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Modulating Interfacial Potential Gradients in Metal−Carbon
Catalysts via Phase-Engineering for Lithium–Sulfur Batteries

Ji-Oh Kim, Hengquan Guo, Seonghee Kim, Jae Bin Park, Seongwook Chae,
Taekyun Kwon, Seungjo Hong, Byeong Jin Kim, Guadalupe Arturo De la Garza Gonzalez,
Minjoon Park, Jae Ho Kim, Oi Lun Li,* Seung Geol Lee,* and Jin Hong Lee*

Lithium–sulfur batteries (LSBs) suffer from sluggish sulfur redox kinetics and
severe shuttling of lithium polysulfides (LiPSs). Although increasing the active
surface area of metal–carbon electrocatalysts improves LiPSs redox kinetics,
unlocking further improvements requires enhancing intrinsic catalytic activity
of the expanded active sites. Herein, a fundamental investigation is
conducted to enhance the catalytic capability of active sites by controlling the
crystalline phase of the encapsulated cobalt. Theoretical calculations reveal
that modulating the cobalt crystalline phase from HCP to FCC enhances the
interfacial potential gradient, which serves as the driving force for electron
transfer from cobalt to carbon shell at the metal–carbon interface. Guided by
this insight, a deliberate temperature-controlled annealing is conducted to
regulate the thermodynamically stable phase of cobalt, while alleviating the
structural variations of carbon shells. Comprehensive spectroscopic analyses
confirm that this approach modulates the electron band structure of the
carbon shell, elevating the valence band maximum and enriching the
electronic density near the Fermi level. As a result, F-Co@NC exhibits
superior LiPSs redox kinetics and strong LiPSs adsorption capability, which in
turn improves the electrochemical performance of LSBs. This work presents a
broadly applicable design strategy for advancing metal–carbon
electrocatalysts, capable of delivering synergistic effects with previous studies.

1. Introduction

High-energy-density energy storage systems have become in-
dispensable for the advancement of modern and emerging
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applications, including electric vehicles,
drones, and humanoid robots, which de-
mand compact, lightweight, and long-
lasting power sources for efficient and au-
tonomous operation.[1–3] As these technolo-
gies continue to evolve and proliferate,
the pursuit of next-generation recharge-
able batteries with enhanced energy den-
sity, prolonged cycling stability, and im-
proved safety has attracted unprecedented
attention. Lithium–sulfur batteries (LSBs),
utilizing sulfur as the cathode active ma-
terial, have emerged as one of the most
promising next-generation energy storage
systems, due to their exceptionally high the-
oretical specific capacity (1675 mAh g−1)
and ultrahigh energy density (≈2600 Wh
kg−1) originating from the multielectron
redox reaction (S8 + 16 Li+ + 16 e− ↔

8 Li2S), as well as the natural abundance
and low cost of sulfur.[4–5] However, the
practical implementation of LSBs remains
hindered by several challenges. The in-
trinsically insulating nature of both ele-
mental sulfur (S8) and its discharge prod-
ucts (Li2S2, Li2S), combined with the slug-
gish redox kinetics of lithium polysulfides

(LiPSs), significantly limits charge transport and redox reaction
reversibility.[6–8] Moreover, the spontaneous diffusion of soluble
LiPSs toward the lithium metal anode induces a severe shut-
tle effect, leading to continuous loss of active materials, low
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Figure 1. Schematic illustration of the phase-engineered cobalt–carbon composites (F-Co@NC and H-Co@NC) showing the modulation of interfacial
potential gradients and their influence on adsorption, shuttling, and conversion behavior of LiPSs.

coulombic efficiency, and considerable lithium corrosion, ulti-
mately resulting in poor sulfur utilization and rapid capacity fad-
ing of LSBs.[9–13] As such, tackling these obstacles requires not
only the promotion of efficient electrochemical conversion of sul-
fur species but also effective suppression of the LiPSs shuttling
behavior.
In response to these issues, extensive efforts have been de-

voted to the development of electrocatalysts using transitionmet-
als such as Co, Ni, and Fe, since they exhibit superior electron
transfer capability and chemical affinity toward LiPSs, thereby
enabling the acceleration of redox conversion kinetics of LiPSs
as well as mitigating LiPSs shuttling behavior.[14–22] Neverthe-
less, transition metal catalysts are often constrained by the lim-
ited exposure of active sites arising from the aggregation of metal
particles and their surface passivation, which reduces the cat-
alytically active surface area and deteriorates their catalytic effi-
ciency during prolonged cycling in LSBs.[23–27] To address these
limitations, considerable research has focused on the design of
carbon–transition metal composite nanomaterials. These hybrid
structures not only improve the dispersion of metal active sites
within a conductive carbonmatrix but also protect them from sur-
face passivation through physical encapsulation.[28–33] This struc-
tural integration enables sustained exposure of active sites and
preserves catalytic integrity over extended cycling. Consequently,
carbon–metal composites have demonstrated superior long-term
electrocatalytic activity toward LiPSs redox reactions, contribut-
ing to enhanced reaction kinetics and cycling stability in LSBs.
To further improve the catalytic performance of carbon–metal

composites in LSBs, various strategies have been explored, in-
cluding control over the particle size of the metal species, reg-
ulation of their spatial distribution, and even incorporation of
multiple metal components.[34–39] However, little attention has
been paid to controlling the crystalline phase of the embedded
metal, even though variations in atomic arrangement and lattice
symmetry can alter the metal-to-carbon electron transfer behav-
ior, thereby modulating interfacial charge redistribution and ulti-

mately tailoring the electronic structure and electrocatalytic prop-
erties of the carbon shells.
Herein, we report a fundamental investigation of interfacial

electronic structuremodulation enabled by crystalline phase con-
trol of metal nanoparticles encapsulated within a carbon shell.
A carbon–metal composite electrocatalyst was synthesized with
cobalt as the metal component, a widely employed transition
metal via plasma engineering. Our previous studies have suc-
cessfully applied plasma engineering to fabricate homogeneous
anchoring of transition metal nanoparticles within the carbon
matrix, ensuring uniform dispersion and improved interfacial
contact during subsequent annealing.[40,41] In the current study,
we have applied a similar synthesis route for a cobalt core–
carbon shell as the composite electrocatalysts (Experimental Sec-
tion). As illustrated in Figure 1, temperature-controlled anneal-
ing modulates the dominant crystalline phase of cobalt, yield-
ing a face-centered cubic (FCC)-dominant or hexagonal close-
packed (HCP)-dominant cobalt–carbon composites (denoted as
F-Co@NC andH-Co@NC, respectively). Theoretical calculations
and experimental analyses reveal that FCC cobalt exhibits a
higher Fermi level (EF) than HCP cobalt, leading to a narrower
energy gap between the valence band maximum (VBM) of the
encapsulating carbon shell and its EF. Such an upward shift
of the VBM toward the EF increases the density of electronic
states near EF, thereby enhancing the electron-donating capabil-
ity of the carbon shell. This cobalt phase-induced modulation of
the carbon shell’s electronic structure facilitates charge transport
and strengthens chemical affinity toward LiPSs. Consequently, F-
Co@NC accelerates the sluggish redox kinetics of sulfur species
and effectively mitigates the LiPSs shuttle effect. These find-
ings highlight that crystalline phase engineering of encapsulated
metal centers serves as an effective strategy to regulate interfa-
cial electronic properties and enhance the electrocatalytic perfor-
mance of carbon–metal composites in LSBs, thereby providing
meaningful guidance for the rational design of electrocatalysts
for LSBs.
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2. Results and Discussion

