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Hyaluronic acid molecular orientation
induces uniform distribution of
polysulfides for high-performance
lithium-sulfur battery
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Wenhao Yang1,5, Dan You1,5, Zhicong Ni2, Yingjie Zhang1, Jiajun Wang3, WeiHong Lai4, Xue Li 1 ,
Yiyong Zhang 1 & Yunxiao Wang 4

In the commercialization of lithium-sulfur battery, multiphase reaction-induced polysulfide shuttling
and uneven dispersion have become a bottleneck that needs to be solved. Inspired by the exquisite
recognition and self-adaptive mechanisms of biomolecules in nature, this study proposes a
bioinspired binder strategy based on Hyaluronic acid to reconstruct the interfacial microenvironment
of the cathode at the molecular level. The binder, with its rich multipolar groups and dynamic
hydrogen-bonding network, effectively enhances the anchoring and adsorption of polysulfides.
Meanwhile, the unique double-helix chain structure of Hyaluronic acid generates a “breathing mode”
that realizes the selective capture and spatial redistribution of active materials, thereby effectively
promoting the kinetic conversion and reaction reversibility of polysulfides. The high-sulfur-loading
cathode (63.8 wt%) assembled based on this mechanism manifests exceptional electrochemical
performance, with an initial discharge capacity of 1347.75mAh·g⁻¹ at 0.2 C and a capacity decay rate
of merely 0.1% per cycle at 3 C.

Lithium–sulfur battery (LSB) is regarded as the cutting-edge of next-
generation energy storage technologies due to their remarkable theoretical
energy density exceeding 2600Wh kg⁻¹ and the advantages of sulfur’s high
abundance, low cost, and environmental friendliness. However, their
practical application is hindered by several critical challenges, particularly
the rapid capacity decay and low sulfur utilization1–4. These issues are fun-
damentally rooted in two interconnected problems: (i) the poor interfacial
contact between insulating sulfur species (with an electronic conductivity of
approximately 5 × 10⁻³⁰ S cm⁻¹) and conductive substrates; (ii) the irrever-
sible redistribution of active materials during cycling, which leads to the
destructive polysulfide shuttling effect and continuous electrode structural
degradation5–9.

These factors jointly impede the effective pathways for electron and ion
transport, resulting in a significant reduction in cycle life. Importantly, these
issues exacerbate the performance limitations of LSB through mutually

reinforcing decay mechanisms. Poor interfacial contact not only weakens
electron transfer kinetics but also promotes sulfur particle aggregation and
inhomogeneous redistribution, further reducing the reactivity of active
materials. Meanwhile, the dissolution and diffusion of lithium polysulfides
(LiPSs) compromise the structural integrity of the electrodes, which in turn
worsens the interfacial contact. This vicious cycle underscores that syn-
chronously stabilizing the sulfur/electrode interface and precisely regulating
LiPSs behavior are key scientific challenges for achieving commercially
viable high-performance LSB10–14.

To address these challenges, researchers have proposed various stra-
tegies, such as nanostructured electrodes to enhance interfacial contact,
functional catalysts or complex host materials (like metal-organic frame-
works, covalent organic frameworks, and hierarchical porous carbons) to
confine polysulfides and promote their conversion, and functional inter-
layers or modified separators to suppress the shuttling effect15–22. Despite
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significant progress, these strategies often comewith notable trade-offs. The
synthesis of advanced catalysts and intricate nanostructures typically
involves complex and costly processes that are difficult to scale up. Addi-
tionally, introducing extra functional components inevitably increases the
inactivemass of the electrode, dilutes the proportion of activematerials, and
thereby undermines the high-energy-density advantage of LSB23,24. There-
fore, developing a simple, economical, and scalable strategy to simulta-
neously address poor interfacial contact and the polysulfide shuttling effect
without introducing parasitic components or complex processes is
imperative25.

Among various strategies, binder engineering has attracted considerable
attention due to its ability to synchronously regulate electrodemicrostructure,
interfacial chemistry, and reaction kinetics without significantly increasing
inactive components. Unlike traditional inert polymers (e.g., PVDF) that
solely provide mechanical adhesion, multifunctional binders are designed to
be chemically active, enabling them to actively participate in the entire process
of polysulfide anchoring, conversion, and electrode interface stabilization. For
instance, anamphiphilicpolysaccharideemulsionbinder (HBEA) leverages its
hydrophilic–lipophilic balance to maintain excellent adhesion while utilizing
abundant polar groups to effectively anchor polysulfides and significantly
enhance lithium-iondiffusioncoefficients26. Flame-retardantbinders integrate
soft and rigid segments within the polymer framework, combining flexible
mechanical strengthwith numerous polar sites. These not only accommodate
volume changes of the sulfur cathode and suppress polysulfide shuttling but
also release free radicals to terminate combustion reactions, markedly
improving battery safety27. Furthermore, an eco-friendly aqueous binder
derived from ramie gum (RG), rich in oxygen- and nitrogen-containing
functional groups, inhibits the shuttle effect while maintaining electrode
integrity, demonstrating stable areal capacity and cycling performance even
under high loading conditions28. These studies highlight a growing trend of
endowing binders with multiple functions-adsorption, conduction, mechan-
ical adaptation, and special protection-through molecular design, offering
pathways for developing high-efficiency, stable, and safe lithium-sulfur bat-
teries. However, most current functional binders still face several common
challenges: firstly, their synthesis often involves complex multi-step reactions
or intricate structural design, hindering large-scale production; secondly,
although these binders excel in specific functions, they fail to achieve dynamic
and reversible regulation of polysulfides during charge/discharge processes,
limiting long-term cycling stability;most importantly, existing binder systems
struggle to optimally balance strong polysulfide anchoring with efficient
lithium-ion transport, still facing the dilemma of “anchoring without con-
version” or “conducting but insufficient confinement”.

