RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Dual-Functional Phosphorus-Doped Iron Single-Atom
Catalyst on Reduced Graphene Oxide for Efficient
Lithium—Sulfur Batteries: Simultaneous Polysulfides
Trapping/Catalysis and Lithium Deposition Regulation

Abdul Hameed Pato, Longtao Ren,* Imran Ali Chandio, Qiaoli Zhang, Yizhe Li,
Jinrui Liang, Mengchao Li, Safdar Abbas, Elhussein Desoki Helal, and Wen Liu*

The development of high-performance lithium-sulfur (Li-S) batteries

is hindered by the complex interplay of lithium polysulfides (LiPSs) shuttle
effects and uncontrolled lithium dendrite growth. Herein, we introduce

a dual-functional—phosphorus-doped iron single-atom catalysts on reduced
graphene oxide (Fe-NPC@rGO)—to address both issues. Density functional
theory (DFT) and experiments reveal that Fe-NPC@rGO enhances sulfur
redox kinetics and regulates lithium deposition. The Fe~NPC high charge
density and enhanced electron transfer (vs. Fe—~N4) enable Fe—-NPC@rGO to
trap polysulfides (LiPSs) and boost their conversion, reducing shuttle effects.
Simultaneously, its lithiophilic properties enable uniform Li plating, inhibiting
dendrites. Li-S cells with Fe~-NPC@GO modified separators deliver a high
discharge capacity of 1156 mAh g—1 at 1 C, with an exceptionally low-capacity
decay of 0.032% per cycle over 1000 cycles. Moreover, full Li-S battery config-
uration (Fe—NPC@rGO-Li||Fe—NPC@rGO-PP||ROCNT-S) achieves high areal
capacity of 4.9 mAh cm—2 at 5 mg cm—2 sulfur loading, low electrolyte to
sulfur (E/S) ratio of 6 uL mg—1, and an ultralow negative to positive (N/P) ratio
of 1.2. These findings provide valuable insights into the structural optimization
of electrocatalysts and underscore the significant potential of Fe~NPC@rGO in
advancing the electrochemical performance of next-generation Li-S batteries.

1. Introduction

The lithium-sulfur (Li-S) battery system is widely considered as
one of the most promising candidates for next-generation energy
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storage technologies, owing to its high theo-
retical specific capacities (1675 mAh g~ for
sulfur and 3860 mAh g~ for lithium), low
mass densities (2.07 g cm~? for sulfur and
0.534 g cm~3 for lithium), and environmen-
tal compatibility.'3] However, despite these
advantages, the commercialization of Li-S
batteries is severely hindered by a range of
technical challenges associated with both
the sulfur cathode and the lithium metal
anode.*% On the cathode side, the insulat-
ing nature of elemental sulfur and lithium
sulfide (Li,S), the shuttle effect of long-
chain lithium polysulfides (LiPSs, Li,S,,
4 < n < 8), and substantial volume ex-
pansion lead to sluggish reaction kinetics,
low sulfur utilization, and a shortened cy-
cle life.”! At the same time, the lithium
metal anode suffers from uncontrolled den-
drite growth and infinite volume expan-
sion, which pose significant safety concerns
and result in low Coulombic efficiency
(CE).[1%12] These challenges underscore the
urgent need for innovative design strategies
that address both the cathode and anode to
enable the development of more sustainable, efficient, and stable
Li-S Datteries.[1>-1°]

Significant research has focused on addressing Li-S battery
challenges through innovative cathode and anode engineering.
For the cathode, strategies include sulfur encapsulation, 8]
separator modification,['>?°] binder optimization,[?!) and elec-
trolyte enhancements.[??] Separator modification with polar ma-
terials (e.g., metals, metal compounds, and heteroatom-doped
carbon) has been particularly effective in anchoring polysulfides
chemically while maintaining ionic conductivity.?*?*! However,
excessive inactive materials often reduce energy density limiting
the overall performance of the batteries, compared to theoreti-
cal values. On the anode side, key approaches involve lithiophilic
hosts,[?] electrolyte additives,[?*?’] and artificial SEI layers.?!
Carbon nanostructures integrated with lithiophilic catalysts (e.g.,
transition metals) show promise for uniform lithium deposition
but often suffer from high mass density, poor conductivity, and
insufficient nucleation sites.2-1] Additionally, conventional Li-S
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Scheme 1. Dual-functional Fe-NPC@rGO electrocatalyst showing fast LiPSs conversion and uniform lithium deposition in advanced Li-S batteries.

Dbatteries use excess lithium, lowering energy density and mask-
ing true cycling performance.[33?] These challenges underscore
the need for integrated solutions that simultaneously optimize
both electrodes while meeting commercial energy density re-
quirements. Recent advances in multifunctional interlayers, hy-
brid electrolytes, and integrated electrode designs offer promis-
ing pathways to overcome these limitations and advance Li-S bat-
tery development.