First, we hypothesized that controlling the crystalline phase of the
encapsulated cobalt couldmodulate its electron transfer behavior
to the surrounding carbon shells through phase-induced varia-
tions in the EF. To corroborate this hypothesis, a density func-
tional theory (DFT)-based comparative examination of the elec-
trostatic potential distribution curves of FCC cobalt, HCP cobalt,
and carbon shell was performed. As illustrated in Figure S1 (Sup-
porting Information), both FCC andHCP cobalt exhibited higher
EF values compared to the carbon shell, which can lead to the
spontaneous electron transfer from cobalt to the carbon shell.
Notably, FCC cobalt demonstrated a higher EF than HCP cobalt,
indicating a stronger electron-donating capability of FCC cobalt.
Consistently, the total density of states (TDOS) of bare FCC-
Co and HCP-Co (Figure S2, Supporting Information) reveals a
higherDOSnear theEF and an upshifted 3d-band center for FCC-
Co relative to HCP-Co, indicating a greater intrinsic tendency
of the FCC phase to donate electrons. To elucidate the phase-
dependent electron redistribution behavior, charge density dif-
ference diagrams for the carbon shells encapsulating cobalt with
different crystalline phaseswere investigated. Amodel consisting
of three Co layers and one carbon layer was employed to simu-
late the interfacial behavior, which has been adopted in a previ-
ous study.[42] Each of the carbon composites encapsulating FCC
cobalt (denoted as F-Co@NC) and HCP cobalt (denoted as H-
Co@NC) was constructed as illustrated in Figure S3 (Supporting
Information). We confirmed that F-Co@NC exhibited a higher
electron density compared to H-Co@NC, indicating a greater
extent of electron transfer from FCC cobalt to the carbon shell
than from HCP cobalt (Figure S4, Supporting Information).[43]

Moreover, according to the Bader charge analysis, ≈2.04 e− is
transferred from Co to the N-doped carbon in F-Co@NC, com-
pared with 1.92 e− in H-Co@NC.[44] Based on these results, the
electrostatic potential distribution curves for F-Co@NC and H-
Co@NC were further investigated. As shown in Figures 2a and
S5 (Supporting Information), the F-Co@NC exhibited a higher
EF value than H-Co@NC, suggesting that F-Co@NC, through
greater electron transfer from cobalt to carbon shells, exhibits su-
perior electron-donating capability.
To promote the redox kinetics of LiPSs in LSBs, the number

of electrons located near the EF of the electrocatalyst is crucial, as
they can be readily transferred to the LiPSs.[45] As presented in
Figure 2b,c, the density of states (DOS) for both F-Co@NC and
H-Co@NC spanned across the EF, confirming their metallic na-
ture. However, when compared with H-Co@NC, the F-Co@NC
was characterized by a more metallic nature and an increased
DOS at the EF, which could be attributed to the intensified charge
redistribution between cobalt and carbon shell due to the supe-
rior electron-donating property of FCC cobalt.
Then, we simulated the anchoring behavior of Li2Sx (x = 1, 2,

4, 6, 8) on F-Co@NC and H-Co@NC, and their adsorption en-
ergies were evaluated. The side and top views of the most sta-
ble adsorption configurations are presented in Figure 2d, Figures
S6 and S7 (Supporting Information). For both F-Co@NC and H-
Co@NC, the optimized structures showed that all LiPSs species
were anchored on the carbon surface encapsulating cobalt. The
binding energies ranged from −0.41 to −1.21 eV for the solu-
ble Li2Sx species (x = 4, 6, 8), while for the later-stage insoluble

species, specifically Li2S2 and Li2S, the binding energies increase
to a range of −0.96 to −1.39 eV, indicating significant chemisorp-
tion characteristics of solid LiPSs species. This increase in the
binding strength of LiPSs during the reduction process is consis-
tent with previously reported studies.[46,47] Especially, as shown in
Figure 2e, we confirmed that the binding strength of all LiPSs
with F-Co@NC was higher than with H-Co@NC. This indi-
cates that F-Co@NC interacts more strongly with LiPSs than H-
Co@NC, which potentially contributes to mitigating the shut-
tling behavior of LiPSs during the repeated charge and discharge
processes. Subsequently, the projected density of states (PDOS)
of F-Co@NC and H-Co@NC with adsorbed LiPSs was further
analyzed to gain deeper insight into their adsorption behavior. As
shown in Figure S8 (Supporting Information), the p orbitals of
carbon in F-Co@NC exhibited greater overlap with the p orbitals
of sulfur compared to those inH-Co@NC, indicating stronger or-
bital hybridization. These results demonstrate that the enhanced
electron density in F-Co@NC due to stronger electron redistri-
bution facilitates LiPSs adsorption, which could promote subse-
quent redox conversion of LiPSs.[48] We also conducted charge-
density-difference (CDD) and Bader charge analyses (Figures
S9 and S10, Supporting Information).[49] The CDD maps reveal
distinct interfacial charge redistribution and polarization upon
Li2Sx adsorption. The Bader analysis further indicates that the
F-Co@NC surface gains electrons upon LiPSs adsorption, show-
ing a larger charge transfer in F-Co@NC compared toH-Co@NC
for each adsorbed LiPSs species, with values ranging from 1.21
to 1.06 e− for F-Co@NC and from 1.08 to 1.04 e− for H-Co@NC.
The superior Li+ diffusion capability of the electrocatalyst is

considered a critical factor in accelerating the redox kinetics of
LiPSs.[50] Thus, we implemented the geometrical configurations
of the Li+ diffusion path between themost stable site and a nearby
stable site to estimate the diffusion energy barrier of Li+ on F-
Co@NC and H-Co@NC (Figure 2f,g; detailed configurations are
presented in Figures S11 and S12, Supporting Information). For
F-Co@NC, the energy barrier of Li+ migration along the diffu-
sion pathwaywas only 0.21 eV, whichwas significantly lower than
that of H-Co@NC (0.55 eV), indicating the superior Li+ trans-
port on the F-Co@NC. After verifying the strong LiPSs adsorp-
tion capability and the enhanced Li+ transport on F-Co@NC, the
comprehensive Gibbs free energy calculation for sulfur species
along the entire reduction process fromS8 to Li2S was conducted.
It is worth noting that, although the conversion from Li2S2 to
Li2S contributes significantly to the discharge capacity of LSBs,
it also serves as the rate-determining step due to the sluggish
growth of Li2S, which originates from its intrinsically low elec-
tronic conductivity.[51,52] As shown in Figure 2h and F-Co@NC
exhibited a significantly lower energy barrier (0.73 eV) for the
Li2S2-to-Li2S conversion compared to H-Co@NC (1.28 eV), in-
dicating that reduction of LiPSs is thermodynamically more fa-
vorable on F-Co@NC. This reduced barrier by F-Co@NC could
accelerate Li2S deposition, promoting the discharge process in
LSBs.
The oxidation behavior of Li2S is as important as its forma-

tion during LiPS reduction, given that it plays a key role in alle-
viating electrocatalyst passivation and regulating the overall re-
dox kinetics in LSBs.[53] Accordingly, we simulated the decom-
position process of Li2S on both F-Co@NC and H-Co@NC and
calculated the corresponding energy barrier (Figure 2i,j; detailed
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Figure 2. a) Electrostatic potential distribution curve of F-Co@NC. Density of states of b) F-Co@NC and c) H-Co@NC. d) The optimized atomic
configurations of adsorbed LiPSs (Li2S8, Li2S6, Li2S4, Li2S2, and Li2S) on F-Co@NC and H-Co@NC surfaces. e) Calculated binding energies between
LiPSs and F-Co@NC and H-Co@NC surfaces. Energy barrier profiles for Li+ diffusion on f) F-Co@NC and g) H-Co@NC. h) Gibbs free energy profiles
and corresponding adsorption models for the reduction from S8 to Li2S on F-Co@NC and H-Co@NC. Energy barrier profile for Li2S dissociation on i)
F-Co@NC and j) H-Co@NC.
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configurations are presented in Figures S13 and S14, Support-
ing Information).We confirmed that F-Co@NC exhibited a lower
dissociation barrier for Li2S (0.87 eV) compared to theH-Co@NC
(1.61 eV), demonstrating its superior oxidation capability toward
Li2S. The above systematic calculations suggest that controlling
the crystalline phase of cobalt toward the FCC structure could sig-
nificantly improve the catalytic activity on redox kinetics of LiPSs.
Motivated by the theoretically predicted catalytic advantages of

