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ABSTRACT
Achieving durable lithium–sulfur batteries with minimal catalyst loading remains challenging, particularly for interlayer designs
where catalytic efficiency is often compromised by nonuniform active-site utilization. Here we demonstrate that diffusion-
regulated precursor growth enables the construction of atomically dispersed Co–Nx catalytic sites within a freestanding aramid
nanofiber-derived carbon interlayer. By synchronizing the bidirectional diffusion of metal ions and ligands, this process enforces
spatially confined nucleation and homogeneous precursor evolution, yielding a uniformly accessible single-atom catalytic
architecture while preserving the intrinsic fibrous conduction network. The resulting interlayer simultaneously enhances
polysulfide anchoring, accelerates bidirectional sulfur redox kinetics, and regulates Li2S nucleation and dissolution, as directly
revealed by in situ Raman spectroscopy and electrochemical analyses. As a consequence, the system delivers exceptional
cycling stability under high-rate operation despite a low Co loading, highlighting the importance of diffusion-regulated catalytic
architectures for efficient sulfur redox regulation in lithium–sulfur batteries.
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Introduction

echargeable lithium–sulfur (Li–S) batteries have attracted
ntensive research interest owing to their remarkable theoret-
cal energy density (2600 Wh kg−1), high sulfur abundance,
nd intrinsic sustainability advantages over transition-metal-
ased cathode systems [1]. Despite these appealing features,
he practical deployment of Li–S batteries is severely hindered
y two intrinsic challenges: the dissolution and uncontrolled
igration of lithium polysulfides (LiPSs) across the separa-

or, and the intrinsically sluggish redox conversion kinetics
etween S8, Li2Sn intermediates, and Li2S. The combination
f these effects leads to rapid capacity fade, poor Coulombic
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
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efficiency, and limited rate capability. Therefore, constructing
functional interlayers capable of simultaneously suppressing
LiPS shuttling and regulating multistep sulfur redox reactions
has emerged as an effective strategy toward high-performance
Li–S systems [2]. In particular, designing catalytic interlayers
with well-defined active-site distribution and continuous ion-
transport pathways is increasingly recognized as a critical factor
for achieving efficient sulfur conversion and long-term cycling
stability.

To address the sluggish sulfur redox kinetics, extensive efforts
have focused on introducing electrocatalytic centers into
the sulfur cathode environment and separator interfaces.
its use, distribution and reproduction in any medium, provided the original work is properly
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ransition-metal-based catalysts, including metal oxides,
ulfides, carbides, and heteroatom-doped carbons, have
emonstrated the ability to accelerate the nucleation and
ecomposition of Li2S species by lowering the activation barriers
f the multistep conversion reactions. Among these catalysts,
ingle-atom catalysts (SACs) have emerged as a particularly
owerful class owing to their maximized atomic utilization, well-
efined coordination environments, and strong chemisorption
apability toward polysulfide intermediates. The isolated
etal-Nx sites in SACs can effectively modulate the adsorption

trength and reaction pathway of LiPSs, thereby enabling both
mproved reaction kinetics and suppressed shuttle behavior [3,
]. However, despite these advantages, achieving homogeneous
patial distribution of SACs within practical battery architectures
emains challenging. In many reported systems, catalytic sites are
ither confined within cathode hosts or deposited nonuniformly
n separator, leading to uneven catalytic utilization and limited
ccessibility of active sites. Therefore, constructing architectures
hat can simultaneously ensure uniform single-atom dispersion
nd continuous ion-transport pathway is crucial for maximizing
atalytic efficiency in Li–S batteries [5, 6].

etal–organic frameworks (MOFs), particularly zeolitic imida-
olate frameworks (ZIFs), have been widely explored as pre-
ursors for constructing atomically dispersed metal-Nx catalytic
ites [7]. Their well-defined metal–ligand coordination, tunable
omposition, and high-density nitrogen environments provide a
avorable structural platform for stabilizing isolated metal atoms
fter pyrolysis [8, 9]. In Zn–Co bimetallic ZIFs, the presence
f volatile Zn plays an additional role in preventing metal
ggregation by creating abundant vacancies during thermal treat-
ent, thereby facilitating the formation of Co–N4 single-atom

enters. However, conventional MOF synthesis strategies, such
s solution-phase mixing, solvothermal growth, or direct impreg-
ation, typically lead to uncontrolled homogeneous nucleation

n solution, resulting in poor control over precursor deposition
n solid substrates. These limitations make it difficult to achieve
patially confined precursor deposition or uniform metal dis-
ribution within three-dimensional host architectures, which is
ssential for constructing structurally stable SAC frameworks
ith accessible catalytic interfaces [10].

