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Amorphous High Entropy Alloy Nanosheets Enabling

Robust Li-S Batteries

Ren He, Seungho Lee, Yang Ding, Chen Huang, Xuan Lu, Lirong Zheng, Ao Yu,
Chaoyue Zhang, Canhuang Li, Xiaoyu Bi, Yagiang Li, Yaqi Liao, Junshan Li,
Ahmad Ostovari Moghaddam, Salimov Yernar, Ying Xu, Maria Ibdfiez, Chaoqi Zhang,*

Linlin Yang,* Yingtang Zhou,* and Andreu Cabot*

High-entropy alloys (HEAs) show great potential for catalyzing complex multi-
step reactions, but optimizing their parameters, i.e., composition, but also their
crystallinity and morphology, remains a significant challenge. In this study, Fe-
CoNiMoW HEAs are synthesized into either amorphous nanosheets (HEANS)
or crystalline nanoparticles (HEANP), which are then used to catalyze the
lithium—sulfur (Li-S) reaction of Li-S batteries (LSBs). Evaluations in symmetric
cells, coin cells, and pouch cells reveal that HEANS significantly enhance LSB
performance, achieving initial discharge capacities up to 1632 mAh g='. The
batteries also exhibit excellent cycling stability over 1000 cycles at 3Cand main-
tain high-rate performance up to 10C with a capacity of 614 mAh g='. Compre-
hensive in situ analyses and density functional theory calculations demonstrate
that amorphous HEANS provide more active sites, better ionic conductivity
and stronger chemical interactions with lithium polysulfides (LiPS). These
properties effectively suppress the shuttle effect, promote the complete S; —
Li,S conversion by reducing the impedance of the solid-electrolyte interphase,
and accelerate the Li,S, — Li,S, step by lowering the nucleation energy barrier.
Overall, this study highlights the superior catalytic properties of amorphous 2D
HEAs in LSBs and offers new insights into the mechanisms of LiPS conversion.

1. Introduction

Rechargeable lithium—sulfur (Li-S) batter-
ies (LSBs) are a high-energy density al-
ternative to conventional Li-ion batteries.[!]
The Li-S conversion reaction at their cath-
ode offers a potential energy density of
2600 Wh kg™! and a specific capacity of
1675 mAh g='. However, achieving full Sg
« Li,S conversion during extended charge-
discharge cycles remains a formidable chal-
lenge. The difficulty arises from the elec-
trically insulating character of both solid
sulfur and 1i,S, the sluggish Li-S re-
dox kinetics, and the solubility of lithium
polysulfide (LiPS) in the commonly used
ether-based electrolytes.!?l These challenges
are exacerbated by the high sulfur areal
loadings needed for practical applications.

Due to the inherently complex nature
of Li-S reactions, which involve multi-
ple intermediate species and sequential
chemical and redox steps,’] maximizing

R. He, C. Huang, X. Lu, A. Yu, C. Zhang, X. Bi, L. Yang, A. Cabot
Catalonia Institute for Energy Research — IREC

Sant Adria de Besos, Barcelona 08930, Spain

E-mail: lyang@irec.cat; acabot@irec.cat

R.He, C. Huang, A. Yu, C. Li, X. Bi, L. Yang

Universitat de Barcelona

Barcelona 08028, Spain

S. Lee, M. Ibafiez

Institute of Science and Technology Austria (ISTA)

Am Campus 1, Klosterneuburg 3400, Austria

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202513859

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202513859

Adv. Funct. Mater. 2026, 36, e13859 e13859 (1 of 14)

Y. Ding, Y. Xu

Hebei Key Lab of Optic-electronic Information and Materials
College of Physics Science and Technology

Hebei University

Baoding 071002, China

X. Lu

Universitat Politécnica de Catalunya

Campus Diagonal Sud, Edificio PC (Pavell6 C). Av. Diagonal, 647,
Barcelona 08028, Spain

L. Zheng

Institute of High Energy Physics

Chinese Academy of Sciences

Beijing 100049, P. R. China

Y. Li, C. Zhang

Fuzhou University

Fuzhou, Fujian 350116, P. R. China

E-mail: chaoqizhang@fzu.edu.cn

Y. Liao

State Key Laboratory of Material Processing and Die and Mold Technology
School of Materials Science and Engineering

Huazhong University of Science and Technology

Wuhan 430074, P. R. China

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:lyang@irec.cat
mailto:acabot@irec.cat
https://doi.org/10.1002/adfm.202513859
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chaoqizhang@fzu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202513859&domain=pdf&date_stamp=2025-08-06

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

their kinetics requires catalytic materials that offer diverse sur-
face adsorption sites and tunable electronic energy levels.l
These catalysts can be integrated either directly into the sulfur
cathode or introduced at the cathode-facing side of the separator,
i.e., at the electrolyte-cathode interphase, where the Li-S redox
reactions primarily occur. The latter strategy allows for simplify-
ing the cathode composition, thereby facilitating its optimization
and reducing overall manufacturing costs.”’

High-entropy alloys (HEAs), which incorporate five or more
principal metals, emerge as ideal catalysts to accelerate the Li-
S reaction in LSBs, thereby enhancing battery performance.®
The heterogeneous nature of HEAs provides multiple surface el-
emental sites.”] Besides, the differences in atomic radii and elec-
tronegativity among these elements lead to significant lattice dis-
tortions and defects,®! which extend the range of electronic en-
ergy levels available on the material surface and create localized
regions of charge accumulation and depletion that can be effec-
tive for trapping and converting LiPS, further facilitating the Li-S
reaction.l”]

We have recently demonstrated the successful synthesis of Fe-
CoNiMoW nanoparticles and their outstanding catalytic activ-
ity toward oxygen redox reactions.!®"! The choice of Fe, Co, and
Ni is driven by their abundance, cost-effectiveness, and similar
atomic radii, which together facilitate HEA nucleation. Mo and
W are incorporated for their high electronegativity, which pro-
motes strong adsorption of reaction intermediates. The syner-
gistic interaction among 3d, 4d, and 5d transition metals in the
alloy induces a redistribution of electron density and modifies
the density of states near the Fermi level. This electronic tun-
ing enhances the affinity of Mo and W for reactive species, sta-
bilizing intermediates through stronger d-p orbital overlap with
oxygen.[%]