phase engineering, we proceeded to design cobalt–carbon com-
posites with tunable crystalline phases to experimentally validate
the phase-dependent catalytic behavior. Given that cobalt gener-
ally exists in an HCP crystal structure under ambient conditions,
whereas thermal annealing at sufficiently high temperatures en-
ables its transformation into the FCC structure, we aimed to pre-
pare cobalt–carbon composites with different crystalline phases
by precisely regulating the annealing temperature, while mini-
mizing variations in the carbon matrix characteristics such as
surface area and D/G ratio to effectively focus on the influence
of the cobalt phase on the catalytic properties.[54–57] Since the
phase transition of cobalt from HCP to FCC structure involves
lattice shear and a change in shape, the transformation of cobalt
encapsulated within a rigid carbon shell is hindered by the me-
chanical constraints imposed by the carbon matrix, leading to a
higher transition temperature of ≈700 °C compared to the typi-
cal transition temperature for pure cobalt.[58,59] Accordingly, ho-
mogeneous cobalt–carbon precursors formed via plasma treat-
ment were annealed at 600 and 700 °C, respectively, and X-
ray diffraction (XRD) analysis was first conducted to determine
the crystalline phase of cobalt in each composite. As shown in
Figure 3a, the sample annealed at 600 °C displayed three pro-
nounced diffraction peaks at 41.6°, 44.7°, and 47.5°, correspond-
ing to the HCP Cobalt, indicating that the HCP is the dominant
crystalline phase of cobalt in the sample annealed at 600 °C (here-
after denoted as H-Co@NC). In contrast, the sample annealed at
700 °C exhibited a dominant peak at 44.2° and an additional re-
flection at 51.5° was observed, both assigned to the FCC cobalt,
while the peaks at 41.6° and 47.5° were significantly attenuated.
These changes demonstrate that regulating the annealing tem-
perature from 600 to 700 °C effectively leads to a transformation
of the prevailing cobalt phase in the sample from HCP to FCC
(hereafter denoted as F-Co@NC).[60,61] To quantify the fraction
of FCC and HCP structures in both F-Co@NC and H-Co@NC,
the Rietveld refinement was further conducted. Rietveld refine-
ments of the XRD patterns obtained byHighscore-Plus, and crys-
tallographic details of the structuremodel used in Rietveld refine-
ments were summarized in Tables S1 and S2 (Supporting Infor-
mation). As shown in Figure S15 (Supporting Information), the
FCC and HCP phase fractions in F-Co@NC were approx≈82.2%
for FCC and 17.8% for HCP, respectively, whereas H-Co@NC
was determined to be HCP single-phase within the detection
limit due to the absence of a detectable characteristic peak of FCC
cobalt at 51.5°. This result confirms again that the annealing tem-
perature of 700 °C could effectively transform the dominant crys-
talline phase of cobalt from HCP to FCC with mild elevation of
annealing temperature.
The SEM images of F-Co@NC and H-Co@NC particles

showed that both samples demonstrated similar morphology
(Figure 3b; Figure S16, Supporting Information). Since the sur-
face area of the carbon matrix could affect the catalytic perfor-

mance of the electrocatalyst by providing more active sites for
LiPSs adsorption and conversion, we evaluated the Brunauer–
Emmett–Teller (BET) surface area and porosity of both sam-
ples using N2 adsorption/desorption isotherms.[62] As shown in
Figure S17 and Table S3 (Supporting Information), F-Co@NC
and H-Co@NC exhibited comparable surface area and pore size
distributions. To further evaluate the structural characteristics of
the carbon shells in each sample, Raman spectroscopy was per-
formed (Figure 3c). The two distinct peaks located at 1340 and
1582 cm−1 correspond to the D and G bands of the carbon shell,
respectively.[63] The D/G intensity ratios of F-Co@NC (0.90) and
H-Co@NC (0.92) were found to be nearly identical, indicating
that the carbon shells were not significantly altered despite the
phase transition of the embedded cobalt and the change in an-
nealing temperature. In addition, we conducted Ramanmapping
analyses for both F-Co@NC and H-Co@NC samples to examine
the structural homogeneity of the carbon frameworks. As shown
in Figure S18 (Supporting Information), the D/G intensity ratios
across the mapped areas were generally comparable with mini-
mal spatial variation, confirming that the carbon shells of both
samples exhibit uniform structure.
To gain an in-depth understanding of the nanostructural char-

acteristics of the F-Co@NC and H-Co@NC, transmission elec-
tronmicroscopy (TEM) was carried out. As shown in Figure 3d,e,
both F-Co@NC and H-Co@NC featured cobalt nanoparticles
with a diameter of ≈20 nm, encapsulated within graphitic car-
bon shells. Notably, both samples displayed a similar interlayer
spacing of graphitic carbon shells (0.37 nm), further confirm-
ing the absence of noticeable changes in the graphitic structure
of carbon shells induced by the phase transition of cobalt par-
ticles (Figure 3f,g). As shown in Figure 3h, the cobalt particle
in F-Co@NC exhibited lattice spacings of 0.176 and 0.206 nm,
corresponding to the (200) and (111) planes of FCC cobalt, re-
spectively. In contrast, the cobalt particle in H-Co@NC showed a
lattice spacing of 0.193 nm, assigned to HCP cobalt.[64,65] These
results provide additional evidence for the successful regulation
of the dominant crystalline phase of cobalt via appropriate ther-
mal treatment, while minimizing structural alteration of the car-
bon shell. As presented in Figure 3j and Figure S19 (Support-
ing Information), EDS elementalmapping from the TEM images
of F-Co@NC and H-Co@NC revealed that the cobalt particles
and heteroatoms, such as N and O, were uniformly distributed
throughout the carbon substrate.
To elucidate the chemical composition of F-Co@NC and

H-Co@NC, X-ray photoelectron spectroscopy (XPS) was per-
formed. Survey spectra of F-Co@NC and H-Co@NC confirmed
that both samples comprise Co, C, N, and O (Figure S20, Sup-
porting Information). As summarized in Table S4 (Supporting
Information), the atomic percentages of N and O in F-Co@NC
were lower than those in H-Co@NC, reflecting the higher an-
nealing temperature applied to F-Co@NC. High-resolution N 1s
spectra of both materials were deconvoluted into five compo-
nents at 398.5 eV (pyridinic N), 399.9 eV (pyrrolic N), 400.7 eV
(pyridonic N), 401.3 eV (graphitic N), and 403.3 eV (oxidized N)
(Figure S21, Supporting Information).[66,67] Compared with H-
Co@NC, F-Co@NC exhibited a lower peak intensity correspond-
ing to pyrrolic N, indicating thermally induced conversion of
the less-stable pyrrolic sites into pyridinic or graphitic configu-
rations. The C 1s spectra displayed five characteristic peaks at
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Figure 3. a) XRD patterns of F-Co@NC and H-Co@NC. b) SEM image of F-Co@NC. c) Raman spectra of F-Co@NC and H-Co@NC. TEM images of
d) F-Co@NC and e) H-Co@NC. HRTEM images of f,h) F-Co@NC and g,i) H-Co@NC. j) TEM and elemental mapping images of F-Co@NC. k) XPS
spectra of Co 2p for F-Co@NC and H-Co@NC. l) UPS spectra of F-Co@NC and H-Co@NC. m) Schematic illustration of band structures of F-Co@NC
and H-Co@NC.

284.5, 285.6, 286.7, 288.0, and 289.4 eV, corresponding to C =
C/C–C, C = N, C–N, N–C = O, and O = C–O bonds, respectively
(Figure S22, Supporting Information).[68] In agreement with the
N 1s analysis, the intensity of the C–N peak decreased in F-
Co@NC, further corroborating the transformation of pyrrolic N
into more thermodynamically stable nitrogen species. Further-

more, we confirmed that the peak intensity of C = N also re-
duced, indicating the presence of fewer N species in F-Co@NC
compared to H-Co@NC. As shown in Figure 3k, the Co 2p of F-
Co@NC and H-Co@NC exhibited four peaks, corresponding to
Co0, Co-Nx, and two satellite peaks.