o overcome the limitations of uncontrolled homogeneous
ucleation in conventional MOF syntheses, diffusion-regulated

nterfacial growth strategies have been explored as an effective
pproach to spatially confined precursor formation. In contra-
iffusion systems, two precursor solutions are separated by a
orous or asymmetric membrane, and MOF formation occurs
xclusively at the reaction front where the diffusing metal
ons and organic linkers meet [11]. This configuration inher-
ntly suppresses bulk nucleation and enables spatially confined
rystal growth because the precursor flux can be regulated
hrough the membrane microstructure. Previous studies have
hown that such diffusion-controlled synthesis follows a self-
imiting mechanism, wherein the newly formed MOF layer
radually restricts further precursor transport and stabilizes
he reaction front [12]. Such diffusion-regulated growth pro-
ides a useful platform for constructing uniformly distributed
atalytic architectures in electrochemical systems [13, 14]. Impor-
antly, when implemented within a three-dimensional fibrous
caffold, diffusion-regulated precursor evolution can directly
of 17
determine the spatial distribution of catalytic centers after pyrol-
ysis, thereby enabling uniformly accessible single-atom catalytic
architectures.

Here, we report an asymmetric aramid-nanofiber (ANF) Janus
membrane [15] that enables diffusion-regulated in-situ growth
of Zn-Co ZIF precursors within the fibrous scaffold (Figure 1)
[16]. In typical in-situ polymerization systems [17–19], 2-methyl
imidazole (2-MIm) and metal ions freely diffuse in the bulk solu-
tion, leading to uncontrolled homogeneous nucleation, particle
agglomeration, and redeposition on the ANF scaffold, which
ultimately results in nonuniform ZIF coverage and blocked
ion-transport channels. By engineering a dense ANF surface
layer that functions as a molecular diffusion gate, our contra-
diffusion design precisely modulates the flux of both precursors
and confines their encounter exclusively within the membrane
interior. This stepwise diffusion-controlled coordination chem-
istry produces uniformly distributed and nanoscale Zn-Co ZIF
domains intimately anchored to the ANF network. Upon pyrol-
ysis, volatile Zn species evaporate while the ANF framework
carbonizes, leaving atomically dispersed Co centers strongly
coordinated by nitrogen functionalities derived from both the
ZIF and ANF backbones. The resulting free-standing Co–N4
interlayer exhibits highly uniform active-site distribution, abun-
dant ion-transport channels, and continuous charge-conduction
pathways, representing a distinct catalytic architecture compared
with conventional in-situ-derived composites. This work demon-
strates that diffusion-regulated precursor growth can construct
a uniformly distributed single-atom catalytic architecture within
a conductive fibrous membrane, enabling efficient utilization of
Co–Nx active sites and spatially regulated sulfur redox reactions
in Li–S batteries. As a consequence, this diffusion-regulated
catalytic architecture enables efficient sulfur redox regulation and
provides a structural basis for stable high-rate cycling even at low
Co loading.

