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Lithium Sulfur Batteries

Redox-Mediating Mo,C Nanoparticles Confined Within
Nitrogen- and Phosphorus-Codoped Amorphous Carbon

Matrix for Lithium—Sulfur Batteries

Won Il Kim, Min Ju Kim, Hyunyoung Park, Minjun Hwang, Jin Suk Byun, Jaeheon Lee,

Jongsoon Kim, and Ho Seok Park*

Lithium—sulfur batteries (LSBs) suffer from sluggish lithium polysulfides
(LiPS) conversion and severe interfacial instability, which limit their rate
performance and cycle life. Herein, we report a multifunctional interlayer
comprising Mo,C nanoparticles confined within a nitrogen- and
phosphorus-codoped amorphous carbon matrix supported on reduced
graphene oxide (MNPG). H;PMo,,0,, was chosen as a final polyoxometalate
(POM) precursor because it was transformed into the tubular nanoparticles,
while Na;PMo,,0,, was converted to irregular micrometer-sized particles. In
particular, the hierarchical structure of MNPG is synthesized via electrostatic
self-assembly of POM and pyrrole on graphene oxide, followed by thermal
transformation. The embedded Mo,C domains act as efficient redox
mediators that accelerate LiPS conversion, while the polar doped carbon
shell suppresses parasitic reactions and facilitates ion transport.
Consequently, the MNPG-coated separator allows LSBs to deliver a high
specific capacity of 1549 mAh g~ ' at 0.1 C and 802 mAh g ' at 5.0 C, along
with 81.1% capacity retention after 200 cycles. This study provides a
straightforward and effective interfacial engineering strategy that combines
redox-mediating domains and transport regulation within a unified structure

1. Introduction

With the rapid development of urban air mobil-
ity and aerospace engineering, lithium—sulfur
batteries (LSBs) are gathering increasing interest
owing to their high theoretical energy density
(2600 Whkg™"), which is suitable for applica-
tons requiring light Weight.[l’z] However,
achieving a practical level of LSBs is impeded by
several challenges, namely the low intrinsic
conductivity of S/Li,S, substantial volume
expansion during discharge/charge, sluggish
lithium polysulfides (LiPS) conversion kinetics,
and shutde effect resulting from excessive LiPS
dissolution.®*! To date, extensive strategies
have been proposed to resolve the limitations,
including structural modification of carbona-
ceous materia.ls,[s'éj and  electrocatalyst
ad]'ustment‘U'g]

Among them, transition metal-based redox
mediators have been considered promising can-
didates for promoting LiPS conversion, owing

to overcome key bottlenecks of LSBs.
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to their strong polar interactions that effectively

capture LiPS species.l”'”) In particular, molyb-

denum carbide (Mo,C) has been investigated
owing to its metallic conductivity and catalytic activity for the improved
redox kinetics and the mitigation of shuttle effects.l' 1 However, the
cycling stability with Mo,C was not sufficiently high due to its polar
sites vulnerable to continuous reaction with LiPS.L'* To address these
issues, protective carbon layers have been introduced to passivate the
surface of redox mediators while maintaining conductive pathways.[w]
In particular, amorphous carbon is considered an adaptable alternative
to graphitic coatings due to its abundant defect sites, enhanced surface
polarity, flexibility, and favorable compatibility with nanostructured
redox-mediators.”' *'*1 Carefully tuning thickness and morphology,
such an amorphous carbon layer can function as a protective shield
against undesired reactions, acting as a diffusion-regulating interface
that guides LiPS transport in a controlled manner.!"®! Furthermore,
incorporating heteroatoms into the carbon matrix can further enhance
its chemical affinity for LiPS and improve the interfacial stability of the
composite. [17=19]

Herein, we report hierarchical composites consisting of Mo,C nano-
particles embedded in a nitrogen- and phosphorus-codoped amorphous
carbon matrix, supported on reduced graphene oxide. The resulting
composite is denoted as MNPG, and the reduced graphene oxide
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support is hereafter referred to as G. The composite was synthesized by
leveraging electrostatic interactions among polyoxometalates (POM),
pyrrole, and graphene oxide, which spontaneously assembled into a
precursor complex. Subsequent thermal treatment transformed the
POM domains into crystalline Mo,C while carbonizing the surrounding
polymer network. The resulting structure features uniformly distributed
Mo,C nanoparticles confined within a nitrogen- and phosphorus-
codoped amorphous carbon matrix that can further enhance its chemi-
cal affinity for LiPS. This configuration provides redox-mediating
domain cores and a defect-rich carbon environment that facilitates LiPS
conversion, suppresses side reactions, and regulates ion transport.
Accordingly, LSBs incorporating a MNPG-modified separator exhibited
a high specific capacity of 1549 mAh g~' at 0.1 C and excellent rate
capability of 802 mAh g~ at 5.0 C. It also maintained a high capacity
of 9284 mAh g~ ' after 200cydes at 0.2 C, corresponding to
high-capacity retention of 81.1% with a low-capacity fading rate of
0.095% per cycle.

2. Results and Discussion

Figure 1 presents a schematic illustration of the synthesis process for
the MNPG composite. A polyoxometalate compound was employed as
both a metal precursor and a self-assembly inducer.”?) Upon its intro-
duction into a mixed solution of pyrrole and graphene oxide, the POM
oxidizes pyrrole to form positively charged polypyrrole (ppy), while
simultaneously engaging in electrostatic interactions as the negatively
charged POM clusters.*!"**] These interactions drive the spontaneous
self-assembly of hybrid POM/ppy nanoparticles on the graphene oxide
surface. Subsequent thermal treatment induces the in situ transforma-
tion of POM into crystalline Mo,C while concurrently carbonizing the
surrounding ppy layer. Nitrogen and phosphorus atoms originating
from ppy and POM, respectively, are incorporated into the carbon
framework during thermal transformation, yielding a nitrogen- and
phosphorus-codoped amorphous carbon matrix. The resulting MNPG
architecture features Mo, C nanoparticles uniformly confined within this
heteroatom-codoped matrix and anchored onto a reduced graphene
oxide (G) template. This hierarchical structure provides abundant
redox-active sites, strong polar interactions, and high electrical conduc-
tivity, while effectively mitigating parasitic reactions caused by direct
contact with polar LiPS species.

