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Boosting Polysulfide Conversion on Fe-Doped Nickel
Diselenide Toward Robust Lithium–Sulfur Batteries

Junshan Li, Jing Yu, Yong Zhang, Canhuang Li,* Yi Ma, Huan Ge, Ning Jian, Luming Li,
Chao Yue Zhang, Jin Yuan Zhou,* Jordi Arbiol,* and Andreu Cabot*

Sulfur offers a high-energy-density, low-cost, and sustainable alternative to tra-
ditional battery cathodes, but its practical use is limited by sluggish and uneven
reaction and polysulfide dissolution, necessitating electrocatalytic additives to
enhance conversion efficiency. Generating unpaired spin electrons has proven
effective in enhancing performance in Co-based electrocatalysts. These un-
paired electrons increase polysulfide conversion by enhancing adsorption and
weakening S─S bonds, facilitating their cleavage during sulfur reduction reac-
tions. This work extends the strategy to Fe–Ni-based catalysts. The synthesis of
NiSe2 and Fe-doped NiSe2 particles is reported and investigate the impact of Fe
doping on the electronic structure, catalytic activity, and performance of NiSe2
is introduced as a coating on the cathode side of the Li–S battery (LSB) separa-
tor. Experimental analyses and first-principles calculations reveal that Fe-rich
cores and surface doping in NiSe2 enhance the density of states at the Fermi
level and introduce unpaired electrons, boosting LiPS adsorption and catalytic
conversion. These synergistic effects significantly improve the catalytic perfor-
mance, cycling stability, and overall performance of LSB cells. Specifically, LSB
cells based on Fe-doped NiSe2-based separators achieve specific capacities
of 1483 mAh g−1 at 0.1C and 1085 mAh g−1 at 1C, along with remarkable
cycling stability, retaining 84.4% capacity after 800 cycles. High sulfur-loading
tests further validate the multifunctional membrane’s effectiveness,
showing significant capacity retention and reduced polysulfide loss.
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1. Introduction

Lithium–sulfur batteries (LSBs) are widely
regarded as one of the most promising
next-generation energy storage technolo-
gies due to the abundance and low cost
of sulfur as a cathode material, combined
with its high theoretical specific capac-
ity (1675 mAh g−1) and energy density
(2600 Wh kg−1).[1–6] Despite these advan-
tages, the commercialization of LSBs is
hindered by several challenges, including
the insulating nature of both the charged
(S8) and discharged (Li2S) cathode materi-
als and sluggish Li-S reaction kinetics.[7–9]

These issues limit charge/discharge rates,
reduce the utilization of active material,
and impair cycling stability. These chal-
lenges are further compounded by active
material loss due to lithium polysulfide
(LiPS) dissolution and inhomogeneous nu-
cleation of solid phases.[10–12] Furthermore,
the migration of LiPSs to the anode causes
corrosion and eventual battery failure.
To address the issue of poor electri-

cal conductivity, carbon-based materials are
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Figure 1. a) Schematic representation of the FeSe2@NiSe2 synthetic procedure and SEM image of the obtained material. b) XRD patterns of NiSe2 and
FeSe2@NiSe2 samples.

commonly employed as sulfur hosts.[13] Additionally, the incor-
poration of additives able to trap LiPSs while simultaneously ac-
celerating their conversion is critical for mitigating their migra-
tion and enhancing LSB stability.[14] These additives can be incor-
porated either into the cathode composite material or applied to
the cathode side of the separator. The latter approach simplifies
cell manufacturing while delivering comparable or even superior
performance.[8,9]

Extensive research has focused on developing efficient cat-
alytic additives for LSBs, particularly those based on 3d tran-
sition metal oxides,[2,15–17] nitrides,[18–21] phosphides,[22–24] and
chalcogenides.[25–29] Beyond compositional tuning, the perfor-
mance of these materials can be significantly enhanced through
approaches such as doping, heterostructure design, defect en-
gineering, and morphology control to optimize electronic states
and promote sulfur redox reactions (SRRs).[30–32]