A transformative approach involves dual-functional single-
atom catalysts (SACs), which offer maximum atom utilization ef-
ficiency, well-defined coordination environments, and uniformly
dispersed active sites, making them ideally suited to overcome
the persistent limitations of Li-S systems.[*33¢ While most SACs
to date have focused on traditional M—-N, configurations, these
often exhibit limited LiPSs adsorption capacity and fail to ensure
uniform lithium deposition, which limits their overall effective-
ness. Recent advances suggest that asymmetrically coordinated
SACs, which feature irregular geometric structures and elec-
tronic redistribution, could significantly improve catalytic per-
formance by enhancing the adsorption and conversion of re-
action intermediates.’’*%) This highlight the urgent need for
dual-functional SACs that can simultaneously address the chal-
lenges of sulfur side (LiPSs confinement and fast conversion) and
lithium metal side (dendrite suppression). The ability of these
dual-functional catalysts to simultaneously mitigate the LiPSs
shuttle effect and suppress dendrite growth is essential for the
next generation Li—S battery systems. However, their integration
must be coupled with system-level optimizations, including ul-
trathin lithium anodes (<50 um), high-sulfur-loading cathodes
(>5 mg cm™2), and lean electrolyte conditions (E/S ratio <3 pL
mg~1), to overcome the energy-density—cycle-life trade-off.[*#0]

Herein, we present a facile synthesis method for dual-
functional phosphorus-doped iron single-atom catalysts (Fe—
NPC) anchored on reduced graphene oxide (rGO), creating
a dual-functional nanoreactor (Fe-NPC@rGO) for advanced
lithium-sulfur (Li-S) batteries. The material features uniformly
dispersed Fe single atoms in a P-coordinated configuration (Fe-
N-P-C) within a conductive rGO matrix, confirmed by advanced
microscopy and spectroscopy. Density functional theory (DFT)
and experiments reveal that Fe-NPC@rGO exhibits both lithio-
philic and sulfiphilic properties, enabling efficient sulfur redox
catalysis and regulated lithium deposition. As a separator modi-
fier, Fe-NPC@rGO strongly adsorbs and catalyzes lithium poly-
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sulfides (LiPSs) (Scheme 1), delivering a high discharge capacity
of 1156 mAh g~! at 1 C with an ultralow decay rate of 0.032% per
cycle over 1000 cycles. Likewise, as a lithium host, it promotes
uniform Li nucleation, suppressing dendrites due to its excel-
lent lithiophilic properties. A full battery with Fe—-NPC@rGO-
Li||[Fe-NPC@rGO-PP||[ROCNT/S achieves a high areal capacity
of 4.9 mAh cm~2 under high sulfur loading (5 mg cm~2), low
electrolyte/sulfur ratio (6 pL mg~!), and minimal N/P ratio (1.2).
Additionally, a pouch cell also displays a high reversible capacity
of 976 mA h g! over 50 cycles at 0.2 C. The outstanding per-
formance stems from the synergistic effects of: (i) the atomic-
level dispersion of Fe active sites maximizing catalytic efficiency;
(ii) the P-doped coordination environment optimizing electronic
structure for both LiPSs conversion and Li deposition; and (iii)
the conductive rGO network ensuring efficient electron trans-
port throughout charge/discharge processes. This work demon-
strates the potential of dual-functional single-atom catalysts for
high-energy Li-S batteries and offers design principles for mul-
tifunctional electrocatalysts in complex energy systems.

2. Results and Discussion

2.1. Fabrication and Characterization of Fe—NPC@rGO

As illustrated in Figure 1a, Fe—NPC@rGO was synthesized
through a straightforward and efficient method. Typically, red
phosphorus and formamide (FA) were used as the phospho-
rus and carbon/nitrogen sources, respectively, while graphene
oxide (GO) functioned as the substrate. The synthesis involved
a solvothermal treatment at 180 °C, followed by inert anneal-
ing at 900 °C. During the solvothermal process, red phospho-
rous was oxidized by Fe** and underwent a Shiff-base reaction
with FA, facilitating the incorporation of phosphorus near the
Fe-N, moiety.[*!] Meanwhile, a significant amount of Zn?* was
introduced into the system to isolate the Fe sites; these ions
were subsequently reduced to metallic Zn nanoclusters and evap-
orated at the high pyrolysis temperature of 900 °C. Addition-
ally, GO was reduced to rGO, partially restoring its high con-
ductivity. Transmission electron microscopy (TEM) images of
Fe—-NPC@1rGO and Fe—NC@rGO (Figure 1b; Figure S1, Sup-
porting Information) clearly show the absence of Fe-derived
nanoparticles or clusters on the wrinkled surface of rGO. Cor-
responding element mapping (Figure 1c) reveals the uniform
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Figure 1. Preparation scheme and characterizations for Fe—=NPC@rGO. a) Scheme of the fabrication process of Fe—NPC@rGO. b) TEM image, c)
elemental mapping images, and d) HAADF-STEM image of Fe—NPC@rGO. e) High resolution XPS spectra of P 2p, f) Fe K-edge XANES spectra, g) Fe
K-edge FT-EXAFS spectra, and h) FT-EXAFS R-space fitting curve of Fe in Fe=NPC@rGO. i) Wavelet transform EXAFS contour plots of Fe—=NPC, Fe, O3,

Fe foil, and FePc.