To confirm the morphology of the hierarchical structure synthesized
through self-assembly and in situ transformation, scanning electron
microscopy (SEM) was conducted (Figure 2a and Figure S1, Support-
ing Information). The SEM images reveal that 50 nm scale nanoparticles

Self-assembly

wie @ @

Polyoxometalate POM/ppy
Pyrrole

Heteroatom doped amorphous carbon /

Figure 1. Schematic illustration about synthesis process and the function of MNPG.

Energy Environ. Mater. 2026, 9, 70156

In-situ transformation MNPG

2 of 11

are assembled into tubular structures with a diameter of 200 nm and
uniformly distributed across the G surface. Energy-dispersive spectros-
copy (EDS) mapping further confirms the uniform presence of Mo, C,
N, and P elements (Figure S2, Supporting Information), indicating suc-
cessful incorporation of nitrogen and phosphorus atoms from the pyr-
role and POM precursors into the carbon matrix. In addition, the Mo,C
content in the optimized composite was quantified to be 46.68 wt%, as
summarized in Table S1, Supporting Information. Although EDS signals
were similar when using sodium phosphomolybdate (Na;PMo;,0.y),
a different POM precursor, the tubular nanoparticles were only formed
when using phosphomolybdic acid (H;PMo;,0.), which was selected
as a final POM precursor to control the nanomorphology (Figure S3,
Supporting Information). In contrast, the utilization of NazPMo;,04
led to irregular aggregation and the formation of micrometer-sized par-
ticles with poor distribution (Figure S4, Supporting Information). The
compositions of pyrrole and POM were also regarded as critical param-
eters because excessive pyrrole promoted layered structures, while
excessive POM led to thick surface coatings hindering self-assembly
(Figure SS, Supporting Information). These aggregated structures are
less favorable for redox mediators due to the limited surface exposure
of active sites, whereas the uniform tubular architecture derived from
the optimized precursor composition offers enhanced surface
accessibility.

In addition, the pyrolysis temperature was optimized to form the
desired hierarchical structure. According to previous reports,*'] POM
and POM/ppy composites subjected to treatment at 500 °C primarily
form MoO, phases (Figures S6 and S7a, Supporting Information).
However, to ensure both improved LiPS conversion kinetics through
the formation of highly conductive carbide phases and the confinement
of redox-active sites within the carbon matrix, a thermal treatment at
900 °C was employed. Notably, excessive carbonization time at this
temperature is attributed to the appearance of metallic Mo phases
(Figure S7b, Supporting Information), which are not suitable for LiPS
interaction due to their low polarity and poor affinity toward LiPS.

Transmission electron microscopy (TEM) analysis was employed to
examine the microstructure of MNPG (Figure 2b). Dark-contrast parti-
cles embedded within the matrix—highlighted by yellow outlines—
are observed corresponding to Mo,C with an average particle size of
30nm. These particles are surrounded by a relatively light-contrast
shell, measuring 20 nm in thickness, which is assigned to an amor-
phous carbon layer formed during thermal transformation. The clear
core-shell contrast observed in the image suggests that the Mo,C nano-
particles are spatially confined within a protective carbon matrix, which
is expected to prevent direct exposure to LiPS and enhance redox stabil-
ity. The corresponding high-resolution TEM image in Figure 2c shows

well-defined lattice fringes with an interplanar

spacing of 0.23 nm, which can be indexed to

the (121) plane of orthorhombic Mo,C.[?***]

1 f This observation aligns with the most intense
‘{\}7& diffraction peak in the X-ray diffraction (XRD)
pattern at 20 = 39.4°, confirming the prefer-

ential orientation or dominant exposure of the

1 (121) crystalline plane (Figure 2g). In con-
/) trast, the amorphous carbon region adjacent to
the Mo,C domain exhibits no visible lattice

fringes, consistent with its disordered struc-

ture. In other words, the absence of a distinct

(002) graphitic peak in the XRD profile fur-

ther supports this assignment to amorphous
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Figure 2. a) SEM images of MNPG. b) TEM image of MNPG. c) TEM image of MNPG with d-spacing and SAED pattern. d) Elemental mapping of MNPG
confirming the uniform distribution of Mo, C, P, and N. e) STEM image of MNPG and the corresponding f) TEM-EDS line profile. g) Rietveld refinement of
XRD of MNPG. h) Raman spectra of MNPG, G and POM. i) Mo 3d high-resolution XPS spectra of MNPG.

carbon. Furthermore, the selected area electron diffraction (SAED) pat-
tern obtained from the same region displays sharp diffraction rings
indexed to the (121) planes, further confirming the high crystallinity
of the Mo,C phase.