We, along with others, have demonstrated that generating un-
paired spin electrons within Li–S catalysts is an effective strategy
to enhance their performance.[33–38] This phenomenon has been
investigated using diverse approaches, such as the application
of external magnetic fields,[33] the design of heterostructures,[35]

and the introduction of atomic vacancies,[34] particularly in Co-
based catalysts. The enhanced catalytic activity arises from the
increased adsorption of LiPSs, facilitated by the higher density
of unpaired electrons generated at the 3d bands of Co.[34] These
unpaired electrons not only strengthen the interaction with LiPS

but also weaken the S─S bonds, thereby promoting their cleavage
during the sulfur reduction reaction.[33]

In this work, we present a significant advancement in this di-
rection by extending the strategy to cost-effective Fe-Ni-based cat-
alysts synthesized via a simple one-step solution process. Specif-
ically, we report the synthesis of NiSe2 and Fe-doped NiSe2
particles and their introduction as a coated layer on the cath-
ode side of the LSB cell separator. Comprehensive experimen-
tal analyses, supported by density functional theory (DFT) cal-
culations, are used to explore the effects of Fe doping on the
electronic structure, polysulfide affinity, and catalytic activity of
NiSe2, as well as their influence on the cycling stability and
overall performance of LSB cells equipped with the modified
separators.

2. Results and Discussion

NiSe2 and Fe-modified NiSe2 particles were synthesized using
a one-step hydrothermal method, as illustrated in Figure 1a.
Briefly, aqueous solutions of selenium, nickel, and eventually 5
at% of iron in hydrazine were mixed and hydrothermally pro-
cessed at 180 °C for 16 h in a sealed autoclave (details pro-
vided in the Experimental Section in the Supporting Informa-
tion, SI). The resulting particles exhibited a quasi-cubic morphol-
ogy with an average size of 100 ± 30 nm, as observed by scan-
ning electron microscopy (SEM) analysis (Figure 1a; Figure S1,
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Figure 2. a) HAADF-STEM image of the FeSe2@NiSe2 core-shell nanoparticles and the corresponding particle size histogram. b) EELS-STEM compo-
sitional maps (left and middle panel)and the corresponding line scan (right panel). c) Atomic resolution HAADF STEM image along the [011] crystallo-
graphic axis showing the BBABB (A = Ni = red, B = Se = blue) atomic arrangement of the NiSe2 shell crystal structure. d) Atomic resolution HAADF
STEM image along the [100] crystallographic axis displaying a stacking fault, and e) its corresponding GPA analysis.

Supporting Information). The incorporation of iron did not sig-
nificantly alter the particle morphology. X-ray diffraction (XRD)
analysis confirmed the crystallographic phase of the powders as
cubic NiSe2 (JCPDSNo. 96-153-7618, Figure 1b).

[39] A slight peak
shift to higher diffraction angles, indicating lattice contraction,
was observed upon the addition of iron.[40–42] No additional peaks
were obtained on the Fe-doped sample. Energy dispersive X-ray
spectroscopy (EDS) analysis showed the overall composition of
the final material to match the nominal amounts of Fe and Ni
introduced (Figure S2, Supporting Information).
X-ray photoelectron spectroscopy (XPS) provided further in-