However, several critical aspects remain unexplored. In par-
ticular, the kinetic control during the HEA formation process
has yet to be systematically investigated, which could offer new
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insights into the nucleation and structural regulation of multi-
metallic systems. Beyond structural considerations, the strong
d-p orbital overlap with sulfur renders HEAs promising candi-
dates for catalyzing the Li-S redox reactions in LSBs, through en-
hanced interactions with LiPSs. Recent studies reflect a growing
interest in high-entropy materials for LSB electrocatalysis. For in-
stance, a high-entropy carbonitride MXene, featuring high me-
chanical strain and five distinct metal-nitrogen bonds, demon-
strated excellent rate performance, achieving up to 4C capability
in LSBs.[”?] Similarly, a PASnNiCoCuP high-entropy phosphide
employed as a sulfur host exhibited a high initial discharge ca-
pacity of 1059 mAh g~! at 0.1C.I''Yl Moreover, PtCuFeCoNi HEAs
have been shown to effectively catalyze the stepwise conversion
of LiPSs via abundant surface-active site.['?]

Beyond composition, understanding the influence of the HEA
architecture on LSB performance is essential for guiding cata-
lyst design. However, tuning the porosity, dimensionality, and
crystallinity of HEAs presents significant challenges. At the
nanoscale, surface and interphase energies contribute to stabi-
lizing high entropy solid solutions.*] However, kinetically, the
complex and varying redox potential of different metal ions and
disparities in elemental diffusion rates complicate the prediction
and control of stable phases, which makes the understanding of
their structural impact on LSB catalytic performance limited.

To bridge this gap, this study prospectively investigates the
effects of HEA structure on LSB performance. Using a carbon
monoxide surface confinement strategy, FeCoNiMoW HEAs with
varying architecture and crystallinity, are synthesized. Specifi-
cally, amorphous FeCoNiMoW HEA nanosheets (HEANS) and
crystalline HEA nanoparticles (HEANP) are produced and tested
as catalyst at the separator or LSBs. The electrochemical per-
formance of coin-type and pouch-type LSBs incorporating such
HEA-modified separators is then evaluated under practical con-
ditions. To gain deeper mechanistic insights, in situ Raman
spectroscopy and electrochemical impedance spectroscopy (EIS),
combined with galvanostatic intermittent titration technique
(GITT) measurements and distribution of relaxation time (DRT)
analyses, along with density functional theory (DFT) calculations,
are employed to investigate diffusion impedance, reaction en-
ergy barriers, and adsorption energies at various stages of the
LiPS conversion process. The findings reveal that amorphous
HEANS outperform crystalline HEANPs in enhancing LSB per-
formance, providing fundamental insights into the critical role
of HEA structure in optimizing sulfur redox kinetics and stabil-
ity. Overall, this study boosts a comprehensive understanding of
structure-property relationships in HEAs, offering a rational de-
sign strategy for advancing next-generation LSB technology.

2. Results and Discussion

2.1. HEA Synthesis and Characterization

FeCoNiMoW HEA nanostructures were synthesized in solution
by co-reduction of the different metal salt precursors at 260 °C
(Figure 1a; Table S1, Supporting Information, see additional de-
tails in the Experimental Section of the Supporting Information,
SI).'*] The thermal decomposition of Mo(CO), and W(CO), at
160-200 °C yields the respective zero-valent metals, while simul-
taneously releasing carbon monoxide (CO). The generated CO
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Figure 1. Synthesis procedure and structural and chemical characterization of FeCoNiMoW HEAs. a) Scheme of the FeCoNiMoW HEANS and HEANP
synthesis process. b) TEM and HRTEM images, c) atomic-force microscopy image and thickness profile, d) electron diffraction pattern, ) HAADF-STEM
micrograph and EDS compositional maps of amorphous FeCoNiMoW HEANSs. f,g) TEM images, h) HRTEM image, i) FFT pattern, j) HAADF-STEM
micrograph and EDS compositional maps of crystalline FeCoNiMoW HEANPs.

plays a dual role: it assists in the reduction of the 3d metal ions High-resolution transmission electron microscopy (HRTEM)
and stabilizes the resulting nanostructures due to its strong bind-  analysis revealed no discernible lattice fringes within the
ing affinity for low-index metal surfaces.'>] As a result of this re-  nanosheets (NSs), indicating the absence of long-range crystallo-
duction process, nanosheet (NS)-like structures, with an average  graphic order and suggesting an amorphous structure. This was
thickness of 7 nm, were obtained after just 10 min of reaction  further confirmed by selected area electron diffraction (SAED,
(Figure 1b,c). Figure 1d) and X-ray diffraction (XRD, Figure S1, Supporting
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Information), both of which displayed broad, diffuse patterns
lacking sharp diffraction peaks, characteristic of amorphous
materials.

High-angle annular dark field scanning TEM (HAADF-STEM)
micrographs and energy dispersive X-ray spectroscopy (EDS)
compositional mapping confirmed a homogeneous distribution
of Fe, Co, Ni, Mo, and W within the NSs (Figure 1e). The slight
elemental segregation or enrichment at the NSs edges may arise
from surface effects or imaging artifacts such as specimen tiltand
thickness-induced variations in Z-contrast and EDS signal collec-
tion. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis further revealed the elemental composition
of the amorphous FeCoNiMoW HEANS to be Fe:Co:Ni:Mo:W =
10:8:37:17:28 (Figure S2, Supporting Information). Based on this
specific metal ratio, the mixing entropy was calculated to be 1.5R,
and the valence electron concentration (VEC) was determined to
be 7.92.18%)

By increasing the reaction time to 30 min, nanoparticles (NPs)
began to nucleate and grow on the surface of the NSs (Figure
S3, Supporting Information). After 120 min, the reaction yielded
only NPs with sizes ranging from 20 to 70 nm (Figure 1f). This
particle size increase resulted in a notably lower specific surface
area for the crystalline HEANPs, measured at 43 m? g™', com-
pared to 114 m? g~! for the amorphous HEANS (Figure S4, Sup-
porting Information).