distribution of Fe, P, N, and C on the rGO substrate. Pow-
der X-ray diffraction (XRD) patterns (Figure S2, Supporting In-
formation) confirm the presence of a purely carbon matrix,
with no detectable metal particles in the Fe—NPC@rGO and
Fe—NC@rGO.[*?] Furthermore, aberration-corrected high angle
angular dark field-scanning transmission electron microscopy
(HAADF-STEM) images (Figure 1d) show a uniform dispersion
of bright dots on rGO, confirming successful fabrication of a
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monodispersed atomic catalystin Fe=NPC@rGO. Importantly, a
high specific surface area (SSA) and a hierarchical micro/meso-
porous structure are critical for facilitating fast redox kinetics, ac-
commodating high sulfur loading, and ensuring efficient elec-
trolyte infiltration.l*”] Brunauer-Emmett-Teller (BET) analysis re-
veals that Fe-NPC@GO exhibits a significantly higher SSA (287
m? g~1) compared to Fe-NC@GO (203 m? g~!). Furthermore,
Barrett-Joyner-Halenda (BJH) pore size distribution confirms
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the presence of abundant micropores and mesopores in Fe—
NPC@GO, which enhance active site accessibility and ion trans-
port. The larger pore volume compared to Fe-NC@rGO fur-
ther supports improved sulfur utilization and reduced polysul-
fide shuttling, leading to superior cycling stability and rate capa-
bility (Figure S3, Supporting Information).

To elucidate the local structure and coordination environ-
ment of Fe-NPC@rGO, we conducted comprehensive analy-
sis using X-ray photoelectron spectroscopy (XPS), X-ray absorp-
tion near—edge structure (XANES), and extended X-ray absorp-
tion fine structure (EXAFS) techniques. The P 2p XPS spectra
of Fe—NPC@rGO (Figure le) exhibit two prominent peaks at
140.0 eV and 132.9 eV, corresponding to P—N and P—C bonds,
respectively, !} indicating successful incorporation of phospho-
rus into carbon matrix with significant P—N bonding. Addition-
ally, analysis of the Fe 2p XPS spectra indicates presence of metal
species in their ionic forms (Figure S4, Supporting Informa-
tion). Furthermore, inductively coupled plasma optical emission
spectroscopy (ICP-OES) was employed to determine the content
of Fe atoms in Fe—-NC@rGO (3.14 wt%) and Fe—NPC@rGO
(4.29 wt%). The Fe K-edge XANES spectra (Figure 1f) were
benchmarked against reference spectra of Fe foil, Fe,0,;, and
iron phthalocyanine (FePc), revealing that the Fe species in
Fe—NPC@rGO possess a mixed valence state between +2 and
+3.144%] Further insight into the Fe coordination environment
was obtained through Fourier transform analysis of EXAFS (FT-
EXAFS), which showed a dominant peak at 1.45 A, attributed to
Fe-N coordination in the first shell, with no detectable Fe—Fe
bonding (Figure 1g). The absence of Fe—Fe bonding corrobo-
rates the atomic dispersion of Fe sites within the rGO matrix.
Detailed EXAFS fitting (Figure 1h and Table S1, Supporting In-
formation) confirmed that each Fe atom is coordinated by four
N atoms, forming an Fe-N4 moiety, while phosphorus doping is
evidenced by the Fe-N-P—C configuration. To further delineate
the coordination environment, wavelet transform (WT) EXAFS
analysis was employed, providing a nuanced visualization of scat-
tering contribution in both k and R space. As shown in Figure 1i,
the WT-EXAFS contour plots for Fe—=NPC@rGO distinctly differ
from those of Fe foil, aligning more closely with FePc, thus re-
inforcing the absence of Fe—Fe bonds and the presence of Fe-N
coordination. In exploring the feasibility of phosphorus doping,
DFT calculations were conducted to evaluate the formation ener-
gies of seven potential P-doping sites (Figures S5,S6, Supporting
Information). The results identified the Fe-N-P—C configuration
(referred to as P1) as the most thermodynamically favorable, con-
sistent with experimental observations. These findings substanti-
ate the atomic dispersion of Fe-N,—P sites and validate the strate-
gic incorporation of phosphorus, significantly advancing our un-
derstanding of the local structural environment in single-atom
catalysts (SACs).