2 Results and Discussion

2.1 Diffusion-Regulated Formation and Atomic
Structure of CoSAs/NC

The pristine Zn-Co ZIF precursor exhibits a uniform polyhedral
morphology with well-defined facets, characteristic of ZIF-8-type
frameworks (Figure 2a,c) [20]. After pyrolysis, the crystalline ZIF
structure collapses into a porous nitrogen-doped carbon matrix
composed of interconnected nanoparticles, while largely preserv-
ing the nanoscale morphology (Figure 2b,d) [21]. Notably, no large
aggregates or metal-rich domains are observed, indicating that
the bimetallic ZIF precursor effectively disperses metal species
prior to thermal transformation. Elemental mapping reveals a
clear evolution of metal distribution during carbonization. Both
Zn and Co are homogeneously distributed in the ZIF precursor,
whereas in the carbonized CoSAs/NC sample, the Zn signal
nearly disappears, consistent with Zn volatilization at elevated
temperature, while Co remains uniformly dispersed throughout
the carbon framework [22]. The absence of Co-rich clusters in
high-resolution TEM and elemental maps suggests that Co atoms
are stabilized within the nitrogen-doped carbon matrix rather
than aggregating into nanoparticles.
Angewandte Chemie, 2026
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FIGURE 1 Schematic illustration of diffusion-regulated growth of Zn-Co ZIF precursors and the formation of atomically dispersed Co–N4 sites
on an asymmetric ANF membrane. (i) Controlled coordination of Zn2+/Co2+ with 2-MIm followed by pyrolysis generates atomically dispersed Co sites
coordinated with nitrogen in a carbonized ANF framework (CoSAs/NC), assisted by Zn volatilization during thermal treatment. (ii) Conventional in situ
growth leads to homogeneous nucleation in bulk solution, particle aggregation on ANF fibers, pore blockage, and spatially nonuniform Co–Nx sites after
carbonization. (iii) The asymmetric ANF membrane regulates the diffusion of metal ions and ligands through its dense surface layer, confining precursor
interaction within the membrane interior and producing uniformly distributed nanoscale ZIF domains. These domains are subsequently converted into
homogeneously dispersed Co–N4 sites within a free-standing conductive carbon network after pyrolysis.
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he structural evolution from crystalline ZIF to carbonized
oSAs/NC was further examined by x-ray diffraction (Figures 2e
nd S1). The Zn-Co ZIF precursor displays characteristic reflec-
ions corresponding to the sodalite topology of ZIF-8, which
ompletely vanish after pyrolysis [23]. Importantly, no diffraction
eaks attributable to metallic Co or cobalt oxides are detected,
upporting the absence of Co-containing crystalline phases after
arbonization. Quantitative elemental analysis by electron probe
ngewandte Chemie, 2026
microanalysis (EPMA, Figure 2f) shows a drastic decrease of Zn
content to near the detection limit after pyrolysis, while a low but
appreciable Co content is retained. This result confirms the role of
Zn as a sacrificial, volatile component and the immobilization of
Co within the carbon framework at a loading level consistent with
SACs. The Raman spectroscopy of CANF, S-CANF, CD-CANF,
and CoSAs/NC is shown in Figure S2. All samples exhibit the
characteristic D band (≈1350 cm−1) and G band (≈1580 cm−1)
3 of 17
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FIGURE 2 Structural characterization of the Zn-Co ZIF precursor and the derived CoSAs/NC. (a, b) SEM images of ZIF-8 and CoSAs/NC. (c, d)
TEM/HAADF-STEM images with elemental mapping. (e) XRD patterns of ZIF-8 and CoSAs/NC. (f) EPMA elemental composition. (g) High-resolution
N 1s and Co 2p XPS spectra. (h) Co K-edge XANES spectra. (i) Fourier-transformed EXAFS. (j) Wavelet-transform EXAFS contour map.

o
I
p
n
r
a
a

T
w
(
i
p
n
a

4

 15213757, 2026, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.7009531 by N

ational Sun Y
at-Sen, W

iley O
nline L

ibrary on [15/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
f carbon materials. The CANF-derived samples display similar
D/IG ratios (≈0.9), indicating that the contra-diffusion growth
rocess does not significantly alter the carbon framework of the
anofiber scaffold. In contrast, CoSAs/NC shows a higher ID/IG
atio (≈1.3), suggesting a higher density of structural defects
ssociated with the MOF-derived carbon matrix, which can serve
s anchoring sites for atomically dispersed Co–Nx species [24].

he chemical environments of nitrogen species and cobalt centers
ere investigated by x-ray photoelectron spectroscopy (XPS)

Figure 2g). The N 1s spectrum of CoSAs/NC can be deconvoluted
nto pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N com-
onents (Figure S3) [25], indicating the coexistence of multiple
itrogen functionalities inherited from both the ZIF framework
nd the ANF backbone. Among them, pyridinic-N and graphitic-
of 17
N are commonly regarded as effective coordination sites for
stabilizing isolated metal atoms, providing a suitable electronic
environment for the formation of Co–Nx moieties. The Co 2p
spectrum displays characteristic Co2+/Co3+ features without any
detectable signal corresponding to metallic Co0 (≈778.1 eV),
excluding the presence of cobalt nanoparticles. Together with the
absence of metallic Co signatures, these results suggest that cobalt
is incorporated into nitrogen-coordinated environments rather
than aggregated metallic or oxide phases [26].