sights into the chemical environments of the elements (Figure
S3, Supporting Information). The Ni 2p3/2 XPS spectrum dis-
plays main peaks at 852.7 and 855.1 eV, corresponding to Ni in
Ni–Se and Ni–O environments, respectively.[43–45] An additional
satellite peak at 860.2 eV is also observed. The Se 3d spectra re-
veal two doublets, indicative of Se2− in the Ni–Se lattice along-
side a Se–O chemical environment. A small amount of Fe was
detected at the surface of the particles. The Fe 2p3/2 spectrum
exhibits peaks at 705.9 and 712.1 eV, associated with Fe-Se and
Fe–O chemical states, respectively.[42] The introduction of iron
caused shifts to lower binding energies in both Ni 2p and Se
3d spectra, suggesting changes in the electronic environment of
these elements. The oxygen-based chemical states of Ni, Fe, and
Se are likely due to surface oxidation from air exposure during
sample preparation for XPS analysis.[46–48] These findings collec-
tively confirm the successful incorporation of iron into the NiSe2
lattice and highlight its influence on the material’s structural and
electronic properties.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) analysis confirmed the quasi-cubic
morphology and size of the particles (Figure 2a). Electron energy
loss spectroscopy (EELS) elemental mapping revealed a distinct
core-shell architecture, with a Fe-rich core surrounded by a NiSe2
shell (Figure 2b left and middle panels). Line scans illustrate the
variation in metal ratios across two particles shown in Figure 2b
right panel, while a more intuitive 2D elemental distribution is
presented in Figure S4 (Supporting Information). The core size
and shell thickness are estimated at ≈40 and 30 nm, respectively.
Near the particle surface, the Ni ratio is close to 1, indicating a
minor Fe concentration in the shell, and decreases to ≈0.68 to-
ward the core. Assuming all the Fe is concentrated within the
particle core, the introduced Fe atomic ratio (Ni/Fe = 19) corre-
sponds to a pure FeSe2 core with an estimated size of ≈37 nm
within a 100 nm particle. This configuration would result in a
calculated Ni concentration of ≈0.63. These estimations are con-
sistent with the dimensions and Ni concentration observed in the
electron microscopy analysis, suggesting that the core predomi-
nantly consists of FeSe2 with minor Ni incorporation.
Detailed structural analysis of the cubic NiSe2 phase, viewed

along the [011] crystallographic axis (Figure 2c), revealed a
BBABB (A=Ni, B=Se) atomic arrangement. Although selenium
has a slightly higher atomic number, the Ni atomic columns
appear brighter in HAADF STEM images due to their higher
atomic density. To investigate the influence of Fe doping on the
crystal structure, geometric phase analysis (GPA) was performed
onHAADF STEM images viewed along the [100] crystallographic
axis (Figure 2d,e; Figure S5, Supporting Information). This
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Figure 3. a) Optical images of the polysulfide solutions after overnight interaction with different adsorbents. b,c) DOS and PDOS of NiSe2 and
FeSe2@NiSe2. d,e) Spin polarization for surface Fe and Ni. f) Spin density of NiSe2 and FeSe2@NiSe2. Yellow = spin-up and blue = spin-down. The
isosurface level of spin density is 0.001 e/a0

3. g) M–H curve of NiSe2 and FeSe2@NiSe2 particles at room temperature. h,i) Relaxed Li2S6-adsorbed
structures on the surface of NiSe2 and FeSe2@NiSe2. Brown = Fe; Grey = Ni; Green = Se.

analysis highlighted the presence of stacking faults, likely intro-
duced by structural defects during crystal growth.
Li2S4 adsorption experiments were conducted to assess the

LiPS trapping capabilities of the NiSe2 and FeSe2@NiSe2 par-
ticles. Equal amounts of each material were introduced into
5 mM Li2S6 solutions and left undisturbed overnight. A high-
conductivity carbon material, Super P, was also tested as a ref-
erence. After the adsorption period, optical images (Figure 3a)
revealed that the Li2S4 solution retained a deep orange color,

while the solutions containing NiSe2 and Super P exhibited a
lighter yellowish color, and the solution containing FeSe2@NiSe2
was nearly transparent. Further evidence of the reduced LiPS
concentration in solution was provided by UV-vis spectroscopy
(Figure S6, Supporting Information). The characteristic absorp-
tion band of Li2S4 observed between 350 nm and 400 nm, was no-
tably diminished in the presence of the adsorbentmaterials.Most
prominently, the solution containing FeSe2@NiSe2 exhibited
minimal UV-vis absorption peaks, indicating a strong adsorption
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capacity that effectively removed Li2S4 from the solution. These
findings highlight the superior performance of FeSe2@NiSe2
in polysulfide adsorption, suggesting that the FeSe2 core and
Fe doping enhance the interaction of the NiSe2 surface with
polysulfides.[49]