2.2. Adsorption and Electrocatalytic Effects of Fe—NPC@rGO on
LiPSs

To evaluate the sulfur trapping capabilities of Fe=NPC@1GO, we
conducted a visual adsorption test by immersing equal masses
of various samples in a Li,S, solution (dissolved in DOL/DME)
for 6 hours. Remarkably, the Fe—NPC@rGO sample transformed
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the solution color from yellow to nearly transparent, whereas
the Fe—=NC@rGO sample only caused a color transition to pale
yellow. This stark contrast highlights the superior adsorption
capacity of Fe—NPC@rGO. UV/vis spectra (Figure 2a) further
corroborate this observation, demonstrating that Fe=NPC@rGO
has a stronger chemical affinity and higher adsorption ca-
pacity for LiPSs. Investigating the intrinsic catalytic effects of
Fe—NPC@rGO and Fe—NC@rGO on the conversion of LiPSs,
we measured cyclic voltammetry (CV) profiles of Li, S, symmet-
rical cells. These cells used identical electrodes for both the cath-
ode and anode, with 0.1M Li,S, electrolyte as the active mate-
rials. As shown in Figure 2b, the CV profiles display two pairs
of redox peaks, corresponding to the reversible conversions be-
tween Sg, Li,S, and Li,S. Compared to the Fe—NPC@rGO elec-
trode, the symmetric cell using the Fe—NC@rGO electrode ex-
hibits a lower current response with no distinct redox peaks and
a higher voltage hysteresis between the cathode and anode po-
tentials. This observation indicates that Fe—=NPC@1rGO exhibits
superior catalytic effects on the electrochemical conversion of
LiPSs, likely due to the induced P in Fe—N, moiety. The reduction
of liquid Li,S, to solid Li,S, which accounts for three-quarters
of the theoretical capacity, is crucial for ensuring high sulfur
utilization.[*®] To evaluate the Li,S nucleation, potentiostatic mea-
surements were performed using carbon paper electrodes coated
with Fe—=NPC@rGO and Fe—NC@rGO as cathodes. As shown
in Figure 2c, the Fe—-NPC@rGO electrode facilitated accumu-
lated Li,S precipitation capacities up to 378 mAh g, signifi-
cantly surpassing 292 mAh g~! observed for Fe—=NC@rGO. This
substantial improvement highlights the superior capability of
Fe—NPC@1GO in reducing the energy barrier for LiPSs conver-
sion and promoting Li, S nucleation and growth. These findings
highlight the potential of Fe—~NPC@1GO as an effective material
for enhancing sulfur utilization and improving the overall per-
formance of Li—S batteries through efficient sulfur trapping and
conversion processes.

XPS was utilized to explore the interaction between LiPSs
and Fe-NPC@rGO. Figure 2d displays the high-resolution N 1s
XPS spectra, revealing the presence of pyridinic N, pyrrolic N,
graphitic N, and N-O groups in Fe-NPC@rGO, with pyridine be-
ing dominant. This pyridinic N is known to coordinate with metal
ions.?>37] In the Fe 2p spectra (Figure 2e,f), both Fe—~NC@rGO
and Fe—~NPC@rGO exhibit the characteristic peaks of Fe 2p;,
and Fe 2p,, orbitals. Notably, Fe~NPC@rGO are shifted by 0.3
eV toward lower binding energies compared to Fe—-NC@1GO,
indicating that the incorporation of phosphorus leads to a higher
proportion of Fe in a reduced state. Upon adsorption of Li,S,,
the Fe 2p peaks in Fe—NPC@rGO and Fe—NC@rGO shift fur-
ther by 0.7 and 0.4 eV, respectively, toward lower binding en-
ergies. This suggests that the neighboring incorporation of P
atom results in a greater proportion of Fe components in their
reduced states in Fe—=NPC@rGO. The S 2p spectra (Figure 2g)
show a 1:2 ratio of the 2p;, contributions at 161.7 eV and 163.1
eV, which corresponded to terminal (S;7') and bridging sulfur
(Sg?) atoms, respectively.[*”] The S 2p peaks of Fe—NPC@rGO
appear at higher binding energies compared to those of Li, S, on
Fe—NC@rGO, further confirming stronger chemical interaction
between Fe—NPC@rGO and Li, S,.

To validate the practical applicability of Fe-NPC@rGO, we
engineered a functional separator by coating the composite

© 2025 Wiley-VCH GmbH

85Us017 SUOWWOD BAIER1D 3|qedtjdde ayy Aq peusencb a1e s8o1Le VO ‘88N JO S9INI 10} A%Iq1T 8UIUQ AB]IM UO (SUOHIPUOD-PUR-SUIB)/LLI0D B | 1M ARIq 1 feUl|UO//SdY) SUOTIPUOD PUe SWLB | 811 88S *[S5202/20/7T] uo Ariqitauliuo Ajim ‘ABojouyoe | Ansiweyd jo Aisieaun Builieg Aq 96505202 11LS/Z00T OT/I0P/WoD A8 | im ARl jpul|uoy/:sdny wouy pepeojumod ‘0 ‘62895T9T


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

Q

www.small-journal.com

—3,Li,S,

Absorbance (a.u.)
Current (A)
o
o
8
2

—— 1, Fe-NPC@rGO 0.0010{ —— Fe-NPC@rGO 0.151 [ JFe-NC@rGO
—— 2, Fe-NC@rGO — Fe-NC@rGO
0.101

292 mAh g

$0.15] [ ]Fe-NPC@rGO
-0.0005 1 30.10
] 378 mAh g’
-0.0010 0.05 ¢
T T T T T T T 0.00
400 500 600 700 -1.0 -0.5 0.0 0.5 1.0 0 5 10 15 20
Wavelength (nm) Voltage (V) Time (x10% s)
d N 1s Pyridinic € [Fe2p Fop,  To2Pw f
Pyrrolic-N
5 | CraphiticN e e
8 [ NOse s 8
2 e £ 2
% |Fe-NC@rGO £ 2
C ) C
8 o o
s £ 8=
Fe-NPC@rGO Fe-NC@rGO-Li,S, Fe-NPC@rGO-Li,Sq
406 404 402 400 398 396 394 730 725 720 715 710 705 730 725 720 715 710 705
Binding energy (eV) Binding energy (eV) Binding energy (eV)

S2p

5min .