In response to these challenges, this study aims to develop a simple,
economical, and scalable strategy that synchronously improves electrode
interfacial contact and suppresses polysulfide shuttling without introducing
redundant components or complex processes. Accordingly, we propose a
bio-inspired dynamic chemical confinement strategy that fundamentally
differs from conventional static physical confinement methods based on
electrode/separator modifications. By incorporating hyaluronic acid (HA)
as a multifunctional binder into the sulfur/carbon composite cathode sys-
tem, we successfully constructed a biomimetic confinement micro-
environment mimicking the extracellular matrix. The core mechanism of
this strategy lies in the dynamic reconstruction characteristics of the
hydrogen bond network in HA’s helical glycosidic chains during electro-
chemical cycling: during discharge, the exposed polar functional groups
(-COOH/ -OH/ -NH₂) selectively anchor polysulfides through specific
molecular recognition, while during charging, the controlled release of
sulfur species is achieved through helix-coil conformational transitions,
thereby establishing a unique “breathing-mode” polysulfide regulation
mechanism (Fig. 1a).

Benefiting from the amphiphilic molecular structure of HA and the
aforementioned dynamic confinement mechanism, this strategy not only
significantly promotes the uniform spatial distribution of polysulfides but
also effectively enhances the sulfur-carbon interfacial contact character-
istics, thereby greatly improving interfacial charge transfer kinetics (Fig. 1b).

Further systematic mechanistic studies have revealed the intrinsic reasons
for the enhanced performance: the structure-activity relationship between
dynamic interfacial chemical bond reconstruction and the evolution
behavior of polysulfides. Notably, this strategy achieves remarkable elec-
trochemical performance without the introduction of any auxiliary com-
ponents: it exhibits an extremely low-capacity decay rate of 0.105% at a high
rate of 3 C, while maintaining a reversible specific capacity of 672mAh g⁻¹
under ahigh sulfur loadingof 9.2mg cm⁻². This studynot only elucidates the
effectiveness of thebio-inspireddynamic chemical confinementmechanism
but also provides an innovative solution with scalable potential for the
industrial application of lithium-sulfur battery

Results and discussion
Hydrogen bonds, though weak interactions, exert a profound influence on
the aggregate state, physical properties, and structural configuration. As
shown in Fig. 2a, the molecular structure of HA is rich in hydrogen bond
donors (–OH, –COOH, and –NH₂). Oxygen atoms in hydroxyl and car-
bonyl groups, due to their high electronegativity, attract electron pairs,
rendering their carbon atoms partially positively charged; while nitrogen
atoms in amino groups, with their lone pair electrons, can attract and
stabilize hydrogen atoms from hydrogen bond donors (Supplementary
Fig. 1)29,30. Electrostatic potential (ESP) analysis (Fig. 2b) reveals that when
these hydrogen bond donors interact with electronegative polysulfide
anions, the uneven charge distribution enables the formation of multiple
hydrogen bonds, such as C =O ∙ ∙ ∙ S, NH ∙ ∙ ∙ S, and –OH ∙ ∙ ∙ S, through
electrostatic interactions, constituting the foundation of a dynamic hydro-
gen bond network. Compared with conventional linear PVDF, the mac-
rocyclic topology of HA significantly reduces the system’s free energy and
stabilizes the molecular framework via intramolecular conjugation among
polar functional groups. This structural optimization induces the formation
of a uniform and dense hydrogen bond network, laying the structural
groundwork for achieving a “breathing mode” regulation of polysulfides
during subsequent electrochemical cycling.

Fig. 1 | Schematic diagram of the binder’s function. a The “breathing-like”
polysulfide regulation mechanism of the hyaluronic acid (HA) helical saccharide
chain. b HA binder-mediated uniform polysulfide distribution and enhanced con-
version kinetics.
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Experimental characterizations confirmed the strong adsorption
characteristics of this network: the HA–LiPSs complex exhibits higher
binding energy (the N–H ∙ ∙ ∙ S bond reaches –1.91 eV), indicating stronger
synergistic interactions. FT-IR spectroscopy (Fig. 2c) provides direct evi-
dence for hydrogen bond formation: the inherent N–H stretching vibration
peaks of HA (3400 cm⁻¹, 2900 cm⁻¹) shift to 3456 cm⁻¹ and 2951 cm⁻¹ upon
adsorption of LiPSs, forming characteristic N–H–Li vibration peaks. A
wavenumber difference of approximately 50 cm⁻¹ (ΔV=V(NH–Li) –V(N–H)),
combined with broadened and intensified absorption peaks, indicates
enhanced hydrogen bond strength and density. XPS results (Fig. 2d) reveal
key electronic structure changes: after adsorption of LiPSs, theO 1 s binding
energy of hydroxyl (–OH) and carbonyl (C =O) groups in HA increases
significantly (ΔE = 0.3 eV), providing electronic evidence for strong elec-
tronic coupling between the oxygen-containing functional groups of HA
and LiPSs. ¹H-NMR spectra (Fig. 2e) further show that the proton signals of
HA continue to shift downfield with increasing immersion time, indicating
a dynamically enhanced interaction. More importantly, deconvolution
results demonstrate that LiPSs preferentially bind with polar groups (–OH,
–COOH) at the edges of HA molecules, revealing the formation of site-
selective hydrogen bonds at the interface, which is key to achieving selective
“inhalation” of polysulfides.

Molecular dynamics (MD) simulations further elucidate the dynamic
natureof thehydrogenbondnetwork. Snapshots inFig. 2f andSupplementary
Fig. 2 show that HA polymers are bridged by hydrogen bonds to form a

continuous network structure. The uniformly distributed hydrogenbond sites
(–OH, C=O, –NH₂) ensure that polysulfide molecules can be effectively
captured at any location. In contrast, the PVDF and CMC systems, lacking
intermolecular interactions, exhibit disordered stacking and minimal hydro-
gen bonds (none in PVDF, Supplementary Fig. 3). Figure 2g and Supple-
mentary Fig. 4 indicate that in the HA system, the coordination number of
Li–S₄ exhibits a critical inflection point around 2, corresponding to the
threshold at which the hydrogen bond effect transitions from short-range
order todynamic reconstruction.Whenapproximately twoeffectivehydrogen
bonds exist aroundLi–S₄, theflexible functional groups (e.g., hydroxyls) ofHA
dynamically break and reform hydrogen bonds through bond angle oscilla-
tions, achieving “adaptive binding.”This dynamic behavior at themicroscopic
level macroscopically manifests as an intelligent “breathing mode”: during
discharge, exposed polar functional groups selectively anchor (“inhale”)
polysulfides via strong hydrogen bonds; during charge, controlled release
(“exhalation”) of sulfur species back to the positive electrode for reaction is
achieved through helix–coil conformational transitions, thereby suppressing
shuttlingwhile avoiding stress concentrationandactivematerial loss causedby
rigid confinement31,32.