[69] The intensity of the Co-
Nx peak from F-Co@NC was lower than that from H-Co@NC,

Adv. Funct. Mater. 2026, 36, e25392 e25392 (6 of 17) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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indicating reduced content of N species in F-Co@NC, consis-
tent with the above results. Notably, the Co0 peak in F-Co@NC
(780.3 eV) appeared at a higher binding energy compared to that
in H-Co@NC (780.0 eV). This peak shift toward higher binding
energy implies that a greater degree of electron transfer occurred
from metallic cobalt to the carbon shell.[70]

The local electron redistribution at the interface between cobalt
and carbon shells could affect the electronic band structure.[71,72]

To thoroughly investigate the changes in the electronic band
structure of F-Co@NC and H-Co@NC resulting from the crys-
talline phase of embedded cobalt particles, we conducted ultravio-
let photoelectron spectroscopy (UPS) measurements (Figure 3l).
The cutoff energies (Ecutoff) of F-Co@NC and H-Co@NC were
determined to be 16.84 and 16.97 eV, respectively, and the work
functions (Φ) of each sample were calculated using Equation (1):

Φ = h𝜈 − |||(Ecutoff ) − EF
||| (1)

where h is Planck’s constant, 𝜈 is the frequency of the incident
photon, and EF is the Fermi energy. We confirmed that the work
function of H-Co@NC (4.23 eV) and F-Co@NC (4.36 eV) ex-
hibited only a marginal difference, which could be attributed to
the difference in heteroatom contents of N and O atoms in H-
Co@NC.[73–75] By contrast, we found that the energy difference
between the valence band maximum energy (EVBM) and EF of F-
Co@NC was 1.13 eV, which was significantly smaller than that
of H-Co@NC (2.38 eV). As illustrated in Figure 3m, constructed
based on the results of UPS, the valence band edge of F-Co@NC
was located closer to the EF compared with that of H-Co@NC.
This suggests that greater electron transfer from FCC cobalt to
the carbon shell enables facile electron exchange across the band
gap, which in turn could enhance both the adsorption and con-
version kinetics of LiPSs.[76] These results imply that regulating
the crystalline phase of cobalt to the FCC structure could enhance
the catalytic activity of electrocatalysts that comprise carbon and
cobalt.
To evaluate the impact of the crystalline phase of cobalt encap-

sulated in the carbon shell on the electrochemical performance
of LSBs, F-Co@NC and H-Co@NC were coated onto a com-
mercial polypropylene (PP) separator and incorporated into the
LSBs. As presented in Figure S23 (Supporting Information), the
F-Co@NC and H-Co@NC coating layers were uniformly inte-
grated onto the PP separator, maintaining good mechanical ad-
hesion without delamination, even after repeated bending defor-
mation. Surface SEM images of the modified separators showed
similar morphologies for the F-Co@NC and H-Co@NC coat-
ing layers (Figure S24, Supporting Information). EDS elemental
mapping of both samples demonstrated the uniform distribution
of cobalt elements, confirming the homogeneous distribution of
F-Co@NC andH-Co@NC in the coating layers (Figure S25, Sup-
porting Information). Cross-sectional SEM images of the modi-
fied separators revealed that the thickness of the F-Co@NC and
H-Co@NC layers was ≈10 μm (Figure S26, Supporting Infor-
mation). Subsequently, the effects of these modified separators
with F-Co@NC and H-Co@NC on the electrochemical perfor-
mance of LSBs were systematically investigated. First, the cells
with F-Co@NC and H-Co@NC were applied for cyclic voltam-
metry (CV) tests in the voltage range of 1.7–2.8 V (vs Li/Li+) at a

scan rate of 0.1 mV s−1 (Figure 4a). The CV curves of both cells
exhibited two cathodic peaks at ≈2.2 V (Peak A) and 1.9 V (Peak
B). These peaks are assigned to the stepwise reduction of solid
sulfur (S8) to soluble long-chain LiPSs (Li2Sx, 4 ≤ x ≤ 8), followed
by further reduction to insoluble Li2S2 and Li2S, respectively. Ad-
ditionally, a broad anodic peak observed ≈2.4 V (Peak C) is at-
tributed to the oxidation of solid Li2S2 and Li2S back to soluble
LiPSs, and eventually solid S8.

[77] We confirmed that the cell with
F-Co@NCexhibited higher peak currents for all redox transitions
and a narrower voltage gap between Peak B and Peak C. In addi-
tion, as shown in Figure S27 (Supporting Information), both re-
duction peaks of the F-Co@NC cell appeared at higher potentials,
while the oxidation peak shifted toward a lower potential. These
results indicate the enhanced LiPSs conversion of the cell with F-
Co@NC compared with that of H-Co@NC. Furthermore, the cell
with F-Co@NC also exhibited smaller Tafel slopes across all three
redox processes, providing additional evidence for the accelerated
redox reaction of sulfur species in the cell with F-Co@NC.
To further elucidate the effect of the intensified charge

redistribution-induced enhancement in the electron-donating
ability of F-Co@NC on the redox kinetics of LiPSs, the electro-
chemical performance of the cells under different current den-
sities was evaluated. As shown in Figure 4b, the cell with F-
Co@NC delivered the highest specific capacity across all cur-
rent densities from 0.2 C to 2.0 C, compared to those with H-
Co@NC and PP separator. This enhancement becamemore pro-
nounced as the charge/discharge rate increased, indicating that
the superior electron transfer properties of F-Co@NC effectively
facilitate the conversion of LiPSs even under high-rate condi-
tions. To gain a deeper understanding of the conversion behav-
ior of LiPSs during the charge/discharge processes, galvanostatic
charge–discharge (GCD) profiles at various current densities are
presented in Figure 4c and Figure S28 (Supporting Information).
The capacity in the high-voltage plateau (designated as Q1) is
ascribed to the reduction of solid S8 to soluble LiPSs, whereas
the capacity in the low-voltage plateau (designated as Q2) corre-
sponds to the subsequent reduction of soluble LiPSs to solid Li2S2
and Li2S species. Thus, theQ2/Q1 ratio provides ameaningful pa-
rameter to evaluate the reduction efficiency of LiPSs.[78] As dis-
played in Figure 4d, the cell with F-Co@NC exhibited the highest
Q2/Q1 ratio among the cells with H-Co@NC and PP separator at
all current densities. This indicates that F-Co@NC promotes the
conversion of liquid LiPSs into solid Li2S2/Li2S, thereby enhanc-
ing the efficiency of the overall reduction process. Moreover, we
confirmed that the overpotential of the cell with F-Co@NC was
significantly lower than that of the cells with H-Co@NC and PP
separator across all tested current densities, further verifying the
accelerated redox kinetics of LiPSs enabled by the superior elec-
trocatalytic capability of F-Co@NC (Figure 4e).
Subsequently, to elucidate the influence of F-Co@NC on the