HRTEM imaging and fast Fourier transform (FFT) analysis
revealed a well-defined atomic lattice, consistent with the face-
centered cubic (FCC) FeCoNi phase (Figure 1g—i). This crys-
tallinity was further confirmed by XRD, which showed clear
diffraction peaks corresponding to an FCC structure (Figure S1,
Supporting Information).

HAADF-STEM micrographs and EDS elemental maps con-
firmed a homogeneous distribution of Fe, Co, Ni, Mo, and W
within the crystalline HEA nanoparticles (HEANP) (Figure 1j). In
addition, ICP-OES analysis revealed the elemental composition
of the HEANP to be Fe:Co:Ni:Mo:W = 18:16:21:22:23 (Figure S2,
Supporting Information). Based on this composition, the mixing
entropy was calculated to be 1.6 R, and the VEC was 7.68.

Taking into account the observed evolution in morphology, lat-
tice structure, and composition, we hypothesize that the metal
ions are rapidly and simultaneously reduced, leading to the for-
mation of FeCoNiMoW HEAs with a kinetically driven NS archi-
tecture and random atomic distribution. The growth in the verti-
cal (thickness) dimension of the NSs appears to be constrained by
the adsorption of oleylamine (OAm) used as a solvent and the re-
leased CO,") as evidenced by Fourier transform infrared (FTIR)
spectroscopy (Figure S5, Supporting Information). The presence
of CO was found to be crucial for NS formation: in its absence,
i.e., when Mo(CO), and W(CO), were not used as precursors,
only ternary FeCoNi NPs, rather than NSs, were formed (Figure
S6, Supporting Information). This highlights the key role of CO
as a structure-directing agent in the synthesis of 2D nanomateri-
als, in agreement with previous reports.[*”]

Overall, the 2D amorphous HEANSs were synthesized within
a dynamically controlled reaction environment, in which the co-
reduction of multiple metal precursors, CO release, and ligand
coordination occur simultaneously to influence nucleation and
growth. Specifically, the thermal decomposition of Mo(CO), and
W(CO), not only provides Mo and W atoms but also releases
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CO in situ, which plays a key role in directing the 2D nanosheet
morphology by selectively adsorbing on low-energy facets, lim-
iting vertical growth, and stabilizing planar structures. Simulta-
neously, OAm serves both as a solvent and a coordinating lig-
and that further suppresses crystal growth in the thickness direc-
tion. The rapid and concurrent reduction of Fe, Co, Ni, Mo, and
W ions favors the formation of a homogeneous HEA with ran-
dom atomic distribution, while the fast nucleation kinetics and
surface interactions suppress atomic rearrangement, thus yield-
ing an amorphous structure. These synergistic effects enable the
simultaneous realization of three key structural features, high-
entropy composition, two-dimensional morphology, and amor-
phous nature, in the early stage of the reaction.

As the reaction time increases, Ostwald ripening becomes
the dominant mechanism driving NP growth. During this pro-
cess, the initially formed NSs gradually transform into NPs with
lower surface energy, facilitated by atomic migration and rear-
rangement toward more thermodynamically stable configura-
tions. This transformation is further promoted by the decrease in
CO concentration, resulting from the continuous Ar flow, which
diminishes the stabilization of specific crystallographic orienta-
tions on the NS surfaces. As a result, the combined effect of re-
duced surface stabilization and atomic rearrangement leads to
the evolution from amorphous NSs to crystalline NPs over time.
These NPs adopt the thermodynamically favorable FCC crystal
structure, in agreement with the calculated VEC values.(*")

2.2. Characterization of HEA-Modified Separators

HEAs were coated on one side of a polypropylene (PP) membrane
to serve as functional separators in LSB cells. Scanning electron
microscopy (SEM) images revealed that the HEANS/PP separa-
tor exhibits a rough surface morphology with an ~20 pm-thick
HEANS film (Figure S7, Supporting Information).

Contact angle measurements (Figure 2a) indicated that the
HEANS/PP separator possesses significantly improved wettabil-
ity toward the LSB electrolyte, with a contact angle of only 8.1°,
compared to 86.1° for the pristine PP separator and 16.9° for the
HEANP/PP separator. The enhanced wettability of HEANS is at-
tributed to its higher surface energy, which is expected to facil-
itate Li-ion transport and reduce polarization during battery op-
eration. Consistently, the HEANS/PP separator demonstrated a
higher ionic conductivity of 0.05 S m™!, outperforming both the
pure PP separator (0.004 S m~') and the HEANP/PP separator
(0.01 S m™) (Figure 2b).

The polysulfide adsorption capability of HEANS and HEANP
was qualitatively assessed by dispersing equal amounts of each
material in vials containing a 5 mM Li,S, solution. Visual
observation showed a more significant color fading in the
HEANS-treated solution, indicating stronger polysulfide adsorp-
tion (Figure 2c). This was further confirmed by UV-vis spec-
troscopy of the supernatants, which showed that HEANS were
more effective than HEANP in trapping LiPS (Figure 2d). The
ability of HEANS to block polysulfide migration was further val-
idated using an H-type diffusion cell with a Li,S, concentra-
tion gradient. When PP or HEANP/PP separators were used,
the initially colorless solution in the receiving half-cell grad-
ually turned yellow over time, indicating LiPS diffusion. In
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Figure 2. Characterization of HEA-modified separators. a) Contact angle and b) ion conductivity of PP, HEANP/PP, and HEANS/PP separators in
electrolyte of 1.0 m LiTFSI in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (V/V = 1:1) with 2 wt.% LiNO; additive. c) Optical images and
d) UV-vis spectra of polysulfide (Li,S,) solution containing 10 mg of the different adsorbers after 12 h of polysulfide adsorption. e) Photographs of
H-type glass cells with PP, HEANP/PP, and HEANS/PP separators after different diffusion times. Initially, only the left cell contained Li,S, ata 10 mm
concentration. f) Results of the finite element simulations of the polysulfide diffusion process in different separators. g) Adsorption energies of various
sulfur species on the surface of HEANS and HEANP. h) iCOHP analysis of Li,S, adsorbed on the surface of HEANS and HEANP. i) CDD images in
HEANS and HEANP with an adsorbed Li,S,. The contour around the atoms represents electron accumulation (yellow) or electron depletion (blue).

contrast, the HEANS @PP separator effectively inhibited polysul-
fide transport, with no noticeable color change observed after 12
h (Figure 2e).