Figure S7 (Supporting Information) presents the Ni 2p, Se 3d,
and Fe 2p XPS spectra of NiSe2 and FeSe2@NiSe2 after the LiPS
adsorption tests. The spectra for each element exhibit two distinct
contributions: one corresponding to the lattice environment and
another to a surface oxidized state. Notably, all the spectra show
a slight shift following LiPS adsorption, as compared to the data
in Figure S3 (Supporting Information). This shift is attributed
to the interaction between the catalyst’s surface sites and Li2S4,
reorganizing electronic density.[50]

DFT calculations were used to analyze the electronic structure
of the material and its influence on the interaction between the
host materials and LiPSs.[51–53] The presence of Fe introduces
a large density of states (DOS) at the Fermi level (Figure 3b,c).
Quantitively, the d-band center of the FeSe2@NiSe2 is calculated
to be at −0.556 eV, closer to the Fermi level compared to NiSe2
(−1.035 eV). This shift increases the probability of electrons fill-
ing the antibonding orbital, thereby enhancing the adsorption
of LiPSs and promoting the deposition of Li2S.

[15,54] In paral-
lel, the presence of Fe introduces a significant asymmetry in the
electron spin configuration, as seen in Figure 3d,e, resulting in
up to 24% increase in spin polarization at surface metal sites.
Figure 3f further illustrates the enhanced density of unpaired
electrons due to Fe incorporation and their localization. This re-
sult is corroborated by magnetization measurements at room
temperature, which reveal that Fe addition significantly increases
thematerial’s magnetization (Figure 3g). This result is consistent
with the weaker Ni satellite peaks observed in the XPS spectra of
FeSe2@NiSe2 compared to NiSe2 that also suggests higher mag-
netic susceptibility in the FeSe2@NiSe2 system (Figure S3, Sup-
porting Information).
Figure 3h shows the Li2S6 adsorption configuration on a pure

NiSe2 surface and a Fe-doped NiSe2 surface grown over FeSe2.
The DFT results revealed that the Li2S, Li2S2, Li2S4, Li2S6, and
Li2S8 binding energy on the FeSe2@NiSe2 is higher than that of
NiSe2 (Figure 3h,i). Specifically, the adsorption energies of Li2S,
Li2S2, Li2S4, Li2S6 and Li2S8 on FeSe2@NiSe2 were calculated
at −0.393,−0.859,−1.344,−0.279, and −0.821 eV, which are sig-
nificantly larger than the values obtained on the NiSe2 surface
(−0.119,−0.686, −0.871,−0.252, and−0.252 eV).
To assess the electrocatalytic activity toward the conversion of

polysulfides, symmetric cells containing 0.5 m Li2S6 electrolyte
were assembled and tested using cyclic voltammetry (CV) in the
voltage range of -1 to 1 V. As can be seen inFigure 4a, the symmet-
ric cell based on FeSe2@NiSe2 electrodes exhibited larger current
densities, indicating a higher electrochemical activity for the con-
version of polysulfides.
Subsequently, coin-type cells based on a S@Super P cathode,

a Li anode, and a polypropylene (PP) membrane coated with the
NiSe2 or FeSe2@NiSe2 catalyst at the cathode side as the separa-
tor were assembled and tested (see details in the SI and Figure
S8, Supporting Information). Figure 4b shows the galvanostatic
charge-discharge (GCD) profiles under a constant current of the
NiSe2/PP and FeSe2@NiSe2/PP cells and a reference cell with an
uncoated PP separator, thus containing no catalyst. GCD profiles

display one charge plateau and two distinct discharge plateaus.
The first discharge plateau, from 2.4 to 2.1 V, yields a capacity
Q1, which corresponds to the reduction of S8 to Li2S4 (S8 + 4Li+ +
4e−→2Li2S4). The second discharge plateau, occurring between
2.1 and 1.7 V, yields capacity Q2 and is associated with the reduc-
tion of Li2S4 to insoluble lithium sulfide (2Li2S4 + 12Li+ +12e−
→8Li2S). As displayed in Figure 3b, the FeSe2@NiSe2/PP cell ex-
hibited a discharge capacity of 1484mAh g−1, which is well above
the capacities of the NiSe2/PP cell at 1186 mAh g−1 and that of
the catalyst-free cell at 885 mAh g−1.
The potential difference, ΔE, between the charge and dis-