Li,Ss

Intensity (a.u.)

Sulfate .
Fe-NPC@rGO-Li,S; o
170 168 166 164 162 160
Binding energy (eV)

Figure 2. Demonstration of the strong interaction of LiPSs with Fe—NPC
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@rGO. a) UV-vis spectroscopy of Li,Sg solutions (the inset is the digital

photographs of the Li,S¢ solution after adding Fe=NPC@rGO and Fe—NC@rGO for 6 h). b) CV curves of symmetric cells from —0.8 to 0.8 V at a scan
rate of 0.1 mV s~ ¢) Li,S nucleation test for Fe=NPC@rGO and Fe—NC@rGO. XPS study of Fe=NPC@rGO and Fe—NC@rGO samples before and
after interacting with Li,Sg. XPS spectrum of d) N 1s, e, f) Fe 2p, and g) S 2p. h) Diffusion tests of LiPSs with bare, Fe=NC@rGO, and Fe—-NPC@rGO

modified separators.

materials on to a commercial Celgard polypropylene (PP) sepa-
rator (areal loading: 0.45 mg cm~2) (Figure S7, Supporting In-
formation). The resulting Fe—NPC@rGO/PP separator presents
favorable flexibility and durability, without crack or delamina-
tion after bending and restoring (Figure S8, Supporting Infor-
mation). H-cell diffusion tests with 5 mM Li,S, electrolyte re-
vealed striking differences in LiPSs blocking capability. As shown
in Figure 2h, LiPSs easily escape through bare separator, turn-
ing the right chamber completely yellow after 48 hours. The
Fe—NC@rGO/PP separator mitigated LiPSs shuttling to some
extent, there was still significant diffusion of LiPSs from left
chamber to pure electrolyte in the right chamber. In sharp
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contrast, the Fe~NPC@rGO/PP separator exhibited impressive
LiPSs blocking capability, maintaining the right chamber color-
less and transparent after long time diffusion test, validating its
effectiveness in preventing polysulfide shuttling and enhancing
the stability of Li—S batteries.

To elucidate the electrocatalytic mechanism of phosphorus-
modulated Fe—N, sites toward LiPSs, systematic density func-
tional theory (DFT) calculations were conducted with van
der Waals corrections (DFT-D3 method) to account for non-
covalent interactions. Two representative models were con-
structed, i) Fe—N,—P coordinated structure (Fe—NPC) mimick-
ing the phosphorus-doped configuration and ii) conventional

(50f 11) © 2025 Wiley-VCH GmbH
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f) Energy profiles for the reduction of LiPSs on Fe—NC and Fe—NPC.

Fe—N, structure (Fe—NC) as the reference (Figure 3a). The ad-
sorption energetics were quantitatively evaluated through bind-
ing energy (Eb) calculations: Eb = Esubstrate + E1i2Sx - EliZSx@substrate’
where Erepresents the total energy of each component. As shown
in Figure 3b; Figure S9 (Supporting Information), Fe—NPC ex-
hibits 30-68% stronger binding energies (1.7-2.73 eV) with vari-
ous LiPSs compared to Fe—NC (1.01-2.1 eV), demonstrating sig-
nificantly enhanced chemisorption capability. Figure 3c shows
the charge density difference plot of Li,S and Li, S, adsorbed on
Fe—NC and Fe—NPC, respectively. The charge distribution pat-
tern reveals enhanced electron accumulation between Li, S/Li, S,
and Fe—NPC. This intensified electron donation originates from
the P-induced electronic structure modulation, where the neigh-
boring P atoms lowers the Fe-3d band center, facilitating electron
migration to antibonding orbitals of Li—S species. Projected den-
sity of states (PDOS) analysis further confirms strengthened in-
terfacial interactions. The hybridized states between S-3p and Fe-
3d orbitals near the Fermi level (-1.5 to 0.5 eV) show 38% greater
orbital overlap in Fe-NPC compared to Fe—NC (Figure 3d), sug-
gests faster electron transfer between the Fe—N,—P sites and
Li, S, thus facilitating the accelerated electrochemical conversion
of LiPSs.
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The decomposition energy barriers on different substrates
were computed using climbing-image nudged elastic band (CI-
NEB) method. Fe—NPC reduces the Li,S dissociation barrier to
1.14 eV versus 1.61 eV for Fe—NC (Figure 3e), indicating 29.2%
lower activation energy for Li—S bond cleavage.[*®] Gibbs free en-
ergy profiles (Figure 3f) unveil the rate-limiting step (RDS) is
the transition from *Li,S, to *Li,S.*! The Gibbs free energy
for RDS is substantially lower on Fe—NPC (0.49 eV) compare
to that of Fe-NC (0.66 V), indicates that the reduction of sulfur
is more favorable on Fe—NPC. This thermodynamic facilitation
aligns well with experimental symmetric CV and Li, S nucleation
tests, which contributes to the high sulfur utilization and excel-
lent cyclic stability of Li—S batteries.