The origin of this high dynamism lies in themultiple protondonor and
acceptor sites within the HA molecule. These sites form synergistic
hydrogen bonds with the sulfur terminals of Li–S₄, maintaining interface
stability through a dynamic equilibrium (Supplementary Fig. 5). As shown
in Supplementary Fig. 6, sulfur center coordination number analysis reveals

Fig. 2 | Construction of Dynamic hydrogen bond network. aMolecular model of
HA. b Electrostatic potential and binding energy between binder and polysulfide.
c FT-IR Spectra. d S 2p XPS spectra. e 1H NMR analysis probing the HA–Li2S4

interactions within a simulated battery environment (1H NMR spectra over 5 days).
f Molecular dynamics simulation snapshots of the interaction between HA binder
and polysulfides. g The RDF of interaction between HA binder and Li+.

https://doi.org/10.1038/s43246-025-00982-1 Article

Communications Materials |           (2025) 6:261 3

www.nature.com/commsmat


a characteristic inflection point in the HA system at CN(S–S) ≈ 1, indicating
that dynamic hydrogen bonds preferentially anchor terminal sulfur atoms,
inhibiting the disordered cross-linking of long-chain polysulfides. More
critically, the radial distribution function (RDF) integral intensity of S–S
pairs in the HA system is as high as 7100, which is 3.2 and 3.9 times that of
the CMC (2200) and PVDF (1800) systems, respectively. This reveals that
the dynamic hydrogen bond network regulates the distribution of poly-
sulfides via an “anchor–release” mechanism (i.e., “breathing”), forming
locally high-concentration enrichment layers and significantly enhancing
reaction kinetics33–35.

The enrichment phenomenon primarily stems from the molecular
anchoring effect of HA on polysulfides and its unique “breathing mode”
regulation mechanism during electrochemical cycling. DFT calculations
(Fig. 3a) demonstrate that HA exhibits a significantly higher adsorption
energy for Li₂S₄ (−25.0 kcal/mol) compared to conventional binders PVDF
(−9.2 kcal/mol) and CMC (−16.8 kcal/mol), with its multiple polar func-
tional groups (-OH/C =O/-NH₂) synergistically providing strong adsorp-
tion sites (ΔEads >−0.89 eV, Supplementary Fig. 7)36,37. This theoretical
prediction was experimentally verified: Li₂S₄ solutions containing HA
binder completely decolorized after 24 h (Fig. 3b), and showed the most
significant absorbance decay at the characteristic peak of 415 nm inUV-Vis
spectroscopy (Fig. 3c), visually demonstrating HA’s ability to achieve
selective anchoring of polysulfides through molecular recognition.

To further elucidate the atomic-level mechanism of the “breathing
mode,” XPS was employed to characterize the surface structure of HA

before and after Li₂S₄ adsorption. The results indicated the formation of
thiosulfates and polythionates on the HA surface (Fig. 3d), confirming that
the hydrogen bonding effect not only promotes adsorption but also initiates
sulfur redox reactions. By comparing O 1 s, C 1 s, and N 1 s spectra (Sup-
plementary Fig. 8), ion-dipole interactions between HA and polysulfide
anions were identified, providing electronic structure evidence for the
“controlled release of sulfur species through conformational transitions
during charging.” Synchrotron-basedX-ray absorption spectroscopy (XAS)
further revealed the hydrogen bond-mediated sulfur chemical reconstruc-
tion pathway: the S@HA electrode exhibited characteristic peaks at 2472 eV
and 2477.0 eV (Fig. 3e), indicating the generation of insoluble Li₂SO₃. This
product, directionally transformed under the guidance of hydrogen bond-
ing, serves as a key component of the solid electrolyte interphase (SEI),
effectively suppressing the dissolution of active materials38–40. MD simula-
tions (Supplementary Fig. 9) quantitatively demonstrated that this
mechanism reduces the polysulfide diffusion coefficient by 93% (DLiPSs =
3.819 × 10⁻⁹ cm²/s), providing kinetic evidence for the dynamic confine-
ment effect of the “breathing mode.”

The inhibitory effect of the “breathing mode” on polysulfides was
further corroborated by polysulfide dissolution experiments: the S@HA
electrode solution exhibited the lightest color and the slowest dissolution
rate (Supplementary Fig. 10), proving its ability to effectively suppress
polysulfide diffusion.Most importantly, in situ Raman spectroscopy (Fig. 3f
and Supplementary Fig. 11) directly captured the cyclic characteristics of the
“breathingmode”: the S@HAelectrode only detected S₈ characteristic peaks

Fig. 3 | Absorption and transformation of polysulfide. a DFT calculations for the
binding energies among diffent binder and LiPSs. b Photographs of the LiPSs
adsorption experiment. c UV–vis spectrum with different samples after immersion

in Li2S4 solution for 24 h. d S 2p XPS spectra for HA binder soaked with Li2S4.
e Sulfur K-edge XAS of different binder electrode after exposure to polysulfide
solution. f In-situ time-resolved Raman image of the S@HA cathode.
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at the initial and final stages of charge/discharge, with no polysulfide signals
during the process, indicating that the hydrogen bond network both
enhances anchoring and promotes conversion. In contrast, control groups
S@PVDF and S@CMC electrodes continuously showed Li₂S₈/ Li₂S₆/ Li₂S₄
peaks, confirming that traditional binders cannot achieve controlled release,
leading to polysulfide accumulation and the shuttle effect.