The EDS elemental mapping through TEM confirms that Mo,C nano-
particles are homogeneously dispersed across the G surface, along with
the uniform incorporation of nitrogen and phosphorus atoms into the
surrounding carbon matrix (Figure 2d). This indicates successful het-
eroatom codoping derived from the pyrrole and POM precursors. In
addition, the TEM-EDS line profile of a representative nanoparticle
reveals a pronounced Mo signal concentrated at the core, indicating that
the embedded nanoparticles are composed of Mo,C (Figure 2e,f). A
noticeable oxygen signal is also detected at the particle surface, which is
attributed to partial surface oxidation of Mo during post-synthesis
under air exposure. This is further supported by the Mo 3d X-ray pho-
toelectron spectroscopy (XPS) results in Figure 2i, which display addi-
tional peaks corresponding to oxidized Mo species at the surface.
However, no diffraction peaks of MoO, or MoOj; are observed in the
XRD pattern (Figure 2g), indicating that the bulk phase of the particles
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remains as pure Mo,C. Collectively, these findings confirm the forma-
tion of well-defined Mo,C nanodomains confined within a polar,
hetercatom-doped ~ carbon matrix, forming the fundamental
redox-mediating architecture of the MNPG composite.

To further investigate the structural characteristics of MNPG, XRD
and the associated Rietveld refinement analyses were conducted. As
shown in Figure 2g and Table S2, Supporting Information, the Rietveld
refinement of the MNPG reveals that it crystallizes in an orthorhombic
Mo, C phase with space group Pbcn (No. 60). These well-defined char-
acteristic reflections confirm the successful formation of Mo,C in the
MNPG. The lattice parameters were determined to be a=4.741 A,
b=46.023 1& and c=5.216 A0 corresponding to a unit cell volume of
148.9472 A>. The refinement yielded acceptable reliability factors
(Rywp = 10.30%, x* = 1.45), indicating good agreement between the
observed and calculated profiles. Various diffraction peaks observed at
20 =34.4° 38.0°, 39.4°, 52.2° 61.6° 69.6° 74.7° 75.5° 81.3°,
and 84.7°, corresponding to the (002), (200), (121), (202), (023),
(321), (223), (142), (400), and (242) planes, respectively, can be
indexed to the orthorhombic Mo,C phase (JCPDS No. 01-071-0242).

© 2025 The Author(s). Energy & Environmental Materials published by
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85UB017 SUOWIWIOD BAIER1D 3 dedt|dde auy Aq peusenob a1e ssolie VO ‘88N JO Sa|n1 10} Aiq1T 8ULUO A8]IAN UO (SUONIPUO-pUe-SWLB 00" A3 1M AeIq 1 U1 |UO//:Sty) SUONIpUOD pue swiie | 8y} 88 *[9202/£0/£0] Uo AkiqiTauliuo &M * AISeAIUN temyunAyBuns - Wiy uoosBuor Ag 95T0. 'ZUWeS/Z00T OT/I0pAW0D" A8 |1 AReq 1 ul|uoy/Sciy wolj pepeo|umod ‘g ‘9202 ‘95805252



Energy &
Environmental Materials

Notably, no peaks corresponding to residual POM precursors were
detected, and the absence of the characteristic graphitic (002) peak near
20 & 26° further suggests the formation of an amorphous carbon layer
surrounding the Mo,C particles. The formation and metal complexation
of MNPG were confirmed by Raman spectroscopy, in comparison to
POM and G (Figure 2h). In the Raman spectra, both MNPG and G
exhibited characteristic D and G bands at 1350 and 1580 cm ™', respec-
tively. The absence of peaks corresponding to the POM precursor indi-
cates its complete removal after thermal treatment. The Ip/I; ratio of G
was 1.01, reflecting the partially restored sp> carbon domains in G.[**]
In contrast, MNPG showed a higher I,/I; ratio of 1.20, suggesting the
generation of polar surface defects and the formation of an amorphous
carbon layer.

XPS was further employed to examine the chemical environment of
MNPG (Figure 2i and Figures S8 and S9, Supporting Information). The
high-resolution Mo 3d spectrum exhibited peaks at 228.1 and 231.3 eV,
corresponding to Mo 3ds,, and Mo 3d;,, of Mot species.pé] Although
additional signals corresponding to Mo** and Mo®* were observed,
likely due to partial surface oxidation, the absence of MoO, and MoO;
reflections in the XRD patterns confirms that only the surface of Mo,C
was oxidized. This is attributed to the thin and partially non-uniform
amorphous carbon shell, which could not fully prevent air exposure.
The C 1s specttum was deconvoluted into C-C (284.6eV), C-N
(286.7 V), C-P (285.7 eV), C=0 (284.6eV), and C-Mo (283.1eV)
components, indicating chemical bonding between Mo,C and the car-
bon matrix.””! The N 1s spectrum showed multiple nitrogen configura-
tions, including pyridinic N (397.0¢eV), pyrrolic N (398.8¢V),
graphitic N (401.4 ¢V), and N-Mo (396.1 eV),[?®! while the P 2p spec-
trum revealed P-C (133.1 eV) and P-O (134.4 V) peaks,'*! confirm-
ing the successful incorporation of nitrogen and phosphorus atoms into
the carbon structure. The presence of phosphorus atoms, which possess
larger atomic size and stronger electron-donating capability compared to
nitrogen, is expected to exert a synergistic effect, enabling efficient elec-
tron transport and providing abundant redox-mediating sites.*”! These
heteroatoms generate polar sites on the surface, which enhance LiPS
adsorption and contribute to improved electrochemical stability.