Li-S coin cells were assembled with lithium metal foil anodes,
ROCNT-S composite cathodes, and functionalized separators
(bare PP, Fe—NC@1rGO/PP, or Fe—~NPC@rGO/PP). CV analysis
at 0.1 mV S~! reveals critical kinetic differences (Figure 4a):

Reduction process:

Peak C; (2.30 V) : Solid — liquid conversion

(S = Li,S,,4 < x < 8) (1)
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Figure 4. Electrochemical performance of Li—S cells using different separators. a) CV curves of Li-S cells at a scanning rate of 0.1 mV s~ in a volt-
age range of 1.7-2.8 V. b) CV curves of Fe=NPC@rGO cell. c) Electrochemical impedance spectra of the Li-S cells. d) Cyclic performance at 0.2 C,
e) charge/discharge profiles, f) rate performance at various cycling rates, g) long-term cycling performance at 1 C of the Li—S cells using different

separators. h) Cycling performance of Fe=NPC@rGO cells with high sulfur loading and low E/S ratio at 0.2 C.

Peak C, (2.05 V) : Solid — sate nucleation (Li,S, — Li,S,/Li,S) (2)

Oxidation process:

Peak A, /A, (2.35/2.45 V): Delithiation of Li,S through short-
chain LiPSs intermediates.

Notably, the CV profile of the Fe~NPC@rGO separator ex-
hibits the highest current density and the lowest voltage gap
compared to Fe—NC@rGO, confirming significantly enhanced
conversion kinetics of sulfur species. Furthermore, the redox
peaks in CV curves for the Fe~NPC@rGO separator remain al-
most overlapping across the first, second, third, and fourth cycles
(Figure 4D), indicating a highly reversible redox reaction and ex-
cellent cycling stability. Electrochemical impedance spectroscopy
(EIS) results, shown in Figure 4c, reveal a smaller interfacial
charge transfer resistance for the cell using Fe—NPC@rGO
separator, indicating faster electron and lithium-ion
transport.

The electrochemical superiority of Fe—NPC@rGO was sys-
tematically evaluated in Li—S coin cells configured with sulfur
cathodes (2 mg cm™2) and different separators. At 0.2 C, cells
employing the Fe—NPC@rGO separator delivered an initial
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discharge capacity up to 1313 mAh g=! with 90.9% retention
after 100 cycles (1193 mAh g™'), significantly outperforming
Fe—NC@rGO (82.4%) and bare PP (66%), corresponding to
capacity decay rates of 0.091%, 0.176%, and 0.34% per cy-
cle, respectively (Figure 4d). This enhanced cyclability stems
from the synergistic effects of strong LiPSs chemisorption on
Fe-NPC@rGO (DFT: 2.05 eV binding energy for Li,S;) and
accelerated conversion kinetics, as evidenced by the reduction in
charge-discharge voltage hysteresis (Figure 4e). Rate capability
testing revealed exceptional sulfur utilization across current den-
sities, maintaining 42.5% capacity at 3.0 C (670 vs. 1576 mAh g*
at 0.1 C) with 98.4% polarization recovery upon reverting to 0.5
C (1232 mAh g™!, Figure 4f). The corresponding galvanostatic
charge—discharge curves at different current densities are shown
in Figure S10 (Supporting Information). Long term cycling at 1.0
C (Figure 4g) demonstrated unprecedented stability for the cells
using Fe—NPC@rGO modified separator, retaining 76.5% of
initial capacity (1061 mAh g=?) after 1000 cycles with a negligible
decay rate of 0.032% per cycle—metrics that surpass state-of-the-
art metal-nitrogen-carbon catalysts (Tables S2,S3, Supporting
Information). In contrast, the cell with the Fe—NC@rGO
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Figure 5. Lithium dendrite suppression of Fe—NPC@rGO. a) Voltage profiles for Li plating-stripping (Insets are amplified galvanostatic discharge
curves). b) Corresponding voltage profiles of the different electrodes under a deposition capacity of 2.0 mAh cm~2 at 6 mA cm™2. c) Coulombic efficiencies
of Li||Cu half cells with the Li deposition capacities of 1 mA cm™2 and current density of 1mAcm™2. d) Rate performances of the symmetric cells at
different current densities from 0.5 to 5 mA cm~2. Cycling performance of symmetric cells using Fe=NPC@rGO~-Li, Fe—~NC@rGO-Li, and Cu—Lie) 1
mA cm~2, f) 2 mA cm~2, and g) 10 mA cm~2. h) Binding energy of Li with Fe—=NC and Fe—NPC. The charge density difference of Li atom adsorption on

i) Fe=NC and j) Fe—NPC.

separator exhibits a gravimetric capacity of 930 mAh g=!, with
a capacity fading rate of 0.041% per cycle. Practical viability
was further validated under stringent conditions: At elevated
sulfur loadings (4.7 and 6.5 mg cm™2) and lean electrolyte (E/S
= 6 pL mg™!), the system achieved a high areal capacity of 4
and 5.5 mAh cm=2 at 0.2 C with 100 stable cycles (Figure 4h).
These collective advance Fe-NPC@rGO as a transformative sep-
arator technology that concurrently address sulfur utilization,
reaction kinetics, and scalability challenges in practical Li—S
batteries.
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2.3. Lithium Dendrite Suppression of Fe—NPC@rGO