Benefiting from abundant polar groups (–OH, C =O, –NH₂) and the
resulting dynamic hydrogen-bonding network, HA compresses the
HOMO–LUMO gap to 2.2 eV via dipole–dipole and hydrogen-bond
interactions (Fig. 4a), which is significantly lower than that of PVDF (ΔEH-L
(PVDF) ≈ 6.5 eV). This markedly enhances molecular excitation capability
and reaction activity. The enhanced reactivity facilitates the formation of
hydrogen bonds between HA and lithium ions, thereby demonstrating
exceptional ion/electron conduction performance.

DFT calculations (Fig. 4b) further confirm that the hydrogen-bond
network formed between polar groups in HA glycosidic chains and lithium
ions constructs a quasi-“ionic channel” structure, which serves as a key
foundation for the ion transport function in the “breathing mode”. This
structure effectively guides lithium-ion migration, reducing the diffusion
energy barrier for lithium ions in the HA system to 0.54 eV, considerably
lower than that in the PVDF system (0.96 eV). MD simulations (Fig. 4c)
elucidate the dynamic characteristics of this process: in the S@HA system,
lithium ions migrate via short-range, directional, and ordered hopping
between the abundant –OH, C =O, and –NH₂ hydrogen-bond sites on the
HA polymer, facilitated by the traction effect within the hydrogen-bond

network. In contrast, PVDF and CMC systems exhibit disordered stacking
due to lack of intermolecular interactions, resulting in disordered lithium-
ion migration with low mobility and chaotic diffusion pathways.

Experimental data indicate that the lithium-ion diffusion coeffi-
cient within the hydrogen-bond network of the HA system reaches
3.264 × 10⁻⁶ cm s⁻¹, two orders of magnitude higher than those of PVDF/
CMC systems. XPS results (Fig. 4d) show a decrease in the binding
energy of the –C–NH₂ group from 399.9 eV to 399.5 eV, further con-
firming the coordination between –NH₂ and Li⁺ to form ionic channels.
Moreover, the improved wettability (Supplementary Fig. 12) and
reduced charge transfer impedance (Fig. 4e) of S@HA electrodes
demonstrate that the hydrogen-bonding effect effectively reduces solid-
liquid interfacial.

To quantify the enhancement effect of the “breathing mode” on Li⁺
diffusion and sulfur redox reaction kinetics, variable scan rate cyclic vol-
tammetry (CV) tests (Fig. 4f and Supplementary Fig. 13) revealed that
S@HA electrodes exhibit more distinct redox peaks, higher response cur-
rents, and lower polarization voltages. The apparent lithium-ion diffusion
coefficient calculated using the Randles-Sevcik equation41 (Supplementary
Fig. 14) confirmed that S@HA electrodes possess the fastest Li⁺ diffusion
rate. Galvanostatic intermittent titration technique (GITT) measurements
(Fig. 4g and Supplementary Fig. 15) further showed that S@HA electrodes
have lower activation resistance and Li₂S nucleation resistance, attributable
to the enhanced electrode-electrolyte interfacial interactionmediated by the
hydrogen-bond network’s “breathing mode”.

Fig. 4 | Transformation kinetics of polysulfide. aHOMO and LUMO living model
ofHA.bEnergy barrier of Li+migration along the binder chain. cCalculatedMSDof
Li+ as a function of the simulation time. d N 1 s XPS spectra. e EIS spectra of the

different binder electrodes. f CV curves tested at different scanning rates of S@HA.
gGITT voltage profiles of S@HA at 0.2 mA. h Cyclic Voltametric Curve of different
electrodes at a scan rate of 0.1 mV s−1.
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These results indicate that the hydrogen-bond-based network sig-
nificantly enhances the redox reactivity of sulfur in S@HA electrodes. The
lower oxidation peak potential and higher reduction peak potential suggest
that the “breathing mode” effectively reduces polarization during the LiPSs
conversion process (Fig. 4h and Supplementary Figs. 16–17). Tafel slope
analysis (Supplementary Fig. 18) confirmed that batteries based on S@HA
electrodes exhibit the lowest Tafel slope during sulfur transformation.
Notably, even under a high sulfur loading of 7.54mg cm⁻² (Supplementary
Fig. 19), the S@HA electrode maintains excellent sulfur utilization.

Finally, in situ X-ray diffraction (Supplementary Fig. 20) revealed a
unique amorphous Li₂S deposition pathway in S@HA, resulting from the
uniform nucleation induced by the hydrogen-bond network via the
“breathingmode”, which effectivelymitigates active site blockage caused by
localized Li₂S accumulation. This amorphous deposition mode, together
with the hydrogen-bond-optimized ion transport path and reduced con-
version barrier, synergistically optimizes the full-cycle sulfur redox reaction
(Supplementary Fig. 21), fully demonstrating the cooperative enhancement
mechanism by which the hydrogen-bond network in HA glycosidic chains
achieves simultaneous anchoring-conversion of polysulfides and trans-
portation of lithium ions through the “breathing mode”.

The dynamic cross-linking characteristics of hydrogen bonds in bin-
ders can effectively mitigate the volumetric expansion stress of active
materials, thereby significantly enhancing the structural integrity and
interfacial stability of electrodes. LSV test (Supplementary Fig. 22) reveals
that HA polymers exhibit no decomposition within the voltage range of 2-
4 V (vs. Li+/Li), demonstrating excellent electrochemical stability. This
stability is attributed to the stable chemical bonds and functional group
structures within the HA molecules, which effectively suppress oxidative
degradation at high potentials. Moreover, the polar functional groups
(−OH, −COOH, −NH₂) abundant in HA can form stable coordination
networks with lithium ions, significantly enhancing cross-linking density
and exhibiting superior anti-swelling performance in ether-based electro-
lytes (Supplementary Fig. 23).