To better elucidate the redox-mediating capability of MNPG in the
rate-determining step of the Li,S precipitation process, potentiostatic
discharge profiles were obtained in a 0.5 m Li,Sg electrolyte for both
the MNPG and G electrodes (Figure 3a,b).*'! MNPG exhibited a high
discharge capacity of 200.7 mAh g™, which is 1.7 times greater than
that of G (119.6 mAh g~ "). Furthermore, MNPG showed a faster Li,S
deposition time of 5821 s with a higher response current compared to
7814 s of G, indicating the facilitated kinetics of Li,S nucleation. These
observations confirm that MNPG promoted electrochemical conversion
kinetics of LiPS to Li,S, enabling rapid and dense Li,S deposition
through redox mediating. The nucleation-promoting behavior of
MNPG was further analyzed by comparing its current-time transients to
theoretical electrochemical deposition models for Li,S nucleation and
growth (Figure 3c and Figure S10, Supporting Information). Based on
the two-dimensional (2D) and three-dimensional (3D) nucleation
growth models—namely the Bewick—Fleischmann—Thirsk (BFT) and
Scharifker—Hills (SH) models—the dimensionless current-time profiles
were fitted to assess the underlying Li,$ formation mechanism.”**! The
G electrode displayed a nucleation behavior closely aligned with the 2D
progressive (2DP) model, where Li,S nuclei gradually evolve due to
sparse active sites and weak LiPS affinity. In contrast, MNPG followed a
2D instantaneous (2DI) nucleation model, suggesting a high density of
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uniformly accessible nucleation sites, which is attributable to the
enhanced LiPS conversion kinetics and the abundant electrochemically
active surface provided by the MNPG.

To investigate the redox-mediating activity of MNPG toward LiPS,
cyclic voltammetry (CV) was measured using a symmetric cell with
MNPG electrodes in 0.5 M Li,S, electrolyte (Figure 3d).P* Three types
of electrodes were compared: MNPG, featuring Mo,C embedded
within a heteroatom-doped amorphous carbon layer; MG, in which
Mo,C was simply deposited onto reduced graphene oxide without the
carbon matrix; and G, the bare reduced graphene oxide. This compari-
son was designed to isolate and evaluate the individual contributions of
the Mo,C domains and the surrounding doped carbon layer. The CV
profiles exhibited four distinct redox peaks. Peak a and b correspond to
the reductions: solid-to-liquid phase transition from Sg to LiPS (peak a),
and the subsequent liquid-to-solid phase transition from LiPS to Li,S
(peak b). Peak ¢ and d represent the reverse oxidation from Li,$ to LiPS
(peak ¢) and LiPS to Sg (peak d). Notably, the MNPG electrode exhib-
ited the largest redox peak current with the smallest voltage polarization
among the tested samples, outperforming both MG and G electrodes.
This improvement is attributed to the synergistic effect of the
heteroatom-doped amorphous carbon layer and the embedded Mo,C
redox-mediating domains. Furthermore, no current response was
observed in a symmetric cell assembled without Li,S, in the electrolyte,
supporting the redox-mediating activity of MNPG on enhancing the
LiPS conversion kinetics.

To evaluate the ability of MNPG to mitigate excessive LiPS dissolu-
tion, a visual adsorption test was conducted by immersing MNPG and
G in a 5-mm Li,S, solution (Figure 3e). After 24 h, the solution con-
taining MNPG became noticeably clearer than that with G, indicating
stronger LiPS adsorption by MNPG. To further investigate the chemical
interaction between LiPS and the materials, XPS analysis was carried
out.?! Compared to G, the MNPG sample exhibited significantly stron-
ger S 2p signals, revealing enhanced interactions with various LiPS spe-
cies. Four characteristic sulfur doublets were identified: terminal sulfur
(St, 163.3 and 165.1eV), bridging sulfur (S, 164.1 and 165.8 V),
thiosulfate (168.7 and 170.2€V), and polythionate (168.5 and
170.0 eV). The increased peak intensities across all species in the MNPG
sample highlight its superior ability to capture and stabilize LiPS
intermediates.

Density functional theory (DFT) calculations were subsequently per-
formed to determine the role of heteroatom doping in governing the
interactive chemistry between MNPG and LiPS (Figure 3f). The adsorp-
tion energy (E,) was calculated using the following equation:

E, = Esurface/LizSS - (Esurface + ELiZS6 ) (1)

While DFT calculation cannot fully indicate the complex hierarchi-
cal structure of MNPG with amorphous carbon layer, a representa-
tive model was employed wherein a Mo,C nanoparticle was
embedded in the heteroatom-doped carbon substrate. In the result
of MG without doping, the adsorption energy for Li,Ss was calcu-
lated to be —1.59 eV, indicative of weak adsorption dominated by
van der Waals interactions. In contrast, the introduction of dopants
significantly ~improved the interaction strength. For the
nitrogen-doped system (MNG), the adsorption energy was
enhanced to —2.08 eV, which is attributed to the formation of
localized electron-deficient regions induced by the high electroneg-
ativity of nitrogen, thereby strengthening the electrostatic

© 2025 The Author(s). Energy & Environmental Materials published by
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interaction with Li-ion.[**] Phosphorus-doping resulted in a further
increase in E, to —2.39 eV, which is due to the relatively low elec-
tronegativity and high electron-donating capability of phosphorus,
promoting stronger LiPS binding.[35] Most notably, the co-doped
MNPG structure exhibited the strongest adsorption energy of
—2.43 eV. This enhanced interaction stems from the synergistic
coexistence of N-induced electron-deficient sites and P-enriched
electron-donating regions, collectively enabling robust binding of
Li,Se species. These findings confirm that heteroatom doping plays
a critical role in modulating LiPS affinity, and that the co-doped
MNPG structure provides the most favorable redox-mediating envi-
ronment among the evaluated systems. Moreover, MNPG exhibited
moderately strong adsorption energies not only toward Li,Ss but
also across various intermediate species (Figure 3g). Compared to
MoO, supported on N,P-codoped reduced graphene oxide (MoO,
NPG), MNPG showed consistently stronger interactions throughout
the entire LiPS conversion pathway, highlighting the advantage of
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the embedded Mo,C and heteroatom doping in enhancing redox-
mediating capability (Figure S11, Supporting Information).

