0.5, 1, 2, and 3 C, respectively. Notably,
even at a high current density of 4 C, its discharge capacity
remained at a high level of 707 mAh g~!, significantly
outperforming those of the h-CoSe@C battery and the PP
battery. Furthermore, when the current density was reduced
back to 0.2 C, the capacity of the 0-CoSeS@C battery
recovered to 1166 mAh g~', demonstrating excellent capacity
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retention and cycling stability. In contrast, the capacities of the
h-CoSe@C battery at the same rates were 1301, 962, 831, 748,
608, 526, and 438 mAh g_l, while the capacities of the PP
battery were only 988, 674, 563, 508, 435, 344, and 272 mAh
¢!, showing significant capacity decay and poor rate
performance. The 0-CoSeS@C battery exhibited clear
charge—discharge plateaus even at a high current density of
4 C (Figures 4f—g and S14, Supporting Information),
indicating that it could maintain efficient LiPSs conversion
reaction kinetics under high-rate conditions. Additionally,
Figure 4h—i shows the first-cycle charge—discharge over-
potentials and Qp/Qy ratios of the three batteries at different
rates. The results demonstrated that the 0-CoSeS@C battery
exhibited smaller overpotentials and higher Q;/Qy; ratios at all
current densities. Specifically, the overpotential of the o-
CoSeS@C battery at 4 C was only 215 mV, significantly lower
than that of the h-CoSe@C battery (278 mV) and the PP
battery (312 mV). Meanwhile, its Q; /Qy ratio at 4 C remained
at 1.08, higher than that of the h-CoSe@C battery (1.03) and
the PP battery (1.01). These results further confirmed that the
0-CoSeS@C separator modification material could effectively
reduce the activation energy of LiPS conversion reactions and
significantly enhance the reaction kinetics.

Figure Sa depicts the working mechanism of the o-CoSeS@
C battery. This catalytic material draws inspiration from the
symbiotic structure between rhizobia and plant roots,
simulating their efficient material transport and energy
exchange mechanisms. During the formation of the root-
nodule structure, EDTA acted as a crucial additive, facilitating
a robust interaction between Co-ZIF and BC. This structure
enabled electrons to rapidly reach the active sites of CoSe,
significantly improving the adsorption and conversion
efficiency of LiPSs. Conversely, in the absence of EDTA, the
connection between Co-ZIF and BC was noticeably weakened
(Figure S1S, Supporting Information). The rate performance
of the battery using a CoSeS@C battery (without EDTA)
Figure S16a, Supporting Information) reveals a substantial
decline in the battery’s capacity at different current densities,
reflecting poor rate performance. Moreover, the initial
discharge capacity was only 1283 mAh g~' at 0.1 C (Figure
S16b, Supporting Information), significantly lower than that of
the 0-CoSeS@C-modified separator. These results highlighted
that the exceptional performance of Li—S batteries could be
significantly enhanced by the superior design of the biomimetic
structure. To evaluate the effectiveness of h-CoSe@C and o-
CoSeS@C batteries in suppressing the LiPS shuttle effect,
batteries equipped with these membranes were cycled at a
current density of 1 C for 200 cycles. Subsequently, the
surfaces of the lithium anodes were examined using SEM. As
shown in Figure Sb, after 200 cycles, the lithium anode surface
of the h-CoSe@C battery exhibited numerous granular
deposits. This phenomenon was primarily attributed to the
migration of the dissolved LiPSs through the separator to the
lithium metal anode surface, where they were converted to
insoluble products. In contrast, the lithium metal anode surface
of the 0-CoSeS@C battery remained relatively smooth (Figure
Sc). This study confirmed that the 0-CoSeS@C battery
provided a substantial advantage in controlling the LiPS shuttle
effect. It also underscores its importance in facilitating the
uniform deposition of lithium ions. Extended cycling perform-
ance tests were conducted to systematically evaluate the long-
term stability of the batteries. As shown in Figure Sd, the o-
CoSeS@C battery exhibited exceptional stability, with a