The Fe—NPC@1rGO architecture demonstrates unprecedented
dual functionality in Li—S batteries, simultaneously address-
ing LiPSs shuttling and lithium dendrite growth. As shown in
Figure 5a, Fe—NPC@1rGO exhibits the lowest overpotential for
Li nucleation (24 mV), 48% and 63% lower than Fe—-NC@rGO
(46 mV) and planar Cu (65 mV), respectively. Furthermore,
Fe—NPC@rGO presents the least polarization among the three
electrodes in voltage-capacity comparison (Figure 5b), with a
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steady overpotential of just 40 mV. These results suggest that
Fe—-NPC@rGO can rapidly absorb Li ions, while preventing Li
atoms from migrating freely through the steric effect, thereby
promoting homogeneous lithium deposition and ultimately sup-
pressing Li dendrite formation. The Coulombic efficiency (CE)
of Li||Cu half-cells was used to study the stability of Li metal
anodes. As shown in Figure 5c, the CE of Li plating at a cur-
rent density of 1mAcm™ and a capacity of 1 mAh cm™ on
the Fe—NPC@rGO electrode stabilizes at 98.2% after 600 cy-
cles, whereas the Fe—NC@rGO electrode stabilizes at 97.6% after
400 cycles. The planar Cu electrode shows a lower CE of 93.3%
after 300 cycles, due to irreversible Li depletion from the for-
mation of unstable SEI or “dead Li”. Notably, at a current den-
sity of 0.5 mA cm~2, the Fe—NPC@rGO electrode maintains an
average CE of 98.5% after 900 cycles (Figure S11, Supporting
Information).

The rate performance of the Fe—NPC@rGO-Li electrode
was tested at a fixed capacity of 0.5 mAhcm™ with current
densities ranging from 0.5 to 5 mAcm= in symmetric cells
(Figure 5d). The Fe-NPC@rGO—Li electrode exhibits stable
cycling with a consistent voltage plateau at 5 mAcm™2, at-
tributed to its ability to promote homogeneous lithium depo-
sition. To further verify the electrochemical cycling stability of
the Fe—NPC@rGO-Li electrode, the interfacial stability of the
Li metal anode during repeating charge/discharge processes was
tested. As shown in Figure 5e, the Fe~-NPC@rGO-Li symmet-
rical cell exhibits stable cycle over 2200h, with a steady volt-
age during the charge/discharge process at a current density
of ImAcm™ and a plating capacity of 1 mAhcm=. In con-
trast, the Fe—NC@rGO-Li (1300 h) and Cu-Li electrodes (250
h) show limited cycling life with fluctuating voltage hysteresis,
attributed to dendrite formation and “dead Li” accumulation
during the lithium plating/stripping process. At a higher cur-
rent density of 2.0 mA cm™ and a plating capacity of 2 mAh
cm~?, the Fe—=NPC@rGO-Li symmetrical cell demonstrated ro-
bust cycling stability for over 1200 h, while Fe—NC@rGO-Li
and Cu-Li electrodes survived only 600 and 300 h, respectively
(Figure 5f). Notably, at higher current densities of 10.0 mA cm~2
and a plating capacity of 10 mAh cm~2, the Fe~NPC@rGO-Li
electrode maintains a stable voltage plateau and low over-
potential, further demonstrating that Fe—NPC@rGO effectively
regulates Li deposition and suppresses dendrite formation
(Figure 5g).

The Li deposition behavior varied significantly across the three
hosts (Cu-Li, Fe~NC@rGO-Li, and Fe-NPC@rGO-Li). To an-
alyze surface morphology deposition behavior, different hosts
Li-Li symmetric cells were assembled and examined via SEM
imaging at 1.0 mA ¢cm~2/1.0 mAh cm~2. The Cu-Li host ex-
hibited severe degradation, with porous and dendritic Li de-
posits (Figure S12a, Supporting Information). In contrast, the
Fe—-NC@rGO-Li host demonstrated improved uniformity due
to its conductive nitrogen-doped carbon framework, which fa-
cilitated better Li* distribution. However, after prolonged cy-
cling, a coarse surface and eventual dendrite formation was ob-
served (Figure S12b, Supporting Information). Remarkably, the
Fe—NPC@rGO-Li host maintained a smooth and dense Li mor-
phology after 100 h (Figure S12c, Supporting Information). The
key difference lies in phosphorus doping, which enhances lithio-
philicity through strong Li-N interactions. Additionally, the N, P-
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coordinated Fe sites contribute to a more stable artificial SEI,
preventing electrolyte decomposition and reducing inhomoge-
neous Li* flux. This functionality—and interfacial stabilization—
explains the superior cycling stability of Fe—NPC@rGO com-
pared to its undoped counterpart (Fe-NC@rGO) and the uncon-
trolled Cu-Li system.