The local coordination structure and oxidation state of Co
were further elucidated by Co K-edge x-ray absorption spec-
troscopy (Figures 2h–j and S4) [27]. The XANES edge position of
CoSAs/NC lies between those of CoO and Co3O4 and is distinctly
higher than that of metallic Co foil, indicating an oxidized,
Angewandte Chemie, 2026
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on-metallic cobalt state. The enhanced white-line intensity
ompared with CoO is consistent with reduced coordination
ymmetry and electron density associated with isolated Co–

x configurations. Fourier-transformed EXAFS spectra exhibit a
ominant peak at ≈1.45 Å, attributable to Co–N scattering, while
he Co–Co coordination peak at ∼2.15 Å is completely absent.

avelet transform (WT) analysis further reveals a single intensity
aximum located in the Co–N scattering region, with no features

ssociated with Co–Co interactions. These spectroscopic results
ollectively confirm that cobalt exists predominantly as atomi-
ally dispersed Co–Nx sites. This conclusion is consistent with
igh-resolution TEM and FFT analyses (Figure S5), which show
o evidence of crystalline Co-containing domains [28].

o elucidate the factors governing the in-situ growth of ZIF
recursors on ANF membranes, the evolution of precursor uptake
as first examined by thermogravimetric analysis (Figure 3a,b).

n the conventional sink-growth mode, mass deposition is limited
nd irregular, whereas the contra-diffusion configuration yields
predictable and time-dependent increase in inorganic residue.
his behavior indicates that precursor formation is directly
egulated by the controlled interfacial supply of both 2-MIm
nd Zn2+/Co2+ ions. Time-resolved concentration measurements
erformed on both compartments of the contra-diffusion cell
Figures 3c and S6) further quantify the transport behavior of the
eactants. Fitting the concentration profiles using Fick’s diffusion

odel gives diffusion coefficients of D2 − MIm = 7.4 × 10−9 m2 s−1

nd 𝐷𝑍𝑛2+∕𝐶𝑜2+ = 7.1 × 10−9 m2 s−1, indicating nearly identical
iffusivities. Such balanced bidirectional diffusion establishes a
ell-defined reaction front within the ANF scaffold, enabling
niform nucleation and homogeneous growth of ZIF domains

hroughout the membrane [11].

.2 Structural Evolution Toward Atomically
ispersed Co–Nx Sites

EM imaging was employed to visualize the time-dependent
volution of ZIF-8 formation within the ANF network under
ontra-diffusion conditions (Figure 3d–f). At the initial stage,
nly nanoscale nuclei are detected, which are already uniformly
istributed along the ANF fibers. After 30 min, well-defined
IF-8 particles with sizes exceeding 20 nm emerge and homo-
eneously decorate the fiber surfaces, forming a continuous
oating. With prolonged reaction time, particle size increases
radually while the spatial distribution remains highly uniform,
ndicative of a reaction-controlled nucleation-growth process
ather than uncontrolled bulk precipitation. Particle size distri-
utions extracted from SEM images (Figures S7 and S8) exhibit a
arrow and systematic evolution, further confirming kinetically
oderated growth. A direct comparison after 2 h (Figure 3g)

ighlights the intrinsic advantage of the contra-diffusion strategy:
IF-8 crystals grow conformally along the ANF scaffold without
locking pore channels, whereas the sink-growth process leads to

rregular aggregation and partial channel obstruction.

he carbonized interlayers largely inherit the morphology of
heir corresponding ZIF precursors, confirming that the pre-
ursor growth mode dictates the final carbon architecture after
yrolysis. As shown in Figure S9, S-CANF prepared by immer-
ion growth exhibits relatively aggregated carbon domains. In
ngewandte Chemie, 2026
contrast, CD-CANF synthesized via contra-diffusion displays a
more homogeneous nanoscale texture distributed throughout
the fibrous scaffold. This difference indicates that the contra-
diffusion process effectively regulates precursor nucleation and
spatial distribution within the ANF framework. The influence
of precursor growth duration on the resulting carbon structure
was further examined using CD-CANF samples synthesized with
different growth times (3–16 h) (Figure S10). The sample obtained
after 3 h of growth preserves an open fibrous network with a
conformal carbon coating. With increasing growth time (6–12 h),
the carbon layer gradually thickens, and localized aggregates
begin to appear. At 16 h, a noticeably denser carbon architecture
with inter-fiber bridging features is observed, suggesting exces-
sive precursor accumulation followed by carbonization-induced
shrinkage. These observations indicate that prolonged growth
may reduce the structural openness of the fibrous scaffold. Con-
sidering both structural characteristics and catalytic performance
(Figure 5a), a growth time of 2 h was selected as the optimal
condition for further study.