capacity decay rate of only 0.057% per cycle over 1000 cycles
at 1 C. In contrast, the h-CoSe@C battery experienced notable
capacity degradation, with a decay rate of 0.066% over the
same number of cycles. It is worth noting that catalytic
materials operating in such environments often face potential
challenges, including the migration and/or volatilization of Se
and/or S species and lattice distortion induced by repeated
cycling. Recent studies suggest that such degradation can be
mitigated by strategies such as (i) heteroatom anchoring (e.g.,
P doping in CoSe, to stabilize Se vacancies) and (ii) carbon-
matrix buffering and protection.”*™*" To validate the
effectiveness of the 0-CoSeS@C catalyst in practical high-
energy density Li—S batteries, we systematically evaluated its
electrochemical performance under lean electrolyte (low E/S
ratio) and high sulfur loading conditions, key parameters for
practical application. As shown in Figure S17, the o-CoSeS@
C-based battery was tested at a current density of 0.2 C with a
high sulfur loading of 3.9 mg cm™ and a lean electrolyte
condition (E/S ratio = S uL mg™'). Notably, the battery
delivered an initial discharge specific capacity of 805 mAh g
and maintained a reversible capacity of 765 mAh g~" after 100
cycles, corresponding to an average per-cycle capacity decay
rate of only 0.05%. This outstanding stability under low E/S
ratio conditions originates from the intrinsic advantages of the
0-CoSeS@C catalyst: the sulfur-induced phase transition and
high-spin Co electronic structure synergistically enhance LiPS
adsorption (suppressing the shuttle effect even in a limited
electrolyte) and accelerate catalytic conversion (improving
sulfur utilization under high sulfur loading). Li/Li symmetric
batteries were constructed by using PP-, h-CoSe@C-, and o-
CoSeS@C-modified separators. As shown in Figure Se, the
battery employing the PP separator exhibited high localized
overpotential, resulting in nonuniform lithium metal deposi-
tion and significant battery polarization within a short period
(approximately 100 h). This result indicated that the
unmodified PP separator was unable to effectively regulate
the transport and deposition behavior of lithium ions, thereby
limiting the battery’s cycling stability. In contrast, the battery
with the h-CoSe@C-modified separator exhibited enhanced
ionic conductivity and improved interfacial stability, demon-
strating significant polarization after 350 h. These results
highlighted the importance of separator modification strategies
in promoting uniform lithium deposition and enhancing the
cycling performance. Notably, the battery with the o-CoSeS@
C-modified separator demonstrated the most superior
regulation effect. Over the extended 500 h test, its voltage
curve remained highly stable, with negligible polarization
observed. This excellent performance was primarily attributed
to the high catalytic activity and abundant active sites of o-
CoSeS@C, which effectively regulated the interfacial electron
distribution and lithium-ion concentration gradient, thereby
avoiding nonuniform deposition caused by localized electric
field enhancement. DFT was employed to investigate the
electronic structures, surface adsorption energies, and reaction
pathways of the h-CoSe@C and o0-CoSeS@C catalytic
materials. The initial design of the adsorption model (Figure
S18, Supporting Information) illustrates that the CoSe region
contained most of the key reaction-active sites for both
catalytic materials. To better represent their true catalytic
capabilities, models were created using various phases of the
CoSe catalysts. The total density of states (TDOS) before and
after sulfur doping was used to investigate the effect of phase
transitions induced by sulfur doping on the material’s
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reduction catalyzed by h-CoSe@C and o-CoSeS@C.

structure. Figure 6a shows that 0-CoSeS@C possessed a higher
DOS around the Fermi level, indicating that sulfur doping
provided additional electronic states. These states facilitated
electron exchange with LiPSs, thereby markedly enhancing the
adsorption capacity and catalytic performance. Moreover, the
phase transition induced by sulfur doping caused a significant
change from a low spin state to a high spin one of the active
Co centers, which enhanced its catalytic activity. A
comprehensive investigation of the projected density of states
(PDOS) of Co was conducted to examine the effects of this
change. Figure 6b shows that the Co peak in 0-CoSeS@C was
closer to the Fermi level, suggesting that its d-orbital electrons
were more accessible for electron conduction and chemical
reactions. Furthermore, the d-band center was a critical factor
that influences the catalytic activity of transition metals,
thereby reinforcing this tendency. The d-band center of Co in
0-CoSeS@C was —1.503 eV, whereas that in h-CoSe@C was—