charge curves at 50% of the discharge capacity is commonly de-
fined as the polarization potential of the LSBs.[55–57] This metric
provides a quantitative assessment of the LiPS conversion kinet-
ics. The cell with the FeSe2@NiSe2/PP separator exhibited a re-
duced polarization voltage of ΔE = 150 mV, which is lower than
that observed for cells with the NiSe2/PP (ΔE = 160 mV) and PP
(ΔE = 168 mV) separators (Figure 4c).
The electrocatalytic performance of the catalysts was further

evaluated by analyzing the capacity ratio between the two re-
duction plateaus, Q2/Q1. Ideally, this ratio should approach 3,
as Q1 corresponds to a 4-electron reduction reaction and Q2
to a 12-electron reduction reaction.[58–60] However, in practical
applications, lower Q2/Q1 ratios are commonly observed due
to the incomplete reduction of Li2S, often resulting in the for-
mation of partially discharged Li2S2 products and the migra-
tion of LiPSs to the negative electrode. This reduces the active
material available at the cathode. As shown in Figure 4c, cells
with FeSe2@NiSe2/PP separators achieved an exceptionally high
Q2/Q1 ratio of 2.6, surpassing those with NiSe2/PP separators
(2.4) and catalyst-free PP separators (2.1). These findings demon-
strate that the presence of Fe significantly enhances the redox ki-
netics of the Li–S reaction.
To gain deeper insights into the electrochemical processes dur-

ing battery cycling, the CV curves of the assembled cells are
presented in Figure 4d. Each curve features a single oxidation
peak (Peak III) and two reduction peaks (Peaks I and II), corre-
sponding to the S to Li2S conversion reactions, consistent with
the charge-discharge profiles.[61] A comparison of the two cells
reveals that the one utilizing the FeSe2@NiSe/PP separator ex-
hibits the highest peak current density and the most pronounced
onset potentials for both reduction and oxidation (Figure 4d,e).
These observations align with the polarization voltage results,
highlighting the superior electrocatalytic performance of the
FeSe2@NiSe2/PP separator.
As the scan rate increases from 0.1 to 0.4 mV s−1 (Figure 4f;

Figure S9, Supporting Information), the reduction peaks shift to
more negative potentials, while the oxidation peak shifts to more
positive potentials, reflecting an increase in polarization voltage.
Notably, cells equipped with FeSe2@NiSe2/PP separators exhibit
significantly higher current densities and reduced polarization
voltage compared to their counterparts in the entire scan rate
range. The linear relationship observed between the peak current
and the square root of the scan rate indicates that the reactions are
diffusion-controlled. This behavior allows the estimation of the
lithium-ion (Li+) diffusion coefficient using the Randles–Ševčík
equation:[62]

Ip =
(
2.69 ∗ 105

)
n1.5ADLi+

0.5CLi+v
0.5 (1)
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Figure 4. a) CV profiles of symmetrical cells withNiSe2 and FeSe2@NiSe2 electrodes using an electrolyte containing 0.5m Li2S6 and 1M LiTFSI dissolved
in DOL/DME (v/v = 1/1). b) GCD profiles of cells based on NiSe2/PP or FeSe2@NiSe2/PP separators at the current rate of 0.1 C. c) ΔE and Q2/Q1
values derived from GCD profiles. d) CV profiles of Li-S coin cells with different separators. e) Peak voltages obtained from CV curves with different
separators. f) CV curves of FeSe2@NiSe2/PP cells at various scan rates from 0.1 to 0.4 mV s−1. g) Potentiostatic discharge profile of Li2S nucleation at
2.05 V on different materials with Li2S8 catholyte. h) Relative energy distribution of various reacting species along the reaction pathway on the NiSe2
and FeSe2@NiSe2 surface.