To validate the redox-mediating capability of the MNPG—synthe-
sized via self-assembly and in situ transformation—into a LSBs system,
the material was applied as a functional interlayer by coating it onto a
polypropylene (PP) separator.***”] The resulting modified separator is
hereafter denoted as MNPG PP. This approach not only enables direct
electrochemical interaction between the MNPG structure and migrating
LiPS species but also decouples its redox-mediating function from the
influence of the cathode composition. Focused ion beam-—scanning
electron microscopy (FIB-SEM) cross-sectional imaging (Figure 4a)
revealed a uniformly deposited MNPG layer with a thickness of approx-
imately 8.2 pm on the PP substrate. The impact of MNPG coating on
interfacial electrolyte wettability was further assessed by contact angle
measurements (Figure 4b,c). Compared to the pristine PP, which
exhibited a high contact angle of 41°, the MNPG PP showed a signifi-
cantly reduced contact angle of 13°, demonstrating enhanced affinity

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. a) Cross-sectional FIB-SEM image of MNPG coated PP separator. b) Contact angle measurements on PP and c) MNPG PP. d) Images of each
separator after heat treatment at various temperatures. e) Rate capability of MNPG PP, MG PP, G PP, and PP from 0.1 to 50 C. f) CV curves of the first
cycle at 0.1mVs ™' for MNPG PP, MG PP, G PP, and PP. Tafel plots calculated from g) cathodic second peak and h) anodic peak for MNPG PP, MG PP, G

PP, and PP. i) Cycle performance of MNPG PP and PP at 0.2 C.

toward the electrolyte. The improved wettability is primarily attributed
to the polar functional groups and heteroatom dopants present in the
MNPG coating, which increase surface energy and facilitate favorable
interactions with the electrolyte components. In addition to interfacial
modification, the thermal stability of the separators was evaluated by
observing their dimensional changes under elevated temperatures, as
shown in Figure 4d. The pristine PP underwent visible shrinkage and
deformation at higher temperatures, whereas MNPG PP moderately
retained its structural integrity even at 180 °C. Additionally, MNPG PP
exhibited strong adhesion and flexibility without delamination or
cracking after repeated folding (Figure S12, Supporting Information).
Furthermore, Li/Li symmetric cells with MNPG PP exhibited signifi-
cantly improved interfacial stability, showing lower overpotentials and
prolonged cycling performance compared to those with pristine PP,
confirming its effectiveness in stabilizing Li metal deposition
(Figure S13, Supporting Information).

The electrochemical performance of LSBs assembled with different
separators (MNPG PP, MG PP, G PP and PP) was systematically
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evaluated, where carbon nanotube/sulfur composites (CNT-S) with a
sulfur content of 76 wt% were prepared as the cathode by a melt-
diffusion method (Figures S14 and S15, Supporting Information). The
rate capability tests were conducted under various C-rates ranging from
0.1 to 5.0 C, followed by recovery cycles at 0.1 C (Figure 4e and
Figure S16, Supporting Information). The cell with MNPG PP displayed
the highest specific capacities of 1549, 1178, 1059, 1007, 920, 882,
847, and 802 mAh g7l at the various C-rates of 0.1, 0.2, 0.5, 1.0, 2.0,
3.0, 4.0, and 5.0 C, respectively. Even at a high current density of 5.0
C, MNPG PP retained a high capacity of 802 mAh g™, outperforming
MG PP (471 mAh g~'), G PP (144 mAh g~'), and PP (137 mAh
g~ ). After the high-rate test, the cell with MNPG PP also exhibited
excellent reversibility, recovering to a discharge capacity of
998.0mAh g~ upon returning to 0.1 C. These results highlight the
outstanding rate capability and reversibility of the MNPG PP, which are
atributed to its hierarchical structure comprising redox-mediating
Mo,C nanoparticles embedded in a heteroatom-doped amorphous car-
bon matrix, not serving as a high-capacity active material, but as an

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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efficient redox mediator (Figure S17, Supporting Information). The
improved performance is further supported by enhanced LiPS conver-
sion kinetics and Li-ion diffusion, which will be discussed in detail in
the following sections.

In order to investigate the electrochemical behavior of lithium—sulfur
batteries during charging and discharging, cyclic voltammetry (CV)
was performed at a scan rate of 0.1 mVs ™' (Figure 4f). The cathodic
Ist peak observed at 2.32 V is assigned to the reduction of Sg into solu-
ble high-order LiPS. The cathodic 2nd peak at 2.01 V corresponds to
the subsequent reduction of these polysulfides into insoluble lower-
order species such as Li,S, and Li,S. The anodic peak at 2.31 V repre-
sents the oxidation of Li,S back into LiPS intermediates and eventually
to Sg. The MNPG PP exhibited higher current density and a lower
polarization between redox peaks compared to the other separators,
indicating improved redox kinetics and efficient sulfur utilization.

To quantitatively evaluate the redox kinetics of polysulfide conver-
sion, Tafel plots were analyzed based on the cathodic second peak
(Figure 4¢) and anodic peak (Figure 4h). For the cathodic second peak,
the rate-determining step of LSB, the Tafel slopes of MNPG PP, MG PP,
G PP, and PP were measured to be 32.9, 104.4, 123.5, and 159.7 mV
dec™', respectively. The MNPG PP exhibited the lowest Tafel slope,
indicating an accelerated reduction of LiPS into Li,S. This lower value
reflects a decreased kinetic barrier for the nucleation and growth of
Li,S, suggesting that the MNPG PP facilitates a more rapid LiPS conver-
sion during discharge. The improved kinetics can be attributed to the
presence of Mo,C nanoparticles, which function as a redox mediator
that promotes electron transfer and accelerates the liquid-to-solid con-
version of LiPS at the MNPG PP. In the anodic region, the correspond-
ing Tafel slopes were 65.2, 66.9, 72.9, and 78.3 mV dec™! for MNPG
PP, MG PP, G PP, and PP. Similarly, MNPG PP showed the lowest value,
implying more efficient oxidation of Li,S into soluble polysulfide spe-
cies. The lowest Tafel slope reflects the ability of the MNPG PP to facili-
tate Li,S oxidation through efficient charge transfer and regeneration
of LiPS.