long-term cycling behavior of LSBs, the cycling stability of the
cells with F-Co@NC, H-Co@NC, and PP separator was evalu-
ated. As shown in Figure 4f, the cell with F-Co@NC exhibited
superior cycling stability compared to those with H-Co@NC and
PP. After 100 cycles at 0.2 C, the cell with F-Co@NC retained
a specific capacity of 949.5 mAh g−1, with a sulfur utilization
of 56.6%. In contrast, the cells with H-Co@NC and PP separa-
tor maintained a lower specific capacity of 792.8 and 635.9 mAh
g−1, respectively, with lower sulfur utilization of only 47.3% and
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Figure 4. a) CV curves of the cells with F-Co@NC and H-Co@NC at a scan rate of 0.1 mV s−1. b) Rate capability of the cells under various current rates.
c) Galvanostatic charge–discharge profiles of the cell with F-Co@NC under various current rates. Comparison of d) Q2/Q1, and e) the overpotential
values. f) Cycling performance of the cells at 0.2 C for 100 cycles. g) Nyquist plots of the cells before cycling. h) Cycling performance of the cells at 1.0
C. Galvanostatic charge–discharge profiles of the cells with i) F-Co@NC and j) H-Co@NC during the 100 cycles at 1.0 C. k) Cycling performance of the
cells with F-Co@NC with sulfur loadings of 4.05 and 4.65 mg cm−2 at 0.1 C.
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37.9%. The high specific capacity and sulfur utilization of the
cell with F-Co@NC suggest that its superior electrocatalytic activ-
ity enhances redox reversibility by facilitating the conversion of
LiPSs and effectively suppressing their shuttling effect. Electro-
chemical impedance spectroscopy (EIS) measurements were car-
ried out to evaluate the influence of F-Co@NC andH-Co@NCon
charge transfer behavior within the cell. As shown in Figure 4g,
the EIS spectra of fresh cells consisted of one semicircle at high
to medium frequencies and one inclined line at low frequencies.
The starting point of the semicircle represents the bulk resis-
tance (Rb) derived from the ion migration within the electrolyte,
the semicircle corresponds to the charge transfer resistance (Rct),
and the inclined line is associated with the Warburg impedance
(W) related to diffusion of Li+ into the sulfur cathode.[79] The
equivalent circuits employed to analyze the EIS are presented
in Figure S29 (Supporting Information). Compared to the cells
with H-Co@NC and PP, the Rct of the cell with F-Co@NC was
lower, indicating the improved interfacial charge transfer of the
cell with F-Co@NC (Table S5, Supporting Information). In addi-
tion, the EIS spectra of cells after 100 cycles were also investigated
(Figure S30, Supporting Information). A new semicircle appear-
ing in the EIS spectra after cycling represents the solid electrolyte
interphase (SEI) layer resistance (RSEI), associated with the for-
mation of solid Li2S2 and Li2S. The corresponding equivalent cir-
cuits are presented in Figure S31 (Supporting Information). Af-
ter 100 cycles, the F-Co@NC cell exhibited the lowestRct andRSEI
values compared to theH-Co@NC and PP cells. This result could
be attributed to the fact that F-Co@NC not only retained its capa-
bility to accelerate charge transfer, but also effectively alleviated
the undesirable accumulation of electrically resistive Li2S2/Li2S
layer during prolonged cycling. Moreover, we verified that the Rb
values for the F-Co@NC cell were lower than those for the H-
Co@NC and PP cells. This improvement can be ascribed to the
mitigated LiPS shuttling, which prevented the increase in elec-
trolyte viscosity that could hinder ion mobility. The correspond-
ing Rb, RSEI, and Rct values are listed in Table S6 (Supporting
Information).
Although the cell with F-Co@NC exhibited stable cycling with

high specific capacity under mild current conditions, LSBs still
face significant challenges at high current densities due to the
sluggish redox reactions of poorly conductive solid-phase LiPSs.
As such, we further investigated the long-term cycling behav-
ior at high current densities. As demonstrated in Figure 4h, the
cell with F-Co@NC demonstrated stable cycling over 500 cycles
at a current density of 1.0 C, maintaining a specific capacity of
648.5 mAh g−1. In comparison, the cell with H-Co@NC demon-
strated unstable cycling behavior after 250 cycles, and the cell
with PP separator showed catastrophic cell failure after 110 cy-
cles. The GCD profiles of each cell were analyzed to gain deeper
insight into the charge/discharge behavior at high current den-
sity. As shown in Figure 4i, the GCD profiles of the F-Co@NC
cell were well-maintained during the 100 cycles, retaining its su-
perior LiPSs reduction efficiency. The specific capacity of the cell
with F-Co@NC after 100 cycles was 938.9 mAh g−1, and the cell
also demonstrated high capacity retention of 82%. In contrast,
the cell with H-Co@NC and PP separator exhibited lower spe-
cific capacities of 742.2 and 577.9 mAh g−1, respectively, and
the cell with H-Co@NC retained only 68% of its initial capacity
(Figure 4j; Figure S32, Supporting Information). Furthermore,

even at a higher current density of 2.0 C, the F-Co@NC cell re-
tained a specific capacity of 668.3 mAh g−1 after 245 cycles, with
a low capacity decay of 0.13% per cycle (Figure S33, Supporting
Information). These results demonstrate that F-Co@NC, with its
superior charge transfer capability, enables long-term stable cy-
cling under high charge/discharge rates by facilitating the redox
reactions of LiPSs and alleviating their shuttling effect. A com-
prehensive comparison of recently reported studies is summa-
rized in Table S9 (Supporting Information), demonstrating the
superior rate capability and cycling stability of the F-Co@NC cell
compared with previous reports.
To better clarify the effects of cobalt incorporation and phase

regulation, a comprehensive evaluation of the electrochemical
performance of cells with a cobalt-free nitrogen-doped carbon
(denoted as NC) coated separator was conducted. The electro-
chemical performances of the cells with NC were superior com-
pared to the cells with PP. However, cells with F-Co@NC and
H-Co@NC delivered larger specific capacity and demonstrated
improved long-term cycling stability (Figures S34–S36, Support-
ing Information). These findings suggest that the incorporation
of cobalt into the carbon shells and its ability tomodulate the elec-
tronic structures of the carbon shells further enhance the elec-
trochemical performances of the LSBs. The detailed discussion
and electrochemical performance comparison of the cells with
NC are presented in the supporting information and Tables S7
and S8 (Supporting Information).
Enabled by its ability to promote the redox reactions of LiPSs,

the cell with F-Co@NC delivered superior electrochemical per-
formance even under high sulfur loadings (Figure 4k). After
100 cycles, the cell with a sulfur loading of 4.05 mg cm−2 re-
tained a specific capacity of 731.5 mAh g−1 at 0.1 C with a
capacity decay of 0.30% per cycle. When the sulfur loading
was increased to 4.65 mg cm−2, the cell still delivered a spe-
cific capacity of 679.5 mAh g−1 after 100 cycles, with a low
capacity decay of 0.34% per cycle. Additionally, we confirmed
that the GCD profiles of the cells with sulfur loadings of 4.05
and 4.65 mg cm−2 were stable, indicating that F-Co@NC con-
tributes to maintaining favorable LiPSs redox reversibility un-
der high sulfur loading conditions (Figure S37, Supporting In-
formation). Considering that the commercial Li-ion batteries
(LIBs) typically deliver an areal capacity of ≈4 mAh cm−2, we
further increased the sulfur loading to assess the cathode re-
quirement for surpassing this benchmark. As shown in Figure
S38 (Supporting Information), the F-Co@NC-based cell exhib-
ited and sustained an areal capacity exceeding that of commer-
cial LIBs with a sulfur loading of 5.18 mg cm−2 during 50 cy-
cles, reaffirming the superior redox reaction and mitigated shut-
tling behavior of LiPSs enabled by the F-Co@NC. After con-
firming the favorable electrocatalytic performance of F-Co@NC
with higher sulfur contents, we fabricated a soft-packed cell
to verify the compatibility of F-Co@NC-modified separator un-
der an enlarged electrode area. As illustrated in Figure S39
(Supporting Information), the soft-packed cell with F-Co@NC
showed stable GCD profiles with a reasonable specific capac-
ity and was able to power an LED array, demonstrating its re-
liable electrochemical operation. These notably enhanced elec-
trochemical performances of the LSBs with F-Co@NC suggest
that regulating the crystalline phase of the cobalt embedded
within the carbon shell can be an effective strategy to improve
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the catalytic effects of cobalt-integrated carbon–metal composite
electrocatalysts.
Through comprehensive electrochemical analyses, we con-