While minor, the particle geometry and distribution can also
have an effect on the diffusion and release of the polysuflides
to the electrolyte. To show this, COMSOL finite element simula-
tion based on physical diffusion model were used to evaluate the
LiPS migration on different structures for separators, in which
the transport of diluted species in a porous media interface mod-
ule (same model width and diffusion depth, details shown in SI
1.4 part) was adopted to simulate the diffusion process of polysul-
fides across different layer structures (PP layer, HEANS/PP, and

Adv. Funct. Mater. 2026, 36, e13859 e13859 (5 of 14)

HEANP/PP, with the same material amount loading). Consis-
tent with the experimental results, the simulation results showed
that the HEANS/PP separator exhibited superior blocking effects
on polysulfide diffusion compared with the pure PP layer and
HEANS/PP configurations (Figure 2f).

The influence of crystal structure and atomic organization in
FeCoNiMoW HEA materials on LiPS adsorption was investigated
using DFT calculations. Optimized structural models of both
the amorphous and crystalline HEAs are presented in Figures
S8 and S9 (Supporting Information). Both the amorphous and
crystalline HEAs exhibit strong binding interactions with var-
ious sulfur-containing species. Notably, the amorphous HEA
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demonstrates higher adsorption energies for all evaluated S and
Li-S species, from Sq to Li,S (Figure 2g).

DFT calculations further reveal that the d-band center posi-
tions of the amorphous and crystalline FeCoNiMoW HEAs are
located at 1.365 and 1.782 eV, respectively (Figure S10, Support-
ing Information). These values indicate that both materials act
as electron acceptors, capable of binding LiPSs, which exhibit
electron-donating character. Importantly, the d-band center of the
amorphous HEA lies closer to the Fermi level than that of the
crystalline counterpart. This proximity enhances the interaction
with LiPSs, facilitating stronger adsorption and more effective
polysulfide trapping.

Taking Li,S, adsorption as a representative case, the inte-
grated crystal orbital Hamilton population (iCOHP) analysis re-
veals the stronger bonding interaction and the tighter chemical
bond between the amorphous HEANS and Li, S, compared with
that of the crystalline HEANP (Figure 2h). In addition, differen-
tial charge density (CDD) maps show more pronounced charge
transfer between Li,S, and the amorphous HEA, compared to
the crystalline counterpart (Figure 21i).

Overall, these theoretical results align with experimental find-
ings, confirming that FeCoNiMoW HEANS exhibits superior
LiPS adsorption capability relative to HEANP. The amorphous
structure of HEANS modulates the electronic states near the
Fermi level, enhancing interaction with LiPS and contributing
to suppress the shuttle effect in Li—S batteries.

The S 2p X-ray photoelectron spectroscopy (XPS) spectrum of
amorphous HEANS after Li,S, adsorption revealed four distinct
doublets (Figure S1la, Supporting Information). In the lower
binding energy region (161-165 eV), two pairs of S 2p peaks were
attributed to terminal (S;) and bridging (Sg) sulfur species in
the adsorbed LiPSs. In the higher binding energy region (166—
171 eV), the two additional doublets were assigned to thiosulfate
and polythionate species. Following Li,S, adsorption, the XPS
spectra of all metallic elements in the HEANS exhibited slight
shifts toward lower binding energies (Figures S11b-f, S12, Sup-
porting Information), indicating electron transfer from LiPS to
the metal sites. This shift supports the formation of chemical
bonds between the HEA metal atoms and S atoms from Li,S,.
Notably, the W 4f core level displayed a significantly larger bind-
ing energy shift, suggesting a stronger interaction between W
and S, which may be attributed to the higher electronegativity
of W compared to the other metal constituents.

2.3. Catalyzed Li-S Reaction Analysis

To evaluate the electrocatalytic activity of the synthesized HEAs,
they were used as electrode materials in symmetric cells contain-
ing a Li, S;-based electrolyte (see SI for experimental details). For
this analysis, electrodes were prepared by loading FeCoNiMoW
HEANS and HEANP catalysts onto carbon paper (CP), resulting
in HEANS@CP and HEANP@CP electrodes. A carbon-based
Super P (SP) electrode was also tested as a reference (SP@CP).
In control experiments conducted without Li,S,, the symmet-
ric cells exhibited negligible current response, confirming that
the observed currents in Li,S,-containing systems arise exclu-
sively from electrocatalytic redox reactions of lithium polysulfides
(LiPSs), rather than from capacitive contributions.
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Cyclic voltammetry (CV) measurements of the Li,S,-
containing symmetric cells (Figure 3a) displayed the character-
istic LiPSs redox peaks. Two distinct pairs of redox peaks can be
observed at —0.24/0.24 and —0.43/0.43 V for the HEPNS-based
cell, attributed to the multisteps for LiPSs conversion process.
In comparison, the CV curve of the HEANP-based cell exhibits
the two broader redox peaks at —0.1/0.1 and —0.68/0.68 V, while
the cell based on SP suffers from even more severe polarization
and exhibits no clear redox peaks. Among all tested electrodes,
the HEANS-based cell exhibited the highest current density
and largest integrated area, indicating superior electrocatalytic
activity and a more efficient LiPS conversion process compared
to both HEANP and SP electrodes.

The potentiostatic intermittent titration technique (PITT) was
employed to evaluate the reaction kinetics of the Li,S, — Li,S
conversion, a critical step that significantly impacts the overall
capacity performance of LSBs (see SI for experimental details).
For this analysis, HEA-based electrodes were paired with lithium
foil anodes within coin-type cells. The discharge process was then
monitored to assess the kinetics of Li,S formation on the differ-
ent catalytic surfaces.