Figure 4i shows the cycle performance of LSBs at 0.2 C over
200 cycles. The cell with MNPG PP exhibited an initial discharge capac-
ity of 11454 mAh g~' and maintained 928.4 mAh g ' after
200 cycles, indicating a low-capacity fading rate of 0.095% per cycle
and capacity retention of 81.1%. In contrast, the cell with the PP exhib-
ited an initial discharge capacity of 880.3 mAh g~' and maintained
644.5 mAh g~ ' after 200 cydles, corresponding to a high-capacity fad-
ing rate of 0.134% per cycle and a capacity retention of 73.2%. This
enhanced cycle performance can be attributed to the synergistic effect
of the heteroatom doped carbon layer and embedded Mo,C comprising
MNPG PP, which effectively suppresses degradation of redox mediators
that can mitigate the LiPS shuttl. In this work, the LSBs with the MNPG
PP separator achieved superior capacity and rate capability to the previ-
ously reported Mo-based modified separators, delivering a long-term
cyclability (Table S3, Supporting Information).

CV measurements at varying scan rates were conducted to analyze
the redox kinetics and Li-ion transport behavior of sulfur species.[*®]
Contour plots of CV curves measured at scan rates ranging from 0.1 to
0.5mVs~ ' are shown in Figure 5a,b for LSBs with MNPG PP and PP
separators, respectively. From the contour plots, two distinct cathodic
peaks and one anodic peak are observed, corresponding to the charac-
teristic stepwise redox conversion of sulfur species. Compared to PP,
the MNPG PP exhibits a sharper current response and narrower peak
distribution, particularly in the low-voltage cathodic region associated
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with the liquid-to-solid conversion (Li,S, — Li,S). In addition, the
redox peak positions in the MNPG PP exhibit smaller shifts with
increasing scan rate, indicating reduced polarization and improved Li-
ion diffusion. These features confirm that the MNPG PP enables more
efficient charge transport and accelerates the electrochemical conversion
of polysulfides.

To evaluate the effect of the functional separator on the electrochem-
ical kinetics of polysulfide redox reactions, peak currents (Ip) were ana-
lyzed using the Randles—Sevcik equation as follows:

[,=2.69 X 10° xn'® x A x D):* x Cpy x v*° (2)

where I, is the peak current, n is the electron transfer number, A is
the electrode area, Dy; is the Li-ion diffusion coefficient, Cy; is the
Li-ion concentration of the electrolyte, and v*-* is the square root
of the scan rate (Figure 5a,b, and Figure S18, Supporting Informa-
tion). The slope values corresponding to each redox step during
discharge and charge were calculated from the linear plots of I,
versus v, as shown in Figure 5c—e. In the cathodic 1st peak, the
slope of MNPG PP (0.206) was higher than those of MG PP
(0.160), G PP (0.138), and PP (0.090), indicating faster Li-ion
transport during the initial liquid-phase redox reaction. In the
cathodic second peak, associated with the solid-phase formation of
Li,S from intermediate polysulfides, MNPG PP again exhibited the
slope (0.373) compared to MG PP (0.154), G PP (0.164), and PP
(0.117), confirming enhanced Li-ion diffusion during Li,S precipi-
tation. A similar trend was observed in the anodic step, where
MNPG PP showed the highest slope value (0.428) relative to MG
PP (0.279), G PP (0.331), and PP (0.252), reflecting more effi-
cient Li,S oxidation and reversibility during the charge process.
The Mo,C nanoparticles embedded function as redox mediators to
promote rapid polysulfide conversion, while the heteroatom doped
amorphous carbon matrix offers high electronic conductivity and
interconnected ion diffusion pathways. This synergistic architecture
effectively accelerates charge transfer and supports fast and revers-
ible redox reactions during discharge and charge.

In addition, the Li-ion diffusion behavior was examined using the
galvanostatic intermittent titration technique (GITT) analysis, as shown
in Figure 5f. Fach galvanostatic charge/discharge pulse was applied for
10 min, followed by a relaxation time to reach thermodynamic equilib-
rium (Figure $19, Supporting Information).** The cell with MNPG
PP consistently maintained higher Li-ion diffusion coefficients (Dy;*)
values compared to that of the cell with PP during both discharge and
charge processes. The improved Dy* values are attributed to the
enhanced electrolyte wettability and abundant ionic pathways provided
by the Mo,C redox mediators and the polar carbon matrix with
heteroatom-doped surface of MNPG. This indicates that Li-ion transport
is more efficient in the presence of the MNPG PP interlayer, which is
beneficial for improving reaction kinetics and overall electrochemical
performance. Such facilitated ion transport is expected to suppress con-
centration polarization and stabilize the electrode/electrolyte interface
during prolonged cycling.