firmed that although the heteroatom doping content of F-
Co@NC was lower than that of H-Co@NC, the cells with F-
Co@NC demonstrated superior electrochemical performance.
Considering that a higher level of heteroatom doping is gener-
ally beneficial for facilitating LiPSs conversion and mitigating
the shuttling effect, the superiority of the cells with F-Co@NC
implies that the modulation of the electronic properties of F-
Co@NC through the phase transition of cobalt from HCP to
FCC provides a significant catalytic advantage to cobalt–carbon
catalysts, compensating for and even surpassing the reduction
in doping.[80–84] Motivated by this interpretation, to understand
the underlying reasons for the superior electrochemical perfor-
mance of the cells with F-Co@NC, we systematically explored
the redox kinetics and electrocatalytic behaviors associated with
the crystalline phase of cobalt. As shown in the contour plots of
CV profiles at different scan rates, the cell with F-Co@NC ex-
hibited a larger current response in both cathodic and anodic
reactions and narrower potential regions associated with the re-
duction of soluble LiPSs to solid Li2S2/Li2S and the oxidation
of solid Li2S, compared to the cell with H-Co@NC. These re-
sults indicate the accelerated redox kinetics of the cell with F-
Co@NC, which could be attributed to the facile electronic and
ionic transport provided by F-Co@NC (Figure 5a,b). To eval-
uate the diffusion behavior of Li+ during the redox reaction,
peaks in the CV curves at various scan rates were further in-
vestigated (Figure 5c; Figure S40, Supporting Information). Li+

diffusion efficiency was assessed based on the Randles–Sevcik
Equation (2):

Ip =
(
2.69 × 105

)
n1.5SD0.5

Li+CLi+v
0.5 (2)

in which Ip denotes the peak current, n is the number of elec-
trons transferred (n = 2), S is the geometric area of the active
electrode (1.13 cm2), D represents the diffusion coefficient of
Li+, C is the Li+ concentration in the cathode (0.001 mol mL−1),
and v is the scan rate of potential. Since n, S, C, and v are pre-
determined, Ip is linearly proportional to V1/2 s−1/2. Thus, the
slope of the Ip–V

1/2 s−1/2 plot is directly correlated with the Li+

diffusion coefficient D, and the linear relationships between Ip
and V1/2 s−1/2 are presented in Figure 5d and Figure S41 (Sup-
porting Information). As depicted in Figure 5e, the F-Co@NC
exhibited steeper slopes than H-Co@NC across all four peaks
in the Ip–v

1/2 plots, suggesting that F-Co@NC enables fast Li+

migration during both discharge and charge processes. These
findings align well with the computational simulation presented
earlier.
During the reduction process, conversion from Li2S4 to

Li2S2/Li2S is recognized as the rate-limiting step due to its high
energy barrier.[85,86] Thus, the ability of the electrocatalyst to ac-
celerate this key transformation is crucial. To evaluate the ef-
fect of F-Co@NC on the activation energy associated with this
step, we carried out temperature-dependent EIS analysis after
generating Li2S4 by pre-discharging the cell to 2.1 V, and cor-
responding Rct values were obtained (Figure S42, Supporting
Information).[87,88] A linear relationship was observed when plot-

ting ln(1/Rct) against the inverse absolute temperature (1/T), con-
sistent with the Arrhenius formula Equation (3):

1
Rct

= Aexp
(
−
Ea
RT

)
(3)

where A is the pre-exponential factor, Ea is the activation energy
for the reduction process of Li2S4, R is the ideal gas constant
(8.314 J (mol·K)−1), and T is the absolute temperature. As shown
in Figure S43 (Supporting Information), the cell with F-Co@NC
exhibited a lower activation energy (18.92 kJmol−1) than that with
H-Co@NC (22.49 kJ mol−1), indicating that F-Co@NC more ef-
fectively promotes the liquid-to-solid conversion of Li2S4 during
discharge. This result is also in line with previous theoretical cal-
culations and further supports the high reduction efficiency con-
firmed in the electrochemical performance analysis.
Improving the redox kinetics of liquid LiPSs is essential not

only for achieving superior electrochemical performance but also
for suppressing the shuttle effect by narrowing the time win-
dow for LiPSs diffusion from cathode to anode.[89] In this con-
text, comprehensive investigations were conducted using Li2S6-
based symmetric cells to assess the electrocatalytic behavior of
F-Co@NC and H-Co@NC toward soluble LiPSs. As displayed in
Figure 5f, the symmetric cell incorporating F-Co@NC showed a
reduced charge transfer resistance relative toH-Co@NC, indicat-
ing the rapid electron conduction between F-Co@NC and Li2S6.
Subsequently, the CV analysis was performed at a slow scan rate
of 1mV s−1 to thoroughly evaluate their catalytic effects on the re-
versible conversion of LiPSs. As illustrated in Figure 5g, two pairs
of redox peaks were observed in both CV profiles, arising from
the stepwise redox processes of Li2S6. During the cathodic scan,
peaks A and B arise from the sequential reduction of S8 to Li2S6
and further to Li2S at the working electrode. In the subsequent
anodic scan, peaks C and D correspond to the oxidation of Li2S
to Li2S6 and then to S8 at the working electrodes.

[90,91] Counter
electrode reactions proceeded concurrently to complete the re-
dox cycle and ensure charge compensation. We verified that all
redox peaks of the symmetric cell with F-Co@NC appeared with
higher intensities and smaller overpotentials compared to those
with H-Co@NC. Furthermore, the cell with F-Co@NC retained
well-defined pairs of redox peaks even at a scan rate of 10 mV
s−1, whereas those of the cell with H-Co@NC became broadened
and less distinguishable (Figure S44, Supporting Information).
These results highlight the superior electrocatalytic performance
of F-Co@NCwith faster reaction kinetics and enhanced redox re-
versibility. The enhanced electrocatalytic capability of F-Co@NC
for the conversion of LiPSs was further revealed by Tafel analysis
conducted within the overpotential range from −70 to 70 mV. As
shown in Figure 5h, the cell with F-Co@NC showed a notably
higher exchange current density (5.36 × 10−2 mA cm−2) com-
pared to that with H-Co@NC (2.26 × 10−2 mA cm−2) in both the
reduction and oxidation processes, reflecting its faster interfacial
electron transfer rate. In addition, chronoamperometrymeasure-
ments provided further insight into the catalytic behavior of F-
Co@NC and H-Co@NC. As presented in Figure 5i, a negligible
current response was observed in the absence of Li2S6, confirm-
ing that the recorded current originates from the redox conver-
sion of LiPSs. Upon addition of Li2S6, the cell with F-Co@NC ex-
hibited a higher and more sustained current response compared
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Figure 5. Contour plots for the CV profiles of a) F-Co@NC and b) H-Co@NC. c) CV profiles of the cell with F-Co@NC at various scan rates. d) Linear
relationship between peak current of Peak C and the square root of scan rate. e) Comparison of slopes from the linear fitting of peak current versus the
square root of scan rate for Peaks A–D. f) Nyquist plots of the symmetric cells. g) CV profiles of Li2S6 symmetric cells at a scan rate of 1 mV s−1. h)
Tafel plots and i) Chronoamperometric curves of Li2S6 symmetric cells. Potentiostatic discharge profiles at 2.05 V on j) F-Co@NC and k) H-Co@NC
with Li2S8. l) Dimensionless transient plots of the cells with theoretical growth models.
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to the H-Co@NC-based cell, further corroborating the superior
catalytic activity of F-Co@NC in promoting the redox conversion
of LiPSs.
The transformation from soluble LiPSs to solid-state Li2S plays