As shown in Figure 3b, when applying a constant voltage of
2.09 V, the HEANS@CP electrode exhibited a higher current
response than the HEANP@CP electrode, although no nucle-
ation peak was observed for either, indicating that nucleation of
Li,S had not yet commenced. Upon decreasing the voltage to
2.06 V, nucleation peaks appeared for both electrodes, with the
HEANS@CP electrode showing an earlier onset and a higher
current density, suggesting a faster Li,S nucleation and growth
process compared to HEANP. At a further reduced voltage of
2.03 V, the HEANP@CP electrode displayed a more pronounced
nucleation peak, indicating that significant Li,S formation was
still ongoing. This suggests that lower potentials or longer dura-
tions are required for complete Li, S nucleation on the crystalline
HEANP surface, whereas the amorphous HEANS facilitates
faster and more complete conversion at lower overpotentials. In-
tegrating the whole current, from 2.09 t0 2.03 V, the HEANS@CP
electrode delivered a higher specific capacity of 1055.8 mAh g™,
compared to 882.9 mAh g~! for the HEANP@CP electrode, high-
lighting a more efficient liquid-to-solid conversion during LiPS
reduction.

Coin-type LSBs were assembled using an S@ SP cathode elec-
trode (sulfur loading:1.0 mg cm™2, preparation process can be
found in SI and Figure S13, Supporting Information), a lithium
foil anode, and one of three separators: uncoated PP, or PP mem-
branes coated with either HEANS or HEANP (see SI for ex-
perimental details). The CV curves obtained at a scan rate of
0.1 mV s7! over the initial three cycles are shown in Figures
S14—S16 (Supporting Information). Following the first cycle,
both HEA-modified separators (HEANS/PP and HEANP/PP) en-
abled a highly reproducible CV response in subsequent cycles,
reflecting superior electrochemical reversibility and effective pro-
motion of the Li-S conversion reactions. In contrast, the cell with
the unmodified PP separator showed a marked decline in perfor-
mance over cycling, attributed to the absence of LiPS adsorption
and lack of catalytic activation.

A direct comparison of the third-cycle CV curves for all three
cells is presented in Figure 3c. Among them, the cell with the
HEANS/PP separator exhibited cathodic peaks with the highest
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Figure 3. Catalyzed Li-S reaction performance. a) CV curves of symmetrical cells based on HEANS@CP, HEANP@CP, and SP@CP electrodes. b) PITT
curves. ¢) CV curves of LSBs with HEANS/PP, HEANP/PP, and uncoated PP separators. d) CV curves of LSB cells with a HEANS/PP separator at different
scan rates. ) D+ of LSB cells with HEANS/PP, HEANP/PP, and uncoated PP separator calculated from peaks |, II, and IlI. f) GCD profiles at 0.1C,
g) Qu and Q, h) Q_ /Qy ratios, and i) AE values of LSBs with HEANS/PP, HEANP/PP, and uncoated PP separator.

current densities and located at the lowest potentials, indicating
enhanced LiPS reduction kinetics and more efficient sulfur con-
version.

CV curves at different scan rates were used to analyze the
LiPS redox reaction kinetics (Figure 3d, Figures S17,S18, Sup-
porting Information). As shown in Figures S19—S21 (Supporting
Information), all LSBs exhibited Li* diffusion-limited reactions
with the peak currents (I,) showing a linear dependence with the
square root of the scan rate (v).'*!8] Thus the classical Randles-
Sevcik equation was used to calculate the Li* diffusivity.("!

= (2.6910°) n'°AD{;,

i G v (1)
where n is the charge transfer number, A is the geometric elec-
trode area, D,,, is the Li* diffusion coefficient, and C;;. is the
concentration of Li* in the electrolyte.

The cells with a HEANS/PP separator exhibited the highest
D+ values at 6.27 x 1077, 1.47 X 107%, and 2.01 x 107¢ cm? S~!
for peaks I, I1, and III, respectively, which were between 2 and 25
times higher than those of cells equipped with HEANP/PP and
uncoated PP separators, respectively (Figure 3e). The Li* diffusiv-
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ity is in part related to the viscosity of the electrolyte containing
dissolved LiPS and the accumulation of insulating Li, S, /Li, S/S,.
Therefore, the higher D;,. of cells based on HEANS/PP sepa-
rators reflects a lower LiPS concentration in the electrolyte and
a thinner or more homogeneous layer of solid active materials,
which denotes an improved LiPS reaction kinetics.

The galvanostatic charge/discharge (GCD) profiles of the as-
sembled cells at 0.1C are shown in Figure 3f. All cells dis-
play the characteristic two discharge plateaus and one charge
plateau, consistent with the redox peaks observed in the CV
curves (Figure 3c). Among the tested systems, the HEANS/PP-
based cell delivered the highest specific capacity, reaching
1632 mAh g7!, significantly outperforming the HEANP/PP cell
(1333 mAh g7') and the cell with an uncoated PP separator (868
mAh g1).

During discharge, Q,; and Q, represent the capacities asso-
ciated with the high-voltage plateau and low-voltage plateau, re-
spectively. Q,; corresponds to the reduction of sulfur to soluble
Li,S, (Sg + 4Li* + 4e” — 2Li,S,), while Q, reflects the further
reduction of Li,S, to insoluble Li,S (2Li,S, + 12Li* + 12¢~ —
8Li,S). As shown in Figure 3g, both Q, and Q, values were
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Figure 4. In situ GITT-EIS analysis of LSBs with uncoated PP, HEANP/PP, and HEANS/PP separators. a) GITT curves. b) Polarization voltages. c—e) In
situ EIS spectra. f) Representative DRT spectrum from HEANS/PP sample at 3.3% DOD. g—i) DRT spectra at different DOD. j-k) Enlarged DRT spectra

at different DOD.

highest in the HEANS/PP-based cell, indicating a more com-
plete and efficient conversion of Sy to long-chain polysulfides,
and ultimately to Li, S. Additionally, the Q, /Q,, ratio was 2.91 for
the HEANS/PP cell, approaching the theoretical maximum of 3
(Figure 3h). This implies that a high proportion of sulfur under-
went full reduction with minimal polysulfide loss, highlighting
the superior catalytic activity of HEANS in promoting deep sul-
fur conversion.