To further clarify the internal structural distribution of the cat-
alytic framework, focused ion beam system (FIB-SEM) analysis
was performed for both S-CANF and CD-CANF interlayers
(Figures 3 h,i, S11, and S12). The S-CANF sample exhibits locally
aggregated carbon domains distributed along the fibrous scaffold,
indicating heterogeneous precursor growth within the network.
In contrast, the CD-CANF interlayer displays a more conformal
nanoscale carbon texture covering the ANF framework, with
smaller and more evenly distributed domains. This architecture
preserves the inter-fiber voids while forming continuous catalytic
interfaces throughout the scaffold, providing accessible path-
ways for ion transport and LiPS conversion. These observations
confirm that diffusion-regulated precursor growth directly deter-
mines the spatial distribution of catalytic domains within the
fibrous scaffold. The structural evolution during carbonization
was further examined by XRD analysis. As shown in Figure 3j, the
diffraction peaks of ZIF-8 are clearly observed in the precursor,
while after carbonization all samples (CANF, S-CANF, and CD-
CANF) exhibit a broad (002) feature characteristic of turbostratic
carbon. Notably, CD-CANF shows a slightly sharper and more
intense (002) peak (Figure S13), suggesting a more uniform car-
bon framework derived from the regulated precursor distribution
[29]. No diffraction signals corresponding to metallic cobalt or
cobalt oxides are detected, indicating the absence of crystalline
cobalt aggregates.

The Co content in the carbonized interlayers was quantified by
thermogravimetric analysis (TGA) in air and inductively coupled
plasma (ICP) spectroscopy (Figure 3k). Compared with S-CANF,
the CD-CANF consistently exhibits higher Co loading, indicating
that the contra-diffusion growth process promotes more efficient
incorporation of Co species into the fibrous framework. The
ICP results further reveal that the cobalt content in CD-CANF
increases slightly with growth time (1.2 wt% at 2 h, 1.4 wt% at
3 h, and ∼1.5 wt% at longer durations), suggesting progressive
precursor incorporation during the diffusion-regulated growth
process. Notably, the 2 h sample already achieves a cobalt
loading comparable to those obtained at extended growth times,
while preserving the open fibrous architecture observed in the
structural analysis. These results indicate that a moderate growth
duration is sufficient to introduce an adequate amount of Co
5 of 17
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FIGURE 3 Diffusion-regulated in situ growth of ZIF-8 on ANF membranes via sink and contra-diffusion strategies. (a, b) TGA curves of ZIF-8
grown on ANF at different reaction times using (a) sink and (b) contra-diffusion methods; insets show the corresponding evolution of inorganic residue,
reflecting precursor uptake behavior. (c) Time-dependent concentration profiles of 2-MIm and Zn2+/Co2+ ions in the contra-diffusion system with fitted
diffusion kinetics. (d–f) Time-resolved SEM images of ZIF-8 growth on ANF under contra diffusion at 5 min, 30 min, and 2 h, respectively; insets show
the corresponding particle-size distributions. (g) SEM comparison of ZIF-8 growth on ANF after 2 h using sink and contra-diffusion methods. (h, i)
FIB-SEM cross-sectional images of the carbonized S-CANF and CD-CANF interlayers. (j) XRD patterns of pristine ZIF-8, Kevlar, and ZIF-8 grown on
ANF via sink and contra-diffusion methods. (k) TGA profiles of carbonized interlayers prepared at different growth durations and corresponding Co
contents determined by TGA and ICP analyses.
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pecies while avoiding excessive precursor accumulation. The
anoscale distribution of Co in the carbonized interlayers was

urther examined by TEM and elemental mapping (Figure 4a,b).
-CANF displays irregular carbon domains accompanied by spa-
ially heterogeneous Co distribution, consistent with nonuniform
recursor deposition during sink growth. In contrast, CD-CANF
xhibits a more homogeneous nanostructure with Co uniformly
istributed throughout the framework and no observable Co-
ich clusters. This uniform distribution is consistent with the
iffusion-regulated nucleation behavior revealed in Figure 3
of 17
and supports the formation of isolated Co–Nx coordination
environments after carbonization.