a pivotal role in achieving a high capacity of LSBs. However, the
inherently low electrical conductivity of the solid discharge prod-
uct severely impedes their continuous formation. Thus, to eval-
uate the effect of the enhanced interfacial charge transfer capa-
bility of F-Co@NC, achieved through the regulation of the cobalt
crystalline phase, on the sustained conversion behavior of Li2S4
to solid Li2S2/Li2S, a Li2S nucleation test was conducted. As illus-
trated in Figure 5j,k, the capacity derived from the precipitation of
Li2S on F-Co@NC (332.9 mAh g−1) significantly surpassed that
on H-Co@NC (274.6 mAh g−1). Besides, the peak current asso-
ciated with Li2S deposition was observed earlier on F-Co@NC
(828 s) than on H-Co@NC (949 s), and the calculated Li2S nu-
cleation rate constant was significantly higher for F-Co@NC
(11.21 × 10−10 S−3) than for H-Co@NC (7.44 × 10−10 S−3) (Figure
S45, Supporting Information).[92] These results clarify that the
enhanced electron transport capability of F-Co@NC accelerates
the sluggish nucleation and growth of Li2S, thereby increasing
both the amount and rate of solid-phase Li2S formation. The fa-
vorable formation of Li2S on F-Co@NC was further supported
by employing the nucleation model based on the Scharifker–
Hills theory.[93] As depicted in Figure 5l, both F-Co@NC and H-
Co@NC were located between the theoretical curves for the 3D
instantaneous (3DI) and progressive (3DP) nucleation. We veri-
fied that the profile of F-Co@NC was relatively closer to the 3DI
model than H-Co@NC, suggesting that Li2S nucleation on F-
Co@NC proceedsmore rapidly and uniformly across active sites.
This behavior is indicative of the stronger catalytic activity of F-
Co@NC, which originates from its effective interfacial electron
transport capability.
While the nucleation of Li2S is crucial for the discharge pro-

cess in LSBs, its subsequent decomposition during the charg-
ing process should also be carefully considered, as it governs the
reversibility of sulfur redox reactions. Accordingly, the dissoci-
ation behavior of Li2S was also investigated (Figure S46, Sup-
porting Information). Similar to the Li2S nucleation behavior, F-
Co@NC exhibited a greater capacity derived from the decompo-
sition of Li2S than H-Co@NC, along with a shorter time to reach
the peak current. The corresponding Li2S dissociation rate, cal-
culated from the time required to reach the peak current, was
determined to be 2.38 × 10−10 S−3 for F-Co@NC, which is more
than twice that of H-Co@NC (1.10 × 10−10 S−3) (Figure S47,
Supporting Information). This result further demonstrates that
F-Co@NC facilitates not only the rapid formation but also the
efficient dissociation of Li2S, highlighting its bidirectional cat-
alytic activity toward both the reduction and oxidation processes
of Li2S.
From previous results, F-Co@NC exhibits excellent electrocat-

alytic activity in promoting the redox kinetics of LiPSs, which
could explain the superior electrochemical performance of the
LSBs with F-Co@NC. However, to fully leverage this catalytic ef-
fect over prolonged cycling, it is crucial to mitigate the loss of
active sulfur caused by the shuttle behavior of LiPSs. As such,
the ability of the electrocatalyst to effectively anchor LiPSs and
mitigate its shuttling behavior is also a key factor in improving
the long-term cycling performance of LSBs. To experimentally

validate the superior LiPSs adsorption capability of F-Co@NC
predicted by the theoretical calculations, the same weight of F-
Co@NC and H-Co@NC (10 mg) was immersed in a 25 mm
Li2S6 solution, and the corresponding color changes were ob-
served (Figure 6a). As shown in Figure 6b and F-Co@NC sig-
nificantly decolorized the Li2S6 solution compared toH-Co@NC,
indicating its superior Li2S6 anchoring capability. The visually ob-
served differences in the Li2S6 solutions were further quantified
by UV–vis spectroscopy (Figure 6c). Before conducting the anal-
ysis, each Li2S6 solution was diluted to 12.5 mm to minimize the
influence of the precipitated F-Co@NC and H-Co@NC particles
at the bottom of the vial during sample extraction. Interestingly,
we verified that the Li2S6 solution with H-Co@NC slightly decol-
orized only after dilution, revealing its relatively weak LiPSs ad-
sorption ability compared to F-Co@NC, which had been barely
discernible at the 25 mm Li2S6 solution (inset of Figure 6c). The
significantly reduced peak intensity of the Li2S6 solution with
F-Co@NC, compared to the pure Li2S6 solution and Li2S6 so-
lution with H-Co@NC, further demonstrates the strong LiPSs
anchoring capability of F-Co@NC. Subsequently, to examine the
effect of strong LiPSs anchoring on the suppression of LiPSs
shuttling behavior, a permeation test was carried out using H-
shaped glass cells. The two chambers, containing 0.5 m Li2S6
solution (left chamber) and pure electrolyte (right chamber), re-
spectively, were partitioned by either F-Co@NC- or H-Co@NC-
coated separator. As shown in Figure 6d, the solution in the right
chamber of the H-shaped cell, separated by the F-Co@NC-coated
separator, retained a slightly yellow but transparent appearance
even after 24 h. In comparison, the solution in the right cham-
ber of the cell with H-Co@NC-coated separator gradually turned
dark brown and lost its transparency over time (Figure S48, Sup-
porting Information). These results indicate that the F-Co@NC-
coated layer, which strongly captures LiPSs, serves as an effective
barrier against the permeation of LiPSs, which could suppress
the shuttling behavior of LiPSs in LSBs.
Through comprehensive liquid-phase LiPSs adsorption tests

excluding LiPSs conversion processes, we verified that F-Co@NC
exhibits stronger LiPSs adsorption than H-Co@NC. Subse-
quently, to evaluate the effect of the strong LiPSs migration re-
sistance provided by F-Co@NC under electrochemical environ-
ments, the self-discharge behavior of LSBs was first investigated.
As shown in Figure S49 (Supporting Information), after charg-
ing to 2.8 V, the cell with a PP separator suffered a severe drop
in open-circuit voltage (OCV) over time, suggesting the unre-
strained diffusion of LiPSs from the cathode to the anode due
to the lack of an adsorption barrier. In contrast, the OCV of
both F-Co@NC and H-Co@NC cells remained stable without
an abrupt decline. Especially, the F-Co@NC cell maintained a
higher OCV than the H-Co@NC cell, indicating that F-Co@NC
with high LiPSs adsorption capability effectively mitigated the
shuttling behavior of LiPSs. The superior suppression of LiPSs
shuttling by F-Co@NC was further supported by a leakage cur-
rent test. Both F-Co@NCandH-Co@NC cells were discharged to
2.38 V to generate soluble LiPSs, followed by a constant-voltage
hold at 2.38 V. As shown in Figure 6e, the cell with F-Co@NC
demonstrated a lower leakage current, attributed to reduced mi-
gration of LiPSs toward the anode. This result further clarifies the
superior capability of F-Co@NC to alleviate LiPSs shuttling. To
provide a more intuitive assessment of the adsorption capability

Adv. Funct. Mater. 2026, 36, e25392 e25392 (12 of 17) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Photographic images of the blank 25.0 mm Li2S6 solutions and their static adsorption by F-Co@NC and H-Co@NC: a) immediately after
catalyst introduction, and b) after 24 h. c) UV–vis spectra of 12.5 mm Li2S6 solutions after interaction with F-Co@NC and H-Co@NC. d) Permeation
test of Li2S6 using H-type cells with an F-Co@NC-coated separator. e) Shuttle currents of the cells. In situ Raman spectra and corresponding contour
maps of the cells with f,h) H-Co@NC and g,i) H-Co@NC. j) Schematic illustration of the shuttling pathway of LiPSs in LSBs. k) XPS spectra of S 2p for
the F-Co@NC coating layer after cycling. SEM images of the anode-facing side of separators and lithium metal anode after cycling in cells with l,m) PP,
n,o) H-Co@NC, and p,q) F-Co@NC.
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and electrocatalytic performance of F-Co@NC and H-Co@NC,
we implemented in situ Raman spectroscopy to track the behav-
ior of dissolved liquid LiPSs species in real time.[94–96] As dis-
played in Figure 6f,h, the cell with H-Co@NC exhibited clear
bands attributable to S6