To investigate the impact of MNPG on LiPS conversion kinetics, in
situ electrochemical impedance spectroscopy (EIS) was conducted at
various depths of discharge (DOD). To approximate the thermody-
namic equilibrium state of the LSBs, each discharge step was followed
by a relaxation step (Figure 5g,h). The final voltage of each rest step
represents the thermodynamic equilibrium potential, whereas that of

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 5. Contour plots of CV patterns for a) MNPG PP and b) PP under
MG PP, G PP, and PP at c) cathodic first, d) cathodic second, and e) anodic.
galvanostatic intermittent titration technique during discharge/charge. Galva

different scan rates. Peak current versus square root of scan rates of MNPG PP,
f) Li-ion diffusion coefficient (Dy;,) of the MNPG PP and PP estimated from the
nostatic charge/discharge (GCD) profiles corresponding to in situ EIS and in situ

DRT of g) MNPG PP and h) PP. i) In situ EIS plots of MNPG PP and j) PP. 2D contour plots of in situ DRT for k) MNPG PP and I) PP.

each discharge step corresponds to the kinetic potential. In the region
where the liquid—solid phase transition occurs, the cell with MNPG PP
exhibits a notably lower kinetic polarization compared to the pristine
PP, indicating enhanced conversion kinetics. EIS was conducted at vari-
ous depths of discharge, as shown in Figure 5i,j. The cell with MNPG
PP exhibited consistently lower impedance across the entire discharge
range, indicating improved charge transfer and ion transport behavior.
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Although EIS provides valuable insights into the electrochemical
response during cycling, it remains limited in resolving the underlying
kinetic mechanisms due to the overlapping of semicircles caused by
similar time constants () associated with concurrent processes. The
distribution of relaxation time (DRT) spectra was further analyzed to
show the kinetic contributions of individual processes across different
time constant (t) domains (Figure 5k, and Figure S20, Supporting

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Information)."*”) The region corresponding to 107° < T < 107° is
attributed to the solid—electrolyte interfaces at both the cathode and
anode.™"1 This domain is strongly influenced by the formation of an
insulating Li,S layer, which accumulates as the liquid-to-solid phase
transition proceeds. Notably, the cell with MNPG PP exhibited a weaker
DRT intensity in this region compared to the cell with PP, suggesting a
reduced interfacial resistance. Additionally, the 107> < < 10~ range
reflects the charge-transfer processes at the cathode associated with mul-
tielectron redox reactions. After the Li,S nucleation point, the cell with
MNPG PP displayed a lower charge-transfer resistance, indicating
improved kinetics in the rate-determining step of the discharge process.
Finally, in the region of 10~" < © < 10", diffusion-related processes
dominate. As the discharge progresses, the amount of soluble Li,Ss
decreases while insulating Li,S continues to precipitate, leading to
increased resistance from both Li,Sg and Li-ion diffusion. However, the
cell with MNPG PP consistently showed lower resistance in this region
as well, indicating enhanced ionic and molecular transport within the
electrode.

To better explain the phase-transition-induced changes in the cell
state, DRT spectra were analyzed at specific points along the discharge
profile (Figure S21la, Supporting Information). The DRT peaks at
various T values are indicative of distinct polarization processes: Pl
(inter-particle resistance), P2-P3 (solid-electrolyte interfacial resistance),
P4-P5 (multielectron charge-transfer resistance), and P6-P7 (LiPS and
bulk Li-ion diffusion). During the solid-to-liquid transition at Point A
(Figure S21b, Supporting Information), the observation of P4 and P5
indicates multielectron reduction of sulfur into soluble LiPS. The
appearance of P6 reflects the initiation of LiPS diffusion into the electro-
lyte. When the liquid-to-solid phase transition begins at Point B
(Figure S21c, Supporting Information), the intensity of P4 and PS5
decreases, indicating the reduced charge-transfer contribution during
the conversion of soluble LiPS into insoluble species. Meanwhile, the
intensity of P2 increases, which implies the nucleation of Ii,S,/Li,S at
the cathode interface. At the end of the liquid-to-solid transition at Point
C (Figure S21d, Supporting Information), P2 is significantly intensified
due to extensive Li,S accumulation. Furthermore, the intensities of P6
and P7 increased, which indicates diffusion limitations of both LiPS and
Li-ion. This comprehensive DRT analysis highlights the redox-
mediating functionality of MNPG and provides mechanistic insights
into the evolution of LiPS conversion reactions.

3. Conclusion

In this study, we designed a multifunctional separator interlayer
(MNPG PP) comprising Mo,C mnanoparticles confined within a
nitrogen- and phosphorus-doped amorphous carbon matrix supported
on reduced graphene oxide. The hierarchical structure was synthesized
via electrostatic self-assembly and thermal transformation, enabling the
formation of redox-mediating Mo,C domains embedded within an
interactive carbon shell. This architecture promotes fast and uniform
Li,S nucleation, enhances Li-ion diffusion kinetics, and suppresses para-
sitic reactions through synergistic interactions between the redox-
mediating core and the polar doped carbon framework. Comprehensive
electrochemical analyses—including Li,S precipitation studies, symmet-
ric cell CV, DFT adsorption modeling, and in situ EIS/DRT analysis—
reveal that the MNPG interlayer not only accelerates polysulfide conver-
sion but also regulates ion and electron transport at the interface. As a
result, the cell with MNPG PP delivers a high specific capacity of 1549
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mAh g_1 at 0.1 C, retains 802 mAh g_1 at 5.0 C, and maintains
81.1% capacity retention after 200 cycles. This work presents a scalable
and versatile interfacial design strategy that integrates redox enhance-
ment with diffusion control, offering new insights into the rational
engineering of functional layers for high-performance LSBs.