To evaluate the feasibility of practical application, we fabri-
cated full cells with Fe~=NPC@rGO-Li anodes (3 mAh cm) and
LiFePO, (LFP) cathodes. As shown in Figure S13 (Supporting In-
formation), the Fe=NPC@rGO-Li||LFP cell shows excellent rate
performance. The Fe—NPC@rGO-Li||LFP full cells deliver re-
versible capacities of 169, 158, 146, 132, and 102mAh g™! at 0.1,
0.5, 1, 2, and 5 C rates, respectively. When the rate is restored to
1 C, the specific capacity almost recovers to the original value, in-
dicating that Fe—NPC@rGO-Li anode increases the utilization
rate of Li metal, thereby improving cell reversibility. Even at a
high current density of 3 C, the Fe—=NPC@rGO-Li||LFP full bat-
tery still delivers a high reversible capacity of 143 mAh g~!, main-
taining 114 mAh g=! after 500 cycles with a capacity fading rate
0f 0.041% per cycle (Figure S14, Supporting Information). These
results underscore the effectiveness of Fe—NPC@rGO in en-
hancing the performance and durability of Li metal batteries,
even under demanding conditions. Furthermore, DFT calcula-
tions demonstrate that the Li adsorption energy on Fe—NPC
(—2.25 eV) is greater than that on Fe—NC (—1.86 eV) (Figure 5h).
The charge density difference analysis (Figure 5i,j) reveals that Li
atoms prefer to nucleate around the Fe—N,—P sites, indicating
that Fe—NPC provides sufficient Li nucleation sites for uniform
Li deposition.

2.4. Performance of
Fe—NPC@rGO-Li||[Fe—NPC@rGO-PP||ROCNT-S Full Battery

Based on the well-designed properties of dual-functional
nanoreactors for both the separator and the anode, the de-
veloped Fe—NPC@rGO-Li anode, Fe—NPC@rGO separator,
and ROCNT-S cathode were coupled as a Li-S full battery
(Fe—=NPC@rGO-Li||[Fe—NPC@rGO-PP||ROCNT-S) to indicate
their potential for practical applications. A key factor for achiev-
ing high performance in the battery industry is a low area ca-
pacity ratio of the negative to positive electrodes (N/P). The
Fe—NPC@rGO-Li anode with a capacity of 10 mA h cm=2 was
paired with the ROCNT-S cathode with a mass loading of 2 mg
cm~2 (3.3 mA h cm™2) in full batteries (Figure 6a). The full cell
with a low N/P ratio of 3 showed excellent cycling performance
at 1 C, which maintained 76.2% of the original discharge capac-
ity after 300 cycles. For practical high-energy-density Li-S batter-
ies, a high S loading cathode, low N/P ratio, and lean electrolytes
are essential. [l To further demonstrate the superiority of the
Fe—-NPC@rGO-Li||[Fe—NPC@rGO-PP||ROCNT-S full battery, a
low electrolyte-to-sulfur (E/S) ratio of 6 pL mg™', and high sulfur
areal loadings of 3.7 and 5 mg cm 2, corresponding N/P ratios of
1.6 and 1.2, respectively, were assembled. As shown in Figure 6D,
areal capacities of 3.3 and 4.9 mAh cm~2 were achieved, with su-
perior cycling stability over 100 cycles and nearly 100% Coulom-
bic efficiency at 3.7 and 5 mg cm™, respectively. This demon-
strated higher sulfur utilization and enhanced electrochemical
kinetics in the full batteries. To further explore the practical
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Figure 6. Electrochemical performance of Fe=NPC@rGO-Li||Fe—NPC@rGO-PP||[ROCNT-S full battery. a) Long-term cycling performance of full cell with
low E/S ratio at 1 C. b) Cycling performance of full cells with high sulfur loading, low E/S ratio, and low N/P ratio at 0.2 C. c) Cycling performance of a
Li—S pouch cell at 0.2 C (the inset demonstrates the digital picture of Li-S pouch cell powering LED lights).

applicability of Fe~NPC@rGO-Li separator and Fe—NPC@rGO-
Lianode, a Li-S pouch cell was fabricated. Notably, the pouch cell
delivered a reversible capacity of 976 mA h g=! over 50 cycles at
0.2 C (Figure 6¢), which was capable of powering a set of LED
lights displaying the “BUCT” logo with ease.

3. Conclusion

In summary, this work establishes phosphorus-doped Fe-N,
single-atom catalysts (SACs, Fe-NPC@rGO) as dual func-
tional electrocatalyst revolutionizing Li-S battery architecture.
Through electronic structure engineering, Fe-NPC@rGO con-
currently addresses two fundamental challenges: 1) Strong LiPSs
chemisorption (2.05 eV binding energy) and efficient catalysis
(0.49 eV barrier in RDS), which enables sulfur cathode with a
high discharge capacity of 1156 mAh g~! and 1000-cycle stability
at 1 C with 0.032% decay rate, and 2) lithiophilic nucleation sites
drive dendrite free operation even at ultrahigh current density (10
mA cm™2). The integrated Fe~NPC@rGO-Li||Fe—NPC@rGO-
PP||[ROCNT-S full cell achieves paradigm-shifting metrics—high
areal capacity of 4.9 mAh cm™2 at N/P = 1.2 and E/S = 6—
while pouch cell validation (976 mA h g=! over 50 cycles at 0.2
C) bridges laboratory innovation to commercial viability. This
cathode/anode optimization strategy with dual functional SACs
electrocatalyst opens avenues for developing energy-dense, lean-
electrolyte battery systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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