The Co K-edge XANES spectra of S-CANF and CD-CANF
(Figure 4c) show absorption edges positioned between those of
CoO and Co3O4, indicating that cobalt in both samples exists in
an oxidized, nitrogen-coordinated state rather than as metallic
Co0. Notably, CD-CANF exhibits a slightly enhanced white-
line intensity relative to S-CANF, suggesting a more localized
electronic structure and a more well-defined Co–N coordination
Angewandte Chemie, 2026
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FIGURE 4 (a, b) TEM images and corresponding Co elemental mapping of carbonized interlayers prepared by the sink method (S-CANF) and
the contra-diffusion method (CD-CANF), respectively. (c) Co K-edge XANES spectra of CoSAs/NC, S-CANF, and CD-CANF, indicating oxidized and
nitrogen-coordinated Co species. (d) Fourier-transformed EXAFS spectra highlighting the dominant Co–N coordination and the absence of Co–Co
scattering. (e, f) Wavelet transform (WT) contour plots of S-CANF and CD-CANF, confirming atomic dispersion of Co through the exclusive Co–N
scattering feature. (g) Schematic illustration comparing the nucleation and growth mechanisms of ZIF precursors under sink and contra-diffusion
conditions, emphasizing differences in nucleation confinement, growth uniformity, and resulting Co–Nx coordination environments after carbonization.
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nvironment [30]. This feature is consistent with the more uni-
orm cobalt incorporation enabled by the contra-diffusion growth
rocess. Further insights are provided by the Fourier-transformed
XAFS spectra (Figure 4d). Both samples display a dominant
o–N scattering peak at ≈1.4 Å, confirming the formation of
tomically dispersed Co–Nx moieties. However, S-CANF exhibits

broader and less resolved Co–N feature, accompanied by
esidual intensity extending toward the 2–3 Å region, indicative of
ncreased structural heterogeneity and partially disordered local
ngewandte Chemie, 2026
environments. In contrast, CD-CANF shows a sharper Co–N
peak with strongly suppressed intensity in the Co–Co scattering
region, evidencing the absence of cobalt clustering and a more
uniform single-atom coordination structure [31]. These spectro-
scopic differences demonstrate that contra diffusion yields a more
homogeneous and well-defined Co–Nx configuration, whereas
the sink-grown sample contains a broader distribution of local
Co environments. The superior atomic uniformity of CD-CANF is
further corroborated by wavelet transform analysis (Figure 4e,f).
7 of 17
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FIGURE 5 (a) CV profiles of symmetric cells employing CANF, S-CANF, and CD-CANF interlayers, highlighting the characteristic redox responses
of LiPSs. (b) UV–vis absorption spectra of Li2S6 solutions after contact with different interlayers, reflecting their relative LiPS adsorption capability. (c) N
1s XPS spectra of pristine CoSAs/NC, CANF, and CD-CANF, together with the corresponding spectra after Li2S6 adsorption, illustrating the interfacial
interaction between nitrogen-coordinated Co sites and LiPS species. (d) Ionic conductivity of PE separators modified with different interlayers (left),
and electronic conductivity measured on the dense (Layer D) and porous (Layer P) sides of the interlayers (right). (e) CV curves of Li–S full cells
assembled with PE, CANF, S-CANF, and CD-CANF interlayers at various scan rates. (f) Apparent 𝐷𝐿𝑖+ derived from Randles–Sevcik analysis of the
three characteristic redox peaks (R2, R1, and O). (g) Tafel slopes extracted from the anodic (O) and cathodic (R1 and R2) processes, reflecting the reaction
kinetics associated with different interlayers.
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aken together, the growth kinetics, morphological evolution,
arbonization behavior, and atomic-scale coordination analyses
eveal a fundamental divergence between the sink and contra-
iffusion pathways. To integrate these observations, a mecha-
istic model is proposed in Figure 4g. In the conventional sink
rocess, ANF is simultaneously exposed to 2-MIm and Zn2+/Co2+
of 17
ions, leading to rapid homogeneous nucleation in solution.
This results in extensive formation of free ZIF particles, partial
blockage of fiber channels, and spatially heterogeneous precursor
deposition on ANF, which ultimately translates into nonuniform
Co–Nx coordination environments after pyrolysis. By contrast,
the contra-diffusion configuration spatially separates the two
Angewandte Chemie, 2026
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eactants across the ANF membrane. 2-MIm and Zn2+/Co2+ ions
iffuse inward from opposite sides with comparable diffusion
oefficients, generating a confined reaction zone within the ANF
anochannels. This spatial restriction suppresses solution-phase
ucleation and enforces heterogeneous nucleation directly on

he ANF fiber surface, where coordinated amide groups and
-rich domains provide uniform anchoring sites. Subsequent
rowth proceeds under diffusion-limited conditions, yielding
ighly homogeneous ZIF-8 domains without pore blockage.
fter carbonization, this precursor uniformity is preserved as

tomically dispersed Co–Nx sites, as reflected by the sharp Co–
scattering and complete suppression of Co–Co contributions

n EXAFS. Overall, this mechanistic analysis identifies contra-
iffusion as the decisive factor governing controlled nucleation,
niform precursor evolution, and the formation of a highly
omogeneous Co–Nx single-atom coordination environment in
D-CANF.