4. Experimental Section

Synthesis of MNPG PP, MG PP, and G PP: To synthesize MNPG, 0.75 mmol of
phosphomolybdic acid (H;PMo4,0,0) was dissolved in 100 mL of deionized (DI)
water and stirred for 5 min. Then, 40 mL of a 0.5 wt% graphene oxide (GO) solu-
tion was added and stirred for 30 min (Solution A). Separately, 1200 L of pyrrole
was dispersed in 25 mL of ethanol and sonicated for 30 min (Solution B). While
maintaining vigorous stirring of Solution A, Solution B was added dropwise, fol-
lowed by continuous stirring for 5 h. The resulting black solution was transferred
into a Teflon-lined autoclave and subjected to hydrothermal treatment at 180 °C
for 12 h. After natural cooling to room temperature, the product was washed
with ethanol and DI water until a neutral pH was achieved via centrifugation.
The washed sample was then freeze-dried for 72 h. The obtained powder was
heat-treated at 900 °C for 2h under an argon atmosphere to yield the final
MNPG product. The MG composite was synthesized following the same proce-
dure as MNPG, using ammonium heptamolybdate ((NH;)sM0,0,4) as the
molybdenum precursor instead of phosphomolybdic acid, and glucose as the car-
bon source in place of pyrrole. For the preparation of reduced graphene oxide
(G), 5g of GO dispersion (2 wt%) was mixed with 5g of hypophosphorus acid
(H5PO,, 50 wt% aqueous solution) and 5 g of iodine (I,) in 150 mL of DI water, as
followed by stirring for 30 min. The mixture was then kept at 80 °C for 24 h. The
resulting product was thoroughly washed with DI water until the filtrate reached
a neutral pH, yielding the final G after freeze-drying for 72 hours.

To fabricate MNPG-PP, MNPG and PVDF were mixed at a weight ratio of 1:9
and dispersed in N-methyl-2-pyrrolidone (NMP). The resulting solution was
vacuum-filtered onto a polypropylene (PP) separator to achieve a coating mass
loading of 0.5 mgcm ™2 The sample was then dried overnight in an oven to
obtain MNPG-coated PP (MNPG-PP). Similarly, MG PP and G PP were prepared
using the same coating procedure.

Materials characterization: The high-resolution scanning electron micros-
copy (HR SEM, MERLIN) and transmission electron microscopy (TEM, Libra 200
HT Mc Cs, 200 kV) images were collected to determine the microstructure. The
X-ray diffraction (XRD, D8, Bruker) was analyzed in a 20 range of from 5° to 85°
to obtain inherent peaks. Raman spectroscopy (SENTERRA Raman) was used with
a 532 nm laser to confirm structural properties. Thermogravimetric analysis (TGA,
SDT Q600) was measured at a heating rate of 10 °C min~"in N, gas.

Electrode preparation and electrochemical measurements: The sulfur active
material was prepared by mixing carbon nanotubes (CNTs) with sulfur at a
weight ratio of 1:3, followed by melt-diffusion at 155 °C for 12 h under argon to
yield CNT=S. A slurry was then prepared by dispersing CNT-S (80 wt%), PVDF
(10 wt%), and carbon black (10 wt%) in NMP. This slurry was cast onto alumi-
num foil using a doctor blade to achieve an areal loading of 2 mgcm™2 and dried
overnight at 80 °C to fabricate CNT-S cathodes. Coin cells (CR2032 type) were
assembled using lithium metal as the anode, MNPG-PP as the separator, and
CNT-S as the cathode. The electrolyte consisted of 1m LiTFSI dissolved in a 1:1
(v/v) mixture of 1,3-dioxolane and 1,2-dimethoxyethane with 2 wt% LiINO; addi-
tive. The specific capacity was calculated based on 1C =1675mA g™ ".

Li,S nucleation test and Li,Ss symmetric cell test: To prepare the MNPG
electrode, MNPG (80 wt%), PVDF (10 wt%), and carbon black (10 wt%) were dis-
persed in NMP to form a slurry. The slurry was coated onto aluminum foil using
a doctor blade to a loading of 1mgcm ™2 and dried overnight at 80 °C. For the
Li,S nucleation test, 30 pL of 0.5m Li,Sg-containing electrolyte was added to
the cathode side and 30 pL of Li,Sg-free electrolyte to the anode side. The cell
was first discharged galvanostatically to 2.10V at 0.05 C, followed by potentio-
static discharge at 2.10 V to monitor Li,S nucleation and growth. For the Li,S¢
symmetric cell test, the same MNPG electrode was assembled into a symmetric
cell configuration with 30 pL of 0.5m Li,Se-containing electrolyte. The cell was
tested in a voltage range of —1to 1V.

Computational details: Density functional theory (DFT) calculations were
performed with the Vienna Ab initio Simulation Package (VASP).* Projector-

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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augmented wave pseudopotentials were used with a plane-wave basis set, as
implemented in VASP.**] Perdew—Burke—Ernzerhof's (PBE) parametrization of
the generalized gradient approximation (GGA) was used.*? A 2 x 2 x 1 k-point
grid was used for DFT calculations to calculate the Mo,C surface. For more accu-
rate calculation results for van der Waals interaction between lithium polysulfide
and substrate, the DFT-D3 correction method was considered in this study.* A

(8]

10
kinetic energy cutoff of as 500 eV was used in all the calculations, and the overall {11}
structure was optimized until the force in the unit cell converged to within
003eVA~". (2]
In situ distribution of relaxation times analysis: Galvanostatic discharge was
conducted for 10 minutes, followed by a 30-minute relaxation step. After each
relaxation step, electrochemical impedance spectroscopy (EIS) was measured over (13]
a frequency range from 1 x 10° Hz to 001 Hz using a Bio-Logic VMP3 potentios-
tat/galvanostat. The DRT analysis was carried out using an open-source MATLAB
code, ' where Tikhonov regularization was applied along with a Gaussian-based (14]
discretization approach. Both real and imaginary parts of the impedance spectra
were included in the fitting, while inductive components were excluded. A first-
order derivative regularization was used with the regularization parameter set to [15]
11073, Radial basis functions with a full width at half-maximum (FWHM) of
0.5 were employed, enabling accurate fitting of the DRT spectra. [16]
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