2− (≈400 cm−1) and S4
2− (≈200 and ≈ 450

cm−1) during discharge, and these signals persisted to the end
of discharge. In contrast, in the cell with F-Co@NC, the intensi-
ties of LiPSs-related bands were consistently lower throughout
discharge and decreased progressively as discharge proceeded
(Figure 6g,i). These observations support that F-Co@NC effec-
tively suppresses LiPSs shuttling and accelerates its conversion.
To gain deeper insights into the influence of F-Co@NC on the

integrity of key components in LSBs, including the separator and
lithium metal anode, during repeated charge and discharge pro-
cesses, a series of investigations was conducted on cycled cells
along the shuttling pathway of LiPSs within the cell (Figure 6j).
Ex situ XPS analysis was conducted on the cathode-facing side
of the separator, where migrating LiPSs initially come into con-
tact (Figure 6k; Figure S50, Supporting Information). The S 2p
spectra were deconvoluted into four pairs of doublets, and the
corresponding S 2p3/2 peaks were assigned to the LiTFSI in the
electrolyte (168.0 and 166.8 eV), Li2Sx (x ≥ 4) (164.6 eV), Li2S2
(160.9 eV), and Li2S (159.5 eV), respectively. Both F-Co@NC and
H-Co@NC coating layers showed higher intensities of LiPSs-
derived peaks compared to the PP separator, indicating their abil-
ity to adsorb LiPSs. Notably, the intensities of the solid-phase
Li2S2 and Li2S peaks on the F-Co@NC coating layer were higher
than those on the H-Co@NC coating layer. These results imply
that F-Co@NC more effectively restricts the loss of sulfur ac-
tive materials toward the anode side, enabling their effective re-
utilization on the cathode side. Subsequently, XPS analysis on
the cycled lithium metal anodes was also performed to exam-
ine the shuttled LiPSs to the lithium metal anode. The S 2p
spectra were deconvoluted into four pairs of peaks at 160.9 and
159.5 eV, corresponding to the S 2p3/2 peaks of Li2S2 and Li2S,
respectively.[97] As shown in Figure S51 (Supporting Informa-
tion), the lithium metal anode from the F-Co@NC cell exhibited
lower intensities of LiPSs-derived components than those from
H-Co@NC and PP separator cells, indicating reduced LiPSs de-
position and anode corrosion, which is attributed to the effective
mitigation of LiPSs shuttling. To explore the influence of shut-
tled LiPSs permeating through the separator on the anode side
of the cell, morphological investigations were performed using
SEM on both the anode-facing side of the separator and the sur-
face of the lithium metal anode. SEM images of the pristine PP
separator and lithium metal were first examined (Figures S52
and S53, Supporting Information). We confirmed that the pris-
tine PP separator exhibited a highly porous structure. In par-
allel, the pristine lithium metal displayed a smooth and uni-
form surface. As shown in Figure 6i, the anode-facing side of
the separator retrieved from the PP-based cell displayed numer-
ous blocked pores, attributed to the substantial accumulation of
solid-phase LiPSs due to the shuttling of soluble LiPSs species.
Concurrently, the lithium metal surface of the cell with the PP
separator also exhibited a severely roughened and non-uniform
morphology, suggesting that the substantial deposition of LiPSs
on the lithium metal anode disrupted the uniform lithium plat-
ing and stripping behavior and induced parasitic reactions dur-
ing cycling (Figure 6j). Compared to PP, the separator coated with

H-Co@NC showed fewer blocked pores (Figure 6k). Neverthe-
less, notable LiPSs deposition on the separator and degradation
of the lithium metal surface were still observed (Figure 6l). In
contrast, the anode-facing side of the F-Co@NC-coated separator
retained a significantly more open pore structure (Figure 6m).
Furthermore, the lithium metal surface remained smooth with
high grain-to-grain connectivity (Figure 6n). These results indi-
cate that the F-Co@NC coating effectively suppresses the shut-
tling of LiPSs toward the anode during repeated cycling. There-
fore, the strong LiPSs anchoring ability of F-Co@NC not only
sustains high sulfur utilization but also preserves the integrity
of the lithium metal anode, ultimately contributing to the sig-
nificantly improved electrochemical performance of LSBs. To ad-
dress the potential phase transition from FCC to HCP during
extended cycling, we performed XRD analysis on the F-Co@NC-
modified separator before and after 245 cycles at 2.0 C. We
found that the FCC phase cobalt in F-Co@NC was well-retained,
with details provided in Figures S54 and S55 (Supporting
Information).
In this study, crystallographic control of cobalt within the

cobalt–carbon composite not only accelerates LiPSs conversion
but also mitigates the LiPSs shuttling. Beyond cobalt–carbon,
this crystallographic engineering concept could be readily gener-
alized to other metal–carbon composite systems, including iron–
carbon, nickel–carbon, and manganese–carbon. By systemati-
cally tuning the crystal phase of the metal core, the sequence of
transformation steps that encompass adsorption and interfacial
charge transfer can be improved, enabling performance enhance-
ments not only in LSBs but also across other conversion-type bat-
teries. In particular, extending this framework to Li–O2, Na–S,
and Zn–air systems, where multielectron conversion and phase
transformation govern reactivity, could help establish generaliz-
able design rules for catalysts and electrodes in next-generation
systems.

3. Conclusion

In summary, this study demonstrated that crystalline phase en-
gineering of cobalt nanoparticles encapsulated within a carbon
shell constitutes an effective route to enhancing the intrinsic cat-
alytic activity of metal–carbon electrocatalysts for LSBs. Transi-
tioning cobalt from the HCP to the FCC phase elevates the inter-
facial potential gradient, thereby intensifying electron transfer to
the carbon shell and significantly enriching the electronic den-
sity near the EF. This phase-induced modulation of the carbon
shell’s electronic band structure not only accelerates the bidirec-
tional conversion of LiPSs but also strengthens the chemisorp-
tion of LiPSs, leading to enhanced redox reversibility and sup-
pressed shuttling behavior of LiPSs. Consequently, the cell with
F-Co@NC delivers improved rate capability and long-term cy-
cling stability, maintaining high sulfur utilization and the in-
tegrity of the lithium metal anode. Beyond its immediate perfor-
mance benefits, this work establishes a universally applicable and
mechanistically grounded design strategy, which is able to oper-
ate synergistically with approaches aimed at increasing the cat-
alytically active surface area, thereby offering fundamental guid-
ance for the rational design strategy of metal–carbon composite
catalysts for various next-generation energy storage systems re-
quiring multi-electron reactions.
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4. Experimental Section
Synthesis of F-Co@NC and H-Co@NC: To prepare the homogeneous

precursor comprising carbon and cobalt, a plasma engineering method
was applied to the mixture of pyridine and cobalt hexahydrate in DMF,
following a previously reported procedure.[40,41] Then, the precursor was
annealed at 700 °C in a nitrogen atmosphere, with a heating rate of 2 °C
min−1 from room temperature and without any holding time. After natural
cooling to ≈40 °C in the furnace, the resulting powders were collected and
finely ground to obtain F-Co@NC. The H-Co@NC sample was prepared
following the same procedure but at an annealing temperature of 600 °C.

Fabrication of F-Co@NC and H-Co@NC Modified Separators: To fabri-
cate the F-Co@NC-modified separator, F-Co@NC, Super P (Alfa Aesar),
and Polyvinylidene fluoride (PVDF,Wellcos) weremixed at a weight ratio of
8:1:1 and dispersed inN-methyl-2-pyrrolidone (NMP, Sigma–Aldrich). The
mixture was then homogenized using a pastemixer (ARV-310) at 1500 rpm
for 1 h. The slurry was coated on a polypropylene (PP) separator (Celgard
2400, Wellcos) and dried at 50 °C for 24 h under vacuum. The resulting
F-Co@NC-modified separator was shaped into discs with a 19mmdiame-
ter. TheH-Co@NC-modified separator was fabricated in the samemanner.
The loading mass of the F-Co@NC and H-Co@NC was ≈ 0.5 mg cm−2.
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Supporting Information is available from the Wiley Online Library or from
the author.
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