.3 Polysulfide Adsorption, Catalytic Activity,
nd Ion-Electron Transport in the Engineered
nterlayers

o correlate precursor growth regulation with the resulting tex-
ural properties, N2 adsorption–desorption measurements were
onducted for CoSAs/NC, S-CANF, and CD-CANF (Figure S14).
D-CANF exhibits the highest BET surface area (362 m2 g−1), sig-
ificantly exceeding those of S-CANF (316 m2 g−1) and CoSAs/NC
70 m2 g−1), together with a narrow mesopore distribution
entered at ≈2–3 nm. In contrast, S-CANF shows a broader
nd less well-defined pore profile. These differences directly
eflect the diffusion-regulated ZIF growth enabled by the contra-
iffusion strategy, which suppresses free-particle aggregation
nd preserves the intrinsic ANF pore network. The resulting
ombination of high surface area and uniform mesoporosity
n CD-CANF maximizes the accessibility of Co–Nx sites and
rovides an optimal structural basis for LiPS confinement and
atalytic conversion.

he intrinsic catalytic activity toward LiPS conversion was
ext evaluated using symmetric-cell configurations, allowing
irect comparison of redox kinetics independent of sulfur

oading or electrode architecture. As shown in Figure S15a,
oSAs/NC exhibits markedly stronger and more defined redox

eatures than pristine CNT, confirming the high intrinsic
atalytic activity of atomically dispersed Co–Nx sites. To further
lucidate the role of precursor evolution, interlayers prepared
t different growth durations (1, 2, and 3 h) under sink and
ontra-diffusion conditions were systematically examined by
yclic voltammetry (CV) (Figure S15c,d). With increasing growth
ime, progressively sharper and more symmetric LiPS redox
eaks are observed, consistent with the formation of more
niform ZIF-derived domains and enhanced exposure of Co–Nx
ctive sites. At all reaction durations, CD-CANF consistently
utperforms S-CANF, highlighting the decisive advantage of
iffusion-controlled nucleation. Based on these time-dependent
rends, the 2 h samples, exhibiting the optimal balance between
atalytic activity, structural uniformity, and pore accessibility,
ere selected for subsequent electrochemical analyses. As shown

n Figure 5a, CD-CANF delivers substantially sharper and more
ntense redox features than CANF and S-CANF, indicating
ngewandte Chemie, 2026
faster LiPS conversion kinetics and a more efficient catalytic
interface, whereas CANF displays broad and poorly defined
peaks characteristic of limited catalytic contribution [32, 33].

The LiPS adsorption capability of the interlayers was further
assessed by UV–vis spectroscopy (Figure 5b). Among the three
samples, CD-CANF induces the most pronounced decrease in
Li2S6 absorbance, indicating the strongest affinity toward soluble
LiPS species. S-CANF shows moderate adsorption, whereas
CANF exhibits only a marginal effect. This trend can be ratio-
nalized by the larger accessible surface area, well-developed
mesoporosity, and uniformly exposed Co–Nx anchoring sites
in CD-CANF, which collectively favor efficient LiPS capture.
Together with the symmetric-cell results, these observations
establish that CD-CANF simultaneously enhances LiPS immo-
bilization and catalytic conversion, providing a clear advantage
over CANF and S-CANF. To elucidate the underlying interfacial
chemistry, XPS analyses were performed on CANF, S-CANF, and
CD-CANF after Li2S6 adsorption (Figures 5c and S16). In the N 1s
spectra, both S-CANF and CD-CANF exhibit discernible positive
shifts in the pyridinic-N and Co–Nx components, indicative of
electron transfer from LiPS species to nitrogen-coordinated cobalt
centers. Notably, the shift is most pronounced for CD-CANF,
consistent with its higher density of electronically accessible
Co–Nx sites and the superior adsorption behavior observed in
Figure 5b. In contrast, CANF shows negligible spectral changes,
confirming its weak chemical interaction with LiPSs.