The voltage gap (AE) between the charge plateau and the sec-
ond discharge plateau at 50% state of discharge was used to as-

Adv. Funct. Mater. 2026, 36, e13859 e13859 (8 of 14)

sess voltage polarization. The HEANS/PP-based LSB exhibited
the lowest AE value of 148 mV (Figure 3i), indicating reduced
polarization and more favorable LiPS conversion kinetics, further
reinforcing the performance advantage of the HEANS-modified
separator.

In situ GITT-EIS measurements were conducted after three
activation cycles at 0.1C, by applying a 20-minute galvanos-
tatic discharge pulse followed by a one-hour relaxation period
(Figure 4a). EIS spectra were recorded during the relaxation
period (Figure S22, Supporting Information). As commonly
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observed, the polarization voltage, defined as the difference be-
tween the voltage at the end of relaxation and the voltage at the
end of the discharge pulse, reached a maximum at the end of
the first discharge plateau and progressively increased with the
depth of discharge (DOD), exhibiting a sharp rise at the end of
the second discharge plateau (Figure 4b). During charging, after
an initially high polarization, the polarization voltage stabilized
and decreased during the final charging plateau, corresponding
to the conversion of LiPS back to Sg. Notably, LSBs employing
HEANS/PP separators exhibited significantly lower polarization
voltages throughout the entire GCD profile, indicating improved
conversion kinetics and reduced internal resistance.

Figure 4c—e display the Nyquist plots of the in situ EIS spectra
for the various cells during discharge, recorded during the GITT
measurements. The EIS spectrum at 0% DOD corresponds to
the cell fully charged to 2.8 V. Three characteristic features can be
observed: i) a high-frequency semicircle attributed to the internal
resistance of the cell; ii) a second semicircle in the mid-frequency
region, associated with the charge transfer resistance at the
cathode-electrolyte interface related to the Li—S reaction; and iii) a
sloped line in the low-frequency region, corresponding to Li* dif-
fusion. The first semicircle remained nearly unchanged through-
out the discharge process, while the second semicircle increased
in size, and the slope of the low-frequency region gradually de-
creased with increasing DOD (Figures S23 and S24, Supporting
Information). Notably, cells utilizing HEANP/PP (Figure 4d) and,
especially, HEANS/PP (Figure 4e) separators exhibited signifi-
cantly lower internal and charge transfer resistances, along with
enhanced Li* diffusion kinetics. These results support the role of
HEAs in accelerating Li-S conversion reactions.

DRT analysis was employed to deconvolute the overlapping
relaxation processes contributing to the EIS spectra and to bet-
ter resolve the distinct electrochemical mechanisms involved (see
SI, Figure 4f; Figure S25, Supporting Information).l*” For each
process, a characteristic time constant (r) was determined, along
with the area under each peak, which reflects the specific polar-
ization resistance (Table S2, Supporting Information).2!]

The P6 peak (r = 26 s, log,, = = 1.42) corresponds to
Li* diffusion in solid sulfur species (Sg/Li,S,/Li,S).2%>?? At
0% DOD, a strong P6 peak in HEANS/PP and HEANP/PP
cells indicates efficient LiPS-to-Sg conversion during charging,
unlike the PP-based cell, which showed limited S; presence
(Figure 4g—I; Figure S26, Supporting Information). During mid-
discharge (15-80% DOD), higher P6 intensity in HEANP/PP
and PP cells suggests greater diffusion resistance due to less
favorable Li,S,/Li,S deposition. In contrast, HEANS/PP pro-
motes more uniform nucleation, enabling faster Li* diffusion.
At full discharge (100% DOD), all cells exhibited increased
P6 intensity due to insulating Li,S,/Li,S formation, but the
HEANS/PP cell still showed the lowest diffusion resistance, at-
tributed to its higher catalytic activity and larger active surface
area.

The peaks P3-P5 (r = 6 ms to 1 s; log;, 7 = —2.2 to 0.1) are
associated with the charge transfer resistance of the Li-S redox
reaction at the cathode.[?-?3] As the DOD increased, their inten-
sities also increased, indicating progressively hindered discharge
kinetics (Figure 4j). Notably, the HEANS/PP-based LSB consis-
tently exhibited the lowest charge transfer resistance throughout
the discharge, attributed to the abundant and highly active cat-

Adv. Funct. Mater. 2026, 36, e13859 e13859 (9 of 14)

www.afm-journal.de

alytic sites in HEANS that promote Li-S conversion. Addition-
ally, distinct P3—P5 peaks were observed at 0% DOD in the HEA-
based cells, but not in the PP-based cell, indicating a more com-
plete prior conversion to Sg, and thus a slower initial reduction
reaction.

P2 (z = 80 ps, log;, = = —4.1) corresponds to the anode-
electrolyte interphase resistance. The PP-based LSB exhibited a
significantly higher P2 intensity compared to the HEANS/PP and
HEANP/PP cells, attributed to greater LiPS crossover and sub-
sequent lithium foil corrosion during activation (Figure 4k).[21%]
This highlights the effectiveness of the HEA-modified separator
layers in mitigating LiPS migration and anode degradation. Addi-
tionally, the P2 peak in the PP-based cell broadened with increas-
ing DOD, indicating an increasingly unstable interfacial charge
transfer process.

Finally, P1 (z = 10 ps, log, , = = —5.0) was attributed to the elec-
trode inter-particle resistance, influenced by the carbon/sulfur
composite and binder components.[?2*] This peak remained
similar across all three LSBs and showed negligible change dur-
ing the discharge process (Figure 4k).

In situ Raman spectroscopy was used to investigate the LiPS
diffusion at the anode side of the separator during the discharge
process (Figures S27,528a, Supporting Information). In the LSB
equipped with the uncoated PP, at 2.3 V, the Sg7/S,%~ signals
at 221.6/400.9 cm~! were observed. Throughout the discharge
process, S,%7/S,* signals at 453.1 cm™! gradually emerged, ac-
companied by a weakening of the Sg?~ signal.[®! The S, %~ signal
almost maintained consistent intensity during the discharge pro-
cess, even as discharge approached termination (1.9 V). This im-
plies that once a portion of S~ diffuses to the anode, it encoun-
ters substantial difficulty returning to the cathode to re-engage
in subsequent redox reactions. Notably, in the HEANS/PP-based
cells, no detectable signal of sulfur-containing species was ob-
served at the anode side, indicating effective suppression of
LiPS migration across the separator (Figure S28b, Supporting
Information).