This structure also improves the compatibility with S/C composite
materials. PVDF primarily relies on van der Waals forces to bind S/C
particles. Its linear structure is ill-suited to accommodate the volume
changes during sulfur phase transitions, leading to electrode structural
degradation (Supplementary Fig. 24a–d and 25). CMC can encapsulate
active materials, but its dense binding layer hinders electrolyte penetration
and increases interfacial impedance (Supplementary Fig. 24e–h). In con-
trast, HA effectively inhibits sulfur species aggregation through multiple
hydrogen bonds, promoting uniform dispersion of active materials (Sup-
plementary Fig. 24i–l) and demonstrating dynamic self-adaptive reconfi-
guration capabilities under various conditions (Supplementary Fig. 26). It
can also form a mechanically buffering layer with stress-dissipating func-
tions at the current collector interface (Supplementary Fig. 27).

Mechanical property tests further corroborate these structural
advantages. Macroscopically, the 180° peel test (Supplementary Fig. 28)
indicates that HA possesses the highest binding strength (>2.2 N), with a
gradually rising and sustained high-level curve, reflecting the synergistic
effect of strong hydrogen bonds and three-dimensional network inter-
locking. CMC has a moderate strength (~0.788N) but exhibits brittleness
and swelling instability; PVDF has the lowest strength (~0.363 N) and poor
binding capability. Nanoindentation (Supplementary Fig. 29) results reveal
that HA combinesmoderate hardness with high resilience (Supplementary
Fig. 30). Its loading-unloading curve is smooth and continuous, indicating
excellent stress-dissipation and crack-propagation resistance capabilities. In
contrast, PVDF has low modulus and is prone to creep; CMC has high
modulus but is brittle and struggles to maintain structural integrity. These
multiscale mechanical advantages enable the S@HA electrode to maintain
interfacial integrity and long-term stability during cycling (Supplemen-
tary Fig. 31).

This structural stability plays a crucial role in electrode deformation
processes. Quasi-in situ SEM analysis (Supplementary Fig. 32) reveals the
dynamic deformation characteristics of different binder systems: In the

initial discharge stage (2.3 V), all electrodes exhibit typical crack patterns
and porous structures. As discharge progresses to 2.1 V, S@PVDF and
S@CMC electrodes show significant surface fragmentation due to the
volumetric expansion of sulfur species during lithiation. However, at deep
discharge to 1.6 V, uniform deposition of Li₂S alleviates electrode surface
cracks. Notably, the S@HA electrode demonstrates a unique structural
evolution throughout the discharge process. As the electrochemical process
advances, surface cracks gradually heal, ultimately forming a uniform and
densemorphology.Observationsduring the chargingprocess are evenmore
striking: S@PVDF and S@CMC electrodes exhibit rapid crack propagation
at the onset of charging, indicating irreversible structural damage caused by
cyclic stress, which severely impedes lithium-ion transport. In contrast,
thanks to the self-healing properties of its dynamic hydrogen bondnetwork,
the S@HA electrode not only effectively suppresses crack regeneration but
also maintains the integrity of ion transport channels. This remarkable
mechanical stability stems from the dual functional dissipationmechanisms
of the hydrogen bondnetwork:On one hand, it buffers the volumetric stress
of active particles through dynamic polymer chain reconfiguration; on the
other hand, it resists electrolyte expansion deformation through strong
interfacial interactions, thereby achieving synergistic optimization of elec-
trode structure and function.

The integrity of electrode structure further affects interfacial stability.
In-situ EIS (Supplementary Figs. 33-35) reveals that during the Li₂S₈/Li₂S₆
dissolution stage (2.4–1.9 V), electrodes in PVDF and CMC systems
experience a sharp increase inRct (charge transfer impedance) due to binder
swelling, while the S@HA system maintains low interfacial impedance.
Particularly during the phase transition from Li₂S₈ to Li₂S₄ (around 1.9 V),
this further indicates that dynamic hydrogen bonds significantly mitigate
the abrupt impedance increase caused by suppressing the aggregation and
volumetric deformation of active materials, fully demonstrating the pivotal
role of dynamic hydrogen bonds in maintaining electrode structural sta-
bility and electrochemical interfacial integrity (Supplementary Table 1).

Based on the aforementioned experimental results, we have con-
structed schematic diagrams of the structural evolution of different binder
systems in electrodes (Fig. 5a-c). During electrochemical cycling, PVDF
binders tend to self-expand due to their weak intermolecular forces, causing
active materials to detach from the conductive network and resulting in the
degradation of electrode structural integrity and electrical contact perfor-
mance. CMC binders can form rigid cross-linked networks, but their flex-
ibility and dynamic responsiveness are insufficient to maintain electrode
structural integrity during the volumetric expansion/contraction of sulfur
species. In contrast, HA-based binders, with their abundant hydrogen bond
networks, exhibit the following structural characteristics: 1) Efficient
encapsulation of active materials and conductive agents through strong
interfacial interactions; 2) Formation of a three-dimensional network
structure with dynamic self-adaptive properties; 3) Good mechanical-
electrochemical coupling stability of the entire electrode during charge-
discharge processes. This unique molecular design not only forms a tight
synergy among various components of the electrode but also significantly
optimizes the electrochemical behavior of the electrode through the
dynamic interfacial stabilizationmechanismof thehydrogenbondnetwork.
Li₂S nucleation experiments (Fig. 5d–f) show that the S@HA electrode
exhibits significantly enhanced peak current (0.39mA) and deposition
capacity (36.47mAh·g⁻¹), far surpassing the PVDF control group (0.15mA/
1.95mAh·g⁻¹). More importantly, deposition morphology analysis reveals
an essential difference (Fig. 5g): The S@HA electrode exhibits a two-
dimensional interfacial growth mode (2DI), promoting dense and uniform
deposition of Li₂S (the inset of Fig. 5d–f); in contrast, the PVDF system
exhibits a three-dimensional particulate growth (3DP), resulting in a loose
and aggregated deposition morphology. These results reveal that the
hydrogen bond effect can achieve controllable transformation and efficient
utilization of polysulfides.