where Ip is the peak current, n is the number of electrons trans-
ferred, A is the electrode’s area, DLi

+ is the Li+ diffusion coeffi-
cient, CLi

+ is the Li+ concentration in the electrolyte, and 𝜈 is the
scan rate.
Figure 4f shows that cells with FeSe2@NiSe2/PP membranes

have the steepest slopes across all three reaction peaks, indi-
cating the highest Li+ diffusion rate. As shown in Figure S10
(Supporting Information), for Peaks I, II, and III, the Li+ diffu-
sion coefficients in FeSe2@NiSe2/PP cells are 7.2 × 10−7, 2.5 ×
10−7, and 4.5 × 10−7 cm2 s−1, substantially higher than those for
NiSe2/PP cells (5.7 × 10−7, 2.2 × 10−7, and 4.0 × 10−7 cm2 s−1).
These are related to the electrolyte viscosity, which increases with
LiPS accumulation, and the formation of insulating Li2S/Li2S2

layers on electrodes, both strongly affecting Li+ diffusivity.[63] The
higher diffusion coefficients observed in FeSe2@NiSe2/PP cells
further confirm that iron presence enhances the Li–S reaction
and effectively traps LiPS.
Li2S deposition experiments were used as an additional

quantitative measure of the catalytic activity of different active
materials.[57] In this case, FeSe2@NiSe2 and NiSe2 were tested
as electrode materials (see details in the SI). The FeSe2@NiSe2-
based electrode exhibits a higher current response during con-
stant potential polarization at 2.05 V, as shown in Figure 4g. Ac-
cording to Faraday’s law (Q = I t, where Q, I, and t represent
capacity, discharge current, and time, respectively),[64] the depo-
sition capacity of FeSe2@NiSe2 (165 mAh g−1) is significantly

Adv. Funct. Mater. 2025, 35, 2501485 2501485 (6 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a,b) Rate performances of PP, NiSe2/PP, and FeSe2@NiSe2/PP cells. b) GCD curves of FeSe2@NiSe2/PP cells at current rates from 0.1 to
5C c) Capacity retention of PP, NiSe2/PP, and FeSe2@NiSe2/PP cells at 1C over 800 cycles. d) Cycling stability of FeSe2@NiSe2/PP cell at 3C over 800
cycles. e) Cycling stability of a FeSe2@NiSe2/PP cell with high sulfur loading and lean electrolyte conditions. f) SEM image and EDS of lithium foil
disassembled from a coin cell based on NiSe2/PP and FeSe2@NiSe2/PP separators.

larger than that of NiSe2 (126 mAh g−1). Thus, nucleation exper-
iments also indicate that the Fe presence effectively reduces the
reaction barrier for Li2S nucleation, thereby promoting the com-
plete conversion of LiPS.
DFT calculations were further used to compare the Gibbs free

energy evolution of the sulfur reduction reaction on the surface of
FeSe2@NiSe2 and NiSe2. The optimized model and free energy
distribution of polysulfide intermediates are shown in Figure 4h.
The first step of the sulfur lithiation pathway is the reaction of two
Li+ with S8 to form Li2S8, followed by a subsequent reduction
to Li2S6, Li2S4, Li2S2, and finally Li2S. As can be seen from the
first step, the formation of Li2S8 was enhanced with the presence
of Fe. Besides, the energy barrier for the rate-limiting step, the
conversion of Li2S2 to Li2S was lower for FeSe2@NiSe2, at 1.66
eV, than for NiSe2, at 1.76 eV.
Figure 5a displays the rate performance of cells based

on FeSe2@NiSe2/PP and NiSe2/PP separators in the current
density range of 0.1C to 5C. FeSe2@NiSe2/PP cells consis-
tently exhibit the highest discharge-specific capacities. Notably,
FeSe2@NiSe2/PP cells display a remarkable capacity of 1483
mAh g−1 in the initial discharge at 0.1C and maintain a high spe-
cific capacity up 1154, 963, 880, 810, 754, and 624 mAh g−1 at