2.4. LSB Performance

The GCD profiles of LSBs at various current densities, from 0.1C
to 10C, are displayed in Figure 5a and Figures $29,S30 (Support-
ing Information). HEANS/PP-based LSBs showed outstanding
rate performance with two clear discharge plateaus at all current
rates up to 10C and significantly higher capacities than the ref-
erence cells at all rates, with 614 mAh g~! maintained at 10C
(Figure 5b). When switched back to 0.2C, the capacity recovered
to 1479 mAh g1, corresponding to 99.5% capacity retention. In
contrast, the PP-based LSBs underwent rapid capacity fading,
with no capacity recorded at a current rate of 5C.

The energy conversion efficiency (n) was determined from the
ratio of the total energy output during discharge to the energy
input during charge, calculated by integrating the product of po-
tential (U) and current (I) over time for both processes:(2¢]

_E, _JUldt
T E, S UIdt

mn

(2)

In the 0.1C-0.5C range, HEA-based LSBs exhibited energy
conversion efficiencies exceeding 90%, which gradually declined
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Figure 5. LSB performance. a) GCDs curves at different rates. b) Specific capacity at different current rates. c) Round trip energy efficiencies. d) Com-

parison of specific capacity versus current rate for recently reported LSBs,

highlighting the superior rate performance of the HEANS/PP-based cell.

e) Long-term cycling performance at 3C. f) GCDs curves at different rates of a HEANS/PP-based LSB with a sulfur loading of 5.5 mg cm~2. g) Specific
capacity and areal capacity at different current rates. h) Long-term cycling performance at 0.2C of a HEANS/PP-based LSB with a sulfur loading of 6.3 mg
cm™2. i) Cycling performance of a HEANS/PP-based pouch cell. The inset shows a digital photo of the pouch cell charging a smartwatch.

with increasing C-rate due to rising overpotentials of the Li-S re-
action, reaching ~80% at 10C in the HEANS/PP cell (Figure 5c).
In contrast, the PP-based cell showed significantly lower efficien-
cies, starting around 85% at 0.1C and dropping sharply to 50% at
3C. The superiority of the HEANS interlayer is demonstrated by
comprehensive comparison with recently reported LSB function-
alized separators and electrocatalysts (Figure 5d; Figures S31,S32
and Tables S3,54, Supporting Information). Specifically, HEANS
achieves the highest capacity across all C-rates tested, showcasing
excellent catalytic activity and strong polysulfide conversion capa-

Adv. Funct. Mater. 2026, 36, e13859 e13859 (10 of 14)

bility even under high-rate conditions up to 10C. This outstand-
ing rate capability can be attributed to the amorphous nature and
2D nanosheet structure, which facilitate fast electron/ion trans-
port and strong chemical confinement of soluble LiPS.

Figure 5e presents the long-term GCD cycling performance of
HEA-based LSBs at 3C. The HEANS/PP-based cell exhibited ex-
cellent stability, with a high initial capacity of 998 and 814 mAh
g~! retained after 1000 cycles, corresponding to an average ca-
pacity loss of only 0.018% per cycle. Additionally, the coulom-
bic efficiency remained above 99.8% throughout the test. The
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HEANP/PP-based cell showed an initial capacity of 742 mAh g7,
retaining 515 mAh g~ after 330 cycles, with an average capacity
loss 0f 0.1% per cycle and a decrease in coulombic efficiency from
99.3% t0 98.5%. Enhanced performance was also observed for the
HEANS/PP-based LSB at a higher current rate of 5C (Figure S33,
Supporting Information). In contrast, the LSB using an unmod-
ified PP separator delivered an initial capacity of 568.8 mAh g1,
with a higher average capacity fading rate of 0.16% per cycle over
200 cycles at 1C (Figure S34, Supporting Information).

For practical applications, Li-S batteries require high sulfur
loadings (>5 mg cm™2) and reduced electrolyte volumes (<10 pL
mg 71). To assess performance under these conditions, electro-
chemical tests were conducted on HEANS/PP-based LSBs with
sulfur loadings of 5.5 and 6.3 mg cm™ and an electrolyte-to-
sulfur (E/S) ratio of 6.4 uL mgg~". Figure 5f,g shows the rate per-
formance of the cell with 5.5 mg cm=? sulfur loading. The GCD
profiles from 0.1C to 0.4C exhibit one charge and two discharge
plateaus, indicating efficient LiPS redox reactions and moderate
polarization. A high initial discharge capacity of 1241 mAh g!
(6.83 mAh cm=2) was achieved at 0.1C, approximately 1.7 times
the areal capacity of commercial Li-ion batteries (x4 mAh cm™2).
At 0.4C, a stable capacity of 782 mAh g~! was maintained, and
upon returning to 0.1C, 90% of the initial capacity (1115 mAh
g1) was recovered.

For cells with an even higher sulfur loading of 6.3 mg cm™
(Figure 5 h; Figure S35, Supporting Information), a capacity of
775 mAh g! (4.9 mAh cm~2) was retained after 160 cycles at
0.2C, »75% of the initial value, corresponding to a low aver-
age capacity fade of 0.15% per cycle. These results confirm that
HEANS/PP-based LSBs can operate stably under high-loading
and lean-electrolyte conditions.

To further demonstrate the practical applicability of the
HEANS/PP separator, pouch cells were assembled and tested. As
shown in Figure 5i, the pouch cell successfully powered a smart-
watch via a voltage upconversion step, confirming its real-world
utility. The electrochemical performance of the HEANS/PP-
based pouch cell, cycled at 0.2C, is also presented in Figure 5i.
The cell delivered an initial capacity of 1075.8 mAh g™' and re-
tained 85.4% of its capacity after 150 cycles (Figure S36, Support-
ing Information), highlighting its excellent cycling stability and
practical viability.