This effect is further verified in interfacial stability studies. In situ
synchrotron imaging (Fig. 5h and Supplementary Fig. 36) shows that after
100 cycles, the S@HA electrode maintains good sulfur distribution
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uniformity with a high active sulfur retention rate of 98.6%, far superior to
the PVDF system (sulfur loss of 46.6%) (Supplementary Fig. 37).Moreover,
XPS tests indicate (Fig. 5i) that no Li₂S depositionpeak is detected in theHA
system electrode, while a clear Li₂S signal is present in the PVDF system.
This contrast directly confirms that the stable interfacial environment
constructedby theHAbindernot only enhances the transformationkinetics
of polysulfides but also fundamentally inhibits the formation of “dead sul-
fur” by regulating the deposition process, achieving an essential improve-
ment in electrode/interfacial stability.

To evaluate the efficacy of the hydrogen bonding effect, lithium-
sulfur batteries were constructed using different binders, and their elec-
trochemical performance was systematically analyzed. At a discharge rate
of 1 C (Fig. 6a), the S@HA electrode maintained a specific capacity of
approximately 554mAh·g⁻¹ after 500 cycles, which not only exceeded the
initial capacities of S@PVDF and S@CMC electrodes but also indicated
highly efficient sulfur utilization. To further assess the suitability of the
sulfur electrode under harsh conditions, tests were conducted under lean
electrolyte conditions (E/S = 5 uL mg-1). The results demonstrated that
even under such conditions, the S@HA electrode exhibited excellent
stability at 1 C, delivering an initial discharge capacity of 729.4 mAh·g⁻¹
and retaining 666.2 mAh·g⁻¹ after 200 cycles (Supplementary Fig. 38),
with the capacity showing a slight initial increase followed by a gradual
decrease. This further confirms the effective stabilizing effect of hydrogen

bonding on polysulfides. To evaluate the long-term cycling durability of
the binders, charge-discharge cycling tests were performed at a current
rate of 0.2 C (Supplementary Fig. 39). The results revealed that the S@HA
electrode exhibited an initial discharge capacity of 1347.75mAh·g⁻¹. In
contrast, due to severe polysulfide shuttle effect leading to significant
active sulfur loss, the reversible capacities of S@PVDF and S@CMC
electrodes decreased to 762.56 mAh·g⁻¹ and 827.87 mAh·g⁻¹, respectively,
after 100 cycles. However, the S@HA electrode still maintained a stable
reversible capacity of 1038.53mAh·g⁻¹ after 100 cycles, demonstrating its
efficient trapping capability and reversible interaction with polysulfides.
Furthermore, long-term cycling tests at a low rate of 0.1 C (Supple-
mentary Fig. 40) showed that the capacity decay rate of the S@HA
electrode was only 0.025%, significantly lower than those of the S@PVDF
(0.446%) and S@CMC (0.573%) electrodes. As shown in Supplementary
Fig. 41, the S@HA electrode exhibited the best capacity retention and
cycling stability across various rates, indicating that the hydrogen
bonding effect significantly improves the multiphase conversion of sulfur
species, thereby enhancing the cycling stability and rate capability of
lithium-sulfur batteries.

In battery chemistry, the significant increase in electrode resistance at
high current rates primarily originates from interparticle resistance, leading
to hindered ion transport. To evaluate the effectiveness of the hydrogen
bond effect at high rates, we conducted rate tests at 3 C and variable-rate

Fig. 5 | Structure and Interface Stability of Electrodes. Bonding diagram of dif-
ferent binder cathodes: a S@PVDF cathode, b S@CMC, c S@HA cathode. Li2S
nucleation tests based on different electrodes for evaluating nucleation kinetics, SEM
illustration shows the deposition morphology: d PVDF, e CMC, f HA.
g Dimensionless current-time transient to perform peak fitting according to

theoretical 2D and 3Dmodels, Im (peak current), and tm (time needed to achieve the
peak current) detected from the current-time transients. h Synchrotron X-ray
tomography of the S@HA electrode. i S 2p XPS spectra of the different binder
electrode after 10th cycles.
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tests (Fig. 6bandSupplementaryFig. 42).The results showed that the S@HA
electrode exhibited high discharge capacity and stability (0.105% per cycle)
at high rates, with significantly superior rate performance compared to the
S@PVDF and S@CMC electrodes. When the current density was returned
to 0.1 C, the reversible capacity of the S@HA electrode was as high as
1130.03mAh·g⁻¹, while the capacities of the S@PVDF and S@CMC elec-
trodes were only 789.13mAh·g⁻¹ and 145.21mAh·g⁻¹, respectively. The
significant capacity decay of the S@PVDF and S@CMC electrodes can be
attributed to the imbalanced migration and transformation of polysulfides
at different rates, leading to the accumulation of insoluble polysulfides, a
phenomenon known as “dead sulfur,” which increases electrode resistance
and restricts the transport of lithium ions and electrons. In contrast, the
excellent rate performance of the S@HA electrode is mainly due to the
hydrogen bond network optimizing ion transport pathways and reducing
ion migration resistance.

Furthermore, by fabricating high-sulfur-loading electrodes, we further
demonstrated the potential of the hydrogenbond effect. As shown inFig. 6c,
when the sulfur loading reached 7.54mg·cm⁻², the capacity decay rate of the
S@HA electrode was only 0.067% per cycle. Even at an ultra-high sulfur
loading of 9.2mg·cm⁻², the battery still maintained a high capacity of

672mAh·g⁻¹ while preserving good kinetic processes and reversible reac-
tions (Supplementary Fig. 43).

To verify the practical application potential of the HA binder, we
assembled pouch battery (Supplementary Fig. 44). Voltage tests showed an
output of 2.371 V, and the battery was capable of stably powering a large
number of light-emitting diodes. Moreover, the pouch battery subjected to
constant current cycling at a rate of 0.2 C exhibited excellent cycling stability
(Supplementary Fig. 45). These results furtherdemonstrated the practicality
of the HA binder. Compared with carefully designed lithium-sulfur battery
binders (Fig. 6d) and existing commercial binders (Fig. 6e), the HA binder
showed significant advantages in rate performance and stability.