2.683 eV. The proximity of the d-band center to the Fermi
level in 0-CoSeS@C indicated that the Co atoms in this
material had a reduced binding energy, which was advanta-
geous for catalytic processes. Subsequently, the d orbital
splitting of Co (d_? d.? d,, d,, and d,,) was analyzed
before and after the phase shift induced by sulfur doping. The
DOS of the Co d orbitals in h-CoSe@C shifted closer to the
Fermi level following LiPSs adsorption (Figure S19a,
Supporting Information). Conversely, for 0-CoSeS@C, the
DOS deviated from the Fermi level (Figure S19b, Supporting
Information). According to the d-band theory, the position of
the d-band relative to the Fermi level is crucial for adsorbate-
metal interactions. Upon interaction with the catalyst, the
valence electrons of the LiPSs interact with the d electrons,
forming bonding and antibonding states. The displacement of
the Co d orbitals from the Fermi level reduces the d DOS at
that location, improving the bonding and capacity for LiPS
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adsorption. If the d orbitals move closer to the Fermi level,
then the adsorption strength diminishes. The interaction
between the Co d orbitals and LiPSs in 0-CoSeS@C was
stronger than that in h-CoSe@C, indicating an enhanced
adsorption capacity and confirming that sulfur doping
improved the catalytic performance of the material. Visual
adsorption tests were performed to further examine the LiPS
adsorption capabilities of h-CoSe@C and o0-CoSeS@C. To
further elucidate the relationship between the Co spin state
and catalytic kinetics, we performed spin density and projected
charge density analyses. The results reveal that high-spin Co in
CoSeS exhibits uniform spin distribution, a moderate d-band
center shift, and continuous Co—S$ orbital hybridization during
the stepwise LiPS conversion (Li,S, — Li,S, — Li,S), thereby
substantially lowering the activation barriers. In contrast, low-
spin Co in CoSe shows localized spin density, a pronounced
upward shift of the d-band center, and reduced orbital overlap
due to electron filling in antibonding states, which kinetically
hinders the conversion process. This mechanism aligns
consistently with the experimental CV/GITT results, where
CoSeS-based cells display smaller polarization and faster redox
kinetics, directly corroborating that the high-spin Co-
modulated electronic structure is key to enabling eflicient
LiPS conversion (Figure S20). Figure 6¢ shows optical images
of equivalent masses of h-CoSe@C and o0-CoSeS@C
immersed in a Li,S4 solution with an identical concentration
for 2 h. This comparison indicated that the Li,S4 solution in
the control group remained unchanged. However, the solution
with h-CoSe@C exhibited a mild yellow shade, whereas the
solution with 0-CoSeS@C became nearly transparent. UV—vis
analysis was conducted on the supernatant after the
centrifugation of each sample. The 0-CoSeS@C sample
exhibited the lowest absorption intensity peak, indicating the
highest LiPS adsorption capability. These observations
demonstrated that o0-CoSeS@C exhibited a significantly
enhanced adsorption capability of LiPSs. Furthermore, Figure
6d shows that 0-CoSeS@C consistently displayed higher
adsorption energies for various sulfur species, which aligned
well with the experimental observations. The electron gain,
loss, and transfer behaviors of h-CoSe@C and 0-CoSeS@C
were further comprehensively examined by using differential
charge density maps. As shown in Figure 6e, 0-CoSeS@C
exhibited greater electron accumulation at the interface
between its active sites and Li,Sg and Li,S¢ compared with
h-CoSe@C, confirming a stronger interaction between LiPSs
and their active sites. Figure 6f illustrates the electron transport
between the catalyst active sites and LiPSs during the reaction.
The active sites of 0-CoSeS@C transmitted 0.96 eV of
electrons to Li,Sg and 0.69 eV to Li,S¢, both of which were
higher than the corresponding values of 0.6 and 0.45 eV for h-
CoSe@C. These results indicated that sulfur doping optimized
the electronic structure of 0-CoSe@C, enhancing its transfer
capability of the electron during LiPS adsorption and catalysis,
thereby significantly improving its electrochemical perform-
ance. To investigate the interaction mechanism between the h-
CoSe@C and 0-CoSeS@C catalysts and LiPSs, DFT
calculations were conducted to analyze variations of the
Gibbs free energy throughout the LiPS conversion process
(Ss—Li,Sg—Li,S¢—Li,S,—Li,S,—Li,S). Figure 6g shows that
the 0-CoSeS@C catalyst could spontaneously transform Sg to
Li,Ss, and Li,S, to Li,S, whereas the h-CoSe@C catalyst
exhibited spontaneity only during the conversions from Sg to
Li,Sg and from Li,S, to Li,S. The energy barriers in the critical

reaction stages of h-CoSe@C were significantly higher than
those of 0-CoSeS@C. During the pivotal transition from
liquid-soluble Li,S, to solid-insoluble Li,S, and Li,S, the o-
CoSeS@C catalyst exhibited Gibbs free energy changes of 0.14
and 0.1 eV, respectively, which were significantly lower than
the 1.48 and 0.96 eV observed for h-CoSe@C. The results
indicated that sulfur doping optimized the electronic structure,
reduced the energy barriers in the polysulfide conversion
process, and enhanced the kinetic feasibility of the phase
transition stages, thereby improving the catalytic performance
of 0-CoSeS@C.

4. CONCLUSIONS

This study proposed a new catalyst strategy for Li—S batteries
based on a biomimetic structural design and sulfur-doping-
induced phase transformation. By employing a BC template
combined with an EDTA-assisted method, we successfully
constructed a hexagonal phase h-CoSe@C separator mod-
ification material featuring root-nodule morphology. This
biomimetic design significantly enhanced the battery’s electro-
chemical performance, achieving a discharge capacity of 1301
mAh g~'. Further optimization was achieved through sulfur
doping, which induced a phase transformation from hexagonal
to orthorhombic cobalt selenide. This transformation facili-
tated the transition of cobalt atoms from low-spin to high-spin
states, thereby enhancing the catalyst’s adsorption capacity and
catalytic conversion efficiency for LiPSs. DFT calculations
provided mechanistic insights into the strong adsorption and
efficient conversion of LiPSs by high-spin cobalt atoms,
offering a theoretical foundation for catalyst design. The
optimized catalyst (0-CoSeS@C) demonstrated exceptional
performance with the Li—S battery, achieving an initial
discharge capacity of 1509 mAh g~' at 0.1 C and a capacity
decay rate of only 0.057% per cycle after 1000 cycles at 1 C.
These results highlighted the excellent cycling stability and
electrochemical performance of the developed catalyst, paving
the way for advanced Li—S battery applications.
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