2

2.5. Thermodynamic Calculations

DFT calculations were used to thermodynamically analyze the
catalytic process for both crystalline and amorphous HEA and
determine the influence of the crystal structure and correspond-
ing electron structure on the LSB performance. To determine the
most efficient active sites in the HEANS, the activity of the differ-
ent metals to activate the LiPS redox reaction was experimentally
tested using the different commercial metal nanopowders (Fe,
Co, Ni, Mo, and W), all having similar average particle sizes. As
shown in Figure S37 (Supporting Information), the symmetrical
cells based on W electrodes showed the highest current density,
implying the most efficient LiPS conversion process. This result
is consistent with XPS spectra showing W to undergo the largest
binding energy shift upon LiPS adsorption on the HEA. A com-
parative experiment with FeCoNiMo showed a notable drop in
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discharge capacity (Figure S38, Supporting Information), high-
lighting W playing an essential role in LiPS conversion. Thus, W
was selected as the preferential site to carry out additional DFT
calculations.

The step-by-step free energy diagram of the Sy transforma-
tion to Li,S for both amorphous and crystalline HEA is shown
in Figure 6a. The transformation from Li,S, to Li,S, is calcu-
lated to be the rate-determining step (RDS) for both amorphous
and crystalline HEA, which is consistent with previous works
showing Li,S, to be a key electrochemical intermediate control-
ling the overall sulfur reduction reaction kinetics and overpo-
tential, particularly in the more sluggish second reduction stage
(Li,S,—Li,S,—Li,S).[?”] The energy barrier of the RDS for amor-
phous HEA (1.48 eV) is significantly lower than that of crystalline
HEA (1.71 eV), indicating a more efficient LiPS conversion pro-
cess and faster reaction kinetics on the former.

Each step in the complex polysulfide conversion reactions in-
volves the cleavage of S-S bonds and the formation of new Li-S
bonds. These sub-reactions are already inherently intricate and
may proceed through intermediate transition states that domi-
nate the reaction pathway. Therefore, the energies of the initial
and final polysulfide species alone are not always reliable indi-
cators of reaction favorability, as is often assumed. To illustrate
this, we show that Li,S, does not convert directly to Li,S,, but in-
stead passes through a defined transition state (TS, Figure 6b) en
route to a more thermodynamically stable configuration. The de-
tailed conversion step for the amorphous and crystalline HEA,
and the enthalpic decomposition energy barrier are shown in
Figure 6¢,d. The enthalpy change for the Li,S, adsorbed on the
amorphous HEA to evolve to the TS is 0.63 eV, while it is sig-
nificantly larger, up to 0.96 eV, on the surface of the crystalline
HEA. The iCOHP of Li-S bond for Li, S, adsorbed on both amor-
phous and crystalline HEA were further calculated to be 0.077 eV
and 0.101 eV respectively, proving a relatively weak Li-S bond
strength for Li,S, adsorbed on amorphous HEA, i.e., an easier
transformation to Li,S, (Figure 6e). Overall, amorphous HEA
shows a lower RDS energy barrier by decreasing the decompo-
sition energy barrier, thus accelerating the LiPS thermodynamic
conversion process.

Compared with FeCoNiMoW HEANS-based LSBs, the
medium-entropy counterparts (FeCoNi and FeCoNiMo) exhibit
significantly inferior electrochemical performance (Figure S38,
Supporting Information). This comparison underscores the
beneficial role of the combination of multiple metals in en-
hancing catalytic activity with a broader distribution of active
sites. Besides, FeCoNiMoW HEANS possess an amorphous
structure and 2D nanosheet morphology, which together pro-
vide a higher density of unsaturated active sites, improved Li*
transport, and enhanced surface accessibility. These structural
features result in favorable electronic states (e.g., closer d-band
position to the Fermi level), and a lower energy barrier for
the rate-determining Li,S, — Li,S, step. Therefore, the high
performance is attributed to composition (5d element for W),
crystallographic (amorphous), and architectural parameters
(2D), which is distinct from previously reported HEA systems
with main 3d elements.['2?8] In particular, 5d metal W plays a
significant role as a strong Lewis acidic site, significantly enhanc-
ing the chemical adsorption and activation of LiPS. This finding
reveals a previously underexplored but highly effective catalytic
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Figure 6. DFT calculations. a) Free energy evolution and related energy barrier in the conversion from Sg to Li,S. b) Enthalpy barrier of Li,S, absorbed
on amorphous and crystalline HEA transferred to TS and then converted to Li,S,. c,d) Corresponding models of the Li,S, absorbed on the amorphous
and crystalline HEA transferred to TS and then converted to Li,S, from the top view. e) iCOHP analysis of Li—S bond of Li,S, adsorbed on the surface

of the amorphous and crystalline HEA.

process, showing that W-centered active sites, when embedded
in an amorphous high-entropy environment, can outperform
conventional transition-metal-based HEAs in promoting LiPS
conversion.

3. Conclusion

Amorphous HEANS and crystallized HEANP FeCoNiMoW were
controllably synthesized through a colloidal method with a sur-
face confinement strategy to tailor their dimensions, sizes, crys-
tallinity, and electronic structures. Amorphous HEANS-modified
separators exhibit significantly improved performance over their
crystalline counterparts. The amorphous structural feature and
two-dimensional morphology of HEANS provide a high specific
surface area and abundant unsaturated active sites. They also
modulate the electronic states near the Fermi level, thereby en-
hancing Li* diffusion, reducing charge transfer resistance, and
promoting stronger LiPS adsorption. As a result, HEANS effec-
tively reduces the LiPS migration and mitigates the shuttle effect.
In situ analyses, including Raman spectroscopy, GITT-EIS, and
DRT showed an accelerated reaction kinetics and a complete con-

Adv. Funct. Mater. 2026, 36, 13859 e13859 (12 0f14)

version from Sy to Li, S, thus optimizing the sulfur utilization and
capacity release in HEANS. DFT calculations further unveiled
that the amorphous HEANS catalyst lowers the decomposition
energy barrier of the TS in the LiPS conversion process. Over-
all, compared with the crystallized HEANP phase, amorphous
HEANS promotes a better LSB performance. This work offers
a solid framework for understanding the catalytic mechanisms
of HEAs in LiPS conversion, offering valuable insights into the
structural influence of HEAs in LSB applications.
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