Essentially, the HA binder, through its abundant functional groups
(such as carboxyl, hydroxyl, and amide groups), forms numerous hydrogen
bonds with activematerials, thereby enhancing intermolecular interactions.
This hydrogen bond network not only optimizes the electronic contact
between sulfur active components and conductive agents but also sig-
nificantly improves the redox kinetics of polysulfides, accelerating their
transformation process. Meanwhile, the abundant hydrogen bond sites
within the network effectively capture LiPSs, preventing their excessive
diffusion and loss in the electrolyte (Fig. 6f). The combined effects of these

Fig. 6 | Electrochemical performance. aCyclic performance at 1 C rate. bCyclic performance at 3 C rate. c excellent cycle performance under high S load.dComparisonwith
other binders. e Radar chart comparing with the performance of commercial binder. f Schematic diagram of hydrogen bond effect.
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hydrogen bond interactions significantly enhance the overall performance
of lithium-sulfur battery.

Conclusions
In summary, this study elucidates a “breathing-type” polysulfide reg-
ulation mechanism driven by the dynamic hydrogen bonding network of
HA-based binder, clarifying its concentration-energy synergistic effect on
the redox reactions of LiPSs. Based on the spatial arrangement of sym-
metrically arranged polar functional groups (-COOH/ -OH), HA con-
structs an integrated interfacial structure of “enrichment - catalysis -
stabilization”, realizing dynamic regulation of LiPSs diffusion and
transformation pathways. This hydrogen-bond-driven breathing
mechanism demonstrates remarkable adaptability: during discharge, the
extended helical conformation forms high-density binding sites,
achieving selective capture and local enrichment of LiPSs; while during
charge, the helix-coil conformation transition promotes controllable
release of sulfur species through reversible hydrogen bond reorganiza-
tion. Ultimately, it breaks the inherent limitations of traditional static
binders, achieving spatially uniform sulfur deposition. And the battery
maintains a capacity of 590.62mAh g⁻¹ after 200 cycles at a 3 C rate,
significantly outperforming traditional binders. Notably, this simple
strategy provides a promising solution for promoting low-cost, high-
performance, and easily scalable lithium-sulfur batteries, strongly
advancing the commercialization process of lithium-sulfur batteries.

Methods
Chemicals
The following chemicals were used in this study: N-Methyl-2-
pyrrolidone (NMP, 99.95 wt%, Aladdin), polyvinylidene fluoride
(PVDF, 99.9 wt%, DODOCHEM), Carbon (Super P, 99.9%, Timcal),
Sulfur (99.95 wt%, Aladdin), Li2S (99.99%, Aladdin) 1,3-dioxolane (DOL,
99.9 wt%), 1, 2-dimethoxyethane (DME, 99.9 wt%), lithium bis (tri-
fluoromethanesulfonic) imide (LiTFSI, 99.99 wt%), lithium nitrate
(LiNO3, 99.9 wt%, DODOCHEM), Hyaluronic acid (HA, Mv: 1.0-1.8M,
Aladdin), Sodium carboxymethylcellulose (CMC-2200, DoDoChem),
Lithium (99.99%, China Energy Lithium Co., Ltd).

Electrode preparation
Asulfur/ carbon (S/C) composite composed of sulfur and carbon blackwith
a mass ratio of 7:3 was heated in a crucible at 155 °C for 12 h. Thermo-
gravimetric analysis shows that the percentage of sulfur in the active elec-
trode is ~70%.Then, the activematerial andHAbinder aremixed according
to the ratio of 10:1, and stirred in deionized water to form a uniform slurry
by magnetic stirring. The electrode preparation procedure using CMC
binder is the same as above, and the electrode preparation procedure using
PVDF binder is carried out in the same way as described above, except that
deionized water is replaced by NMP. Aluminum foil is used as a current
collector. The electrode was dried in vacuum at 50 °C for 12 h. The loading
density of sulfur is between 1.2 and 1.5 mg cm−2.

Coin battery assembly and electrochemical tests
With S@PVDF, S@CMC and S@HA materials as the positive electrode,
lithium metal as the negative electrode and polypropylene film as the
separator, 80 μL of electrolyte was added to each battery, and the CR2025
button battery was assembled for electrochemical testing.

The electrolyte was 1M bis (trifluoromethane) sulfonamide lithium
salt (LITFSI), which was dissolved in a mixed solution of 1,3-dioxolane
(DOL) and dimethyl ether (DME) (1:1, v/v) with 2 wt% LiNO3. Galvano-
static charge–discharge tests were performed using a Neware
BTS2300 system (Shenzhen, China) at room temperature at a voltage range
of 1.6–2.8 V.

Cyclic voltammetry measurements were performed at a scan rate of
0.1 mV s−1, and the cyclic voltammetry (CV) was recorded at different
scanning rates in the voltage range of 1.6–2.8 V using the CHI660E
electrochemical workstation instrument. Additionally, electrochemical

impedance spectra (EIS) measurements were performed from 100 kHz to
0.1 Hz on an Auto lab PGSTAT-302N.

Pouch battery preparation
Sulfur electrodes with around 1mg cm−2 were cut to be 4.5 cm× 5 cm
(cathode and Al substrate). Cut the lithium foil (5 cm × 6 cm) into a size
slightly larger than the anode, and attach the lithium foil to the coppermesh
(80 mesh) by beating, with the protruding copper mesh as the tab. Poly-
propylene is used as the diaphragm. soon afterwards, Place the sulfur
electrodesonone sideofPPdiaphragm.Then, a piece of Li anodewasplaced
on another side of Polypropylene diaphragm. Certain amount of electrolyte
(2mL) was injected into the stack. Then, the package was sealed under
vacuum. All battery were assembled in Ar-containing glovebox.

Absorption test
Li2S and S were added at a 1:5 molar ratio to the Li–S electrolyte to prepare
the Li2S6 solution. Furthermore, 30mg of PVDF, CMC and HA were
separately dissolved in 5mL of 20mmol Li2S6 solutions and placed at room
temperature for 24 h to compare the absorption capacity of the polysulfides.
The concentration change was observed using UV–Vis (Shimadzu UV-
3600i Plus).