0.2C, 0.5C, 1.0C, 2.0C, 3.0C, and 5.0C (Figure 5b), higher than
that obtained from the NiSe2 and catalyst-free cells (Figure S11,
Supporting Information). When the current rate is set to 0.2C
again, the cell still delivers a substantial specific capacity of 1000
mAh g−1, demonstrating excellent stability. The electrochemical
cycling performance of the pure catalysts shows it does not con-
tribute to the capacity, with no additional voltage plateau appear-
ing during the battery cycling in Figure S12 (Supporting Infor-
mation). Also, the XRD patterns of the separator before and after
the rate cycling (Figure S13, Supporting Information) confirm
that the catalyst was stable during the electrochemical process,
without phase change or generation of additional phases.
Figure 5c displays the cycling performance of different elec-

trodes at a 1C current rate. The FeSe2@NiSe2/PP cell exhibits the
highest capacity over continuous 800 cycles. Specifically, it has an
initial discharge capacity of ≈1085 mAh g−1 at 1C, and it retains
84.4% of its initial capacity after 800 cycles. The decay in cycling
performance is similar to the NiSe2-based cell. Thus, we selected
the FeSe2@NiSe2/PP multifunctional separator to assess its cy-
cling performance at 3C. As shown in Figure 5d, after a few ini-
tial activation cycles at 0.1C, the FeSe2@NiSe2/PP cell delivers a
discharge specific capacity of 1613 mAh g−1, and even after 800

Adv. Funct. Mater. 2025, 35, 2501485 2501485 (7 of 9) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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cycles, the specific capacity was found to be 495 mAh g−1, corre-
sponding to an average decay rate of 0.55% per cycle.
To achieve the high energy density needed for practical applica-

tions, increasing the sulfur loading is essential. Consequently, a
series of electrochemical tests were performed on cells equipped
with a FeSe2@NiSe2/PP membrane under high sulfur load-
ing conditions (3.34 mg g−1). Figure 5e displays the cycling
performance, which demonstrates an initial discharge capacity
of 940 mAh g−1 at 0.1C, stabilizing after over 100 continuous cy-
cles at 564 mAh g−1.
SEM characterization revealed a rough and cracked surface

on the lithium metal recovered from the NiSe2-based cell, at-
tributed to lithium dendrite growth and LiPS-related corro-
sion. In contrast, the lithium metal electrode retrieved from the
FeSe2@NiSe2/PP cell showed a smooth, even surface with min-
imal cracks. Subsequent EDX compositional mapping indicated
significantly lower sulfur content on the Li foil recovered from
the FeSe2@NiSe2/PP cell compared to the lithium foil extracted
from the NiSe2 cell, as shown in Figure 5f.

3. Conclusion

In summary, we successfully synthesized Fe-doped NiSe2 par-
ticles containing a Fe-rich core via a one-step hydrothermal
method and investigated their application as electrocatalysts
on the cathode side of a PP separator in LSBs. Electrochemi-
cal performance tests demonstrated that FeSe2@NiSe2/PP cells
achieved outstanding rate capabilities and cycling stability, with
specific capacities of 1483 mAh g−1 at 0.1C and 1085 mAh g−1

at 1C. Remarkably, the cells retained 84.4% of their capacity after
800 cycles, highlighting their long-term durability. Even under
high sulfur loading, the electrode exhibited excellent capacities
and stable cycling performance. DFT calculations revealed that
the substantial DOS at the Fermi level, coupled with the addi-
tional unpaired electrons generated by the Fe-rich core and Fe
doping on the NiSe2 surface, significantly enhanced the bind-
ing affinity for LiPSs. This, in turn, facilitated efficient sulfur
redox reactions, accelerating the Li-S reaction kinetics. The in-
creased binding energies for LiPSs due to Fe doping were also
confirmed, further validating its role in improving catalytic ac-
tivity. This study highlights the potential of Fe-activated NiSe2
particles as robust electrocatalysts for LSBs, offering a promis-
ing pathway toward the development of next-generation energy
storage technologies.
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