Li2S nucleation test
The 0.2mol L–1 Li2S8 catholyte prepared by mixing lithium sulfide and
sublimed sulfur inTetraglyme solventwith amolar ratio of 1:7.Commercial
aluminum foil with a diameter of 12mmwas loaded byCarbonwith PVDF,
CMC or HA powder for preparing cathode, the ratio of carbon to binder is
7:3. The Li foil served as anode. 20 μL Li2S8 catholyte was dropped onto the
cathode and 20 μL LiTFSI (1.0 mol L–1) anolyte was added into anode
compartment. The Li2S nucleation test process wasmainly divided into two
processes: galvanostatically discharged to 2.07 V at 0.112mA and poten-
tiostatically discharged at 2.02 V until the current was below 10–2 mA. The
capacities of Li2S precipitation were analyzed by Faraday’s law.

Materials characterisation
The structure, morphology and composition of the samples were char-
acterised using X-ray diffraction (XRD) (Rigaku mini Flex600X, Cu Kα
radiation), a field emission scanning electron microscope (FE-SEM) (Nova
Nano SEM 450), AFM (Bruker Dimension Icon) and TEM (USA Thermo
Fisher Talos F200s). The functional groups and chemical bonds in the
samples were studied using Raman spectra (Lab RAM HR, 532 nm exci-
tation), FT-IR (German Bruker ALPHA infrared spectrometer), NMR
(German Bruker Avance NEO 400MHz) and X-ray photoelectron spec-
troscopy (XPS) (Thermo Scientific K-Alpha). The operando sulfur K-edge
X-ray absorption spectra (XAS) aremeasured at theAustralian Synchrotron
(ANSTO). The slurry-coated side was adhered to 3 cm transparent tape,
while the back was attached to a glass slide using double-sided tape. The
transparent tape was then pulled vertically at a constant speed of
45mm·min⁻¹ using the tensile tester. Optical images of the peeled electrode
and current collector post-testing were captured using a mobile phone
camera. Nanoindentation tests were performed on Anton Paar NHT³
Nanoindentation Tester, with a maximum load of 500 μN and a peak load
dwell time of 5 s.

DFT calculational method
The electron exchange and correlation were described with GGA-PBE
functional42–44. The localized double-numerical quality basis set with a
polarization d-function (DNP-4.4 file) was chosen to expand the wave
functions45. To accommodate the van derWaals interactions, the Grimme-
06 (DFT-D2) method was used for all the DFT calculations43,46. The core
electrons of the metal atoms were treated using the effective core potentials
(ECP)47, and the orbital cutoff was 4.5 Å for all atoms. For the geometry
optimization, the convergences of the energy, maximum force, and max-
imum displacement were set as 1 × 10−5 Ha, 2 × 10−3 Ha/Å, and 5 × 10−3 Å,
and the SCF convergence for each electronic energywas set as 1.0 × 10–6 Ha.
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The adsorption energy and transfection barrier are calculated by the fol-
lowing equations42,43.

Eads ¼ Emolecule� � Ecatalyst � Emolecule;gas

Barrier ¼ ETS � ER

Where,Emolecule;gas,Ecatalyst ,Emolecule�, andETS represent the energy of the gas
molecule, the energy of the clean catalyst, the energy of the molecule
adsorbed state, and the energy of transition state structure.

Molecular dynamics simulation
Classic molecular dynamics simulations were carried out to investigate the
mixed solution from the atomic level. Three cases (System1, System2,
System3) were built for Molecular Dynamic simulations.

Case System1 contains 21 HT, 18 Li, 6 TFSI, 6 S4, 10 DME, 10 DOL
molecules, Case System2 contains 80 CMC, 18 Li, 6 TFSI, 6 S4, 10 DME, 10
DOL molecules. Case System3 contains 80 PVDF, 18 Li, 6 TFSI, 6 S4, 10
DME, 10 DOL molecules. The initial configuration systems were con-
structed through the software of PACKMOL48, all the molecules were
inserted in a simulation box.

The OPLSAA force field49–51 was employed to describe the HT, CMC,
PVDF, Li, TFSI, S4, DME, DOLmolecules. The CM5 charge was employed.
Themolecular forcefield is consistedof nonbondedandbonded interaction.
The nonbonded interaction contains van deer Waals (vdW) and electro-
static interaction, which is described by the Eq. 1 and Eq. 2, respectively.

ELJ rij
� �

¼ 4εij
σ ij
rij

 !12

� σ ij
rij

 !6 !
ð1Þ

EcðrijÞ ¼
qiqj

4πεoεrrij
ð2Þ

In the equation, qi、qj are atomic charge, rij is the distance between
atoms, σ is the atomic diameter, ε is the atomic energy parameter.

For different kinds of atoms, the geometric mix rules were adopted for
vdW interactions, which is following the Eq. 3. The cutoff distance of vdW
and electronic interactions was set to 1.2 nm, and the PME method was
employed to calculate long-range electrostatic interactions.

σ ij ¼ σ ii � σ jj
� �1

2
; εij ¼ εii � εjj

� �1
2 ð3Þ

For the simulation, an energy minimization was firstly employed to
relax the simulation box. Then, an NVT ensemble with a 1.0 fs time step is
employed to optimized the simulation box, where the temperature is set to
298.15 K. The temperature was kept via the Nose-Hoover thermostat. The
NVT optimization time was set to 10.0 ns, which is enough long to obtain a
stable system. Then, anotherNVTwith a 1.0 fs time step and timewas set to
1.0 ns, to record the trajectory for subsequent analysis. the atomic trajec-
tories every 1000 femtoseconds. where the temperature is set to 298.15 K.

In all the MD simulation, the motion of atoms was described by
classical Newton’s equation, which was solved using the velocity-Verlet
algorithm. And all the Molecular Dynamic simulations were performed by
using GROMACS 2022.2 package52. The results were analyzed using Gro-
macs tool-suites, the Visual Molecular Dynamic program (VMD)53, and
additional scripts written by the researchers.

Data availability
The data that support thefindings of this study are available in themain text
and Supplementary Information. Should any raw data files be needed in
another format, all of them available from the corresponding authors upon
reasonable request (Xue Li, lixue@kust.edu.cn).
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