Further insight is provided by the S 2p spectra, which reveal
progressive stabilization of reduced sulfur species. Compared
with CANF (SB

0/ST
−1 = 0.55), higher fractions of terminal

sulfur species are observed for S-CANF (0.61) and CD-CANF
(0.64), indicating increasingly strong interactions with LiPSs.
In particular, CD-CANF displays enhanced LiPS-related sig-
nals together with emerging features attributable to thiosul-
fate/polythionate intermediates, characteristic of chemically acti-
vated sulfur species. These results suggest that CD-CANF not
only captures LiPSs more effectively but also shifts their surface
speciation toward more reactive, catalytically relevant states.
Consistent with this interpretation, the Co 2p spectra (Figure
S17) show a distinct positive shift of the Co 2p3/2 peak for CD-
CANF after Li2S6 adsorption, accompanied by suppression of
satellite features, reflecting strong Co–S coordination and direct
electronic coupling between Co–Nx sites and LiPS intermediates
[34]. These changes are less evident for S-CANF and nearly absent
for CANF, mirroring the catalytic activity hierarchy established in
Figure 5a. Collectively, the N 1s, S 2p, and Co 2p analyses converge
to demonstrate that CD-CANF possesses the strongest chemical
affinity and activation capability toward LiPSs. This well-defined
interfacial interaction, enabled by uniformly dispersed and fully
accessible Co–Nx sites, provides the mechanistic foundation for
the accelerated LiPS conversion kinetics and superior electro-
chemical performance discussed in the following sections.

Following the catalytic and adsorption analyses, the ion and elec-
tron transport properties of the interlayers were systematically
evaluated, as both are critical for sustaining fast sulfur redox
under high-rate operation. As shown in Figure 5d (left), the
introduction of ZIF-derived Co–Nx coordination environments
leads to a clear enhancement in ionic conductivity compared
with pristine CANF. While S-CANF shows a moderate increase,
9 of 17
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D-CANF exhibits the highest ionic conductivity, which can
e attributed to its continuous mesoporous architecture and
niformly distributed polar coordination sites that facilitate
i+ migration across the interlayer. In contrast, the electronic
onductivity (Figure 5d, right) follows a different trend. Incorpo-
ation of ZIF-derived domains inevitably perturbs the intrinsic
lectron-conduction pathways of the ANF framework, resulting
n lower conductivity relative to pristine CANF. Notably, this
eduction is significantly less pronounced in CD-CANF than
n S-CANF. The diffusion-regulated growth in CD-CANF min-
mizes local aggregation and pore blockage, thereby preserving
iber-fiber contact within the ANF network and maintaining
n effective electronic percolation pathway. In comparison, the
ess controlled precursor growth in S-CANF leads to spatially
eterogeneous particle deposition, which more severely disrupts
lectronic transport. The combination of enhanced Li+ mobility
nd preserved electronic connectivity in CD-CANF therefore
rovides a favorable transport environment that synergistically
omplements its catalytic Co–Nx sites.

o further quantify the kinetic advantages imparted by the
ontra-diffusion strategy, CV measurements were performed
sing Li–S full cells incorporating CANF, S-CANF, and CD-
ANF interlayers (Figure 5e), with additional symmetric-cell

omparisons shown in Figure S18. The separation between the
athodic and anodic peaks (ΔE) decreases progressively from
E (0.54 V) to CANF (0.46 V), S-CANF (0.45 V), and CD-
ANF (0.38 V), indicating increasingly accelerated LiPS redox
inetics. The substantially reduced ΔE for CD-CANF reflects

ower polarization and faster charge-transfer processes during
oth sulfur reduction and Li2S oxidation [35]. By contrast,
ANF exhibits broad and sluggish redox features due to the
bsence of catalytic sites, while S-CANF provides only partial
mprovement owing to its less uniform structure and partially
indered ion transport. Taken together, these results demonstrate

hat diffusion-regulated ZIF growth uniquely integrates catalytic
ctivity with balanced ion-electron transport, enabling a uni-
ormly active interlayer interface and markedly accelerated LiPS
onversion kinetics, in full agreement with the trends observed in
igure 5a–d.

o further elucidate the kinetic advantages imparted by the
ontra-diffusion strategy, the LiPS conversion behavior of the
nterlayers was quantitatively analyzed through redox peak sepa-
ation, diffusion kinetics, and Tafel analysis. As summarized in
igure 5e–g, and Figures S19 and S20, CD-CANF consistently
xhibits the smallest redox peak separation, the highest slopes
n the Randles-Ševčík plots (Ip vs. ν1/2), and the lowest Tafel
lopes among all samples. These features collectively indicate
educed polarization, accelerated Li+ diffusion, and lower acti-
ation barriers for LiPS redox reactions. In contrast, pristine PE
nd CANF display broad redox peaks, large ΔE values, sluggish
iffusion behavior, and steep Tafel slopes, reflecting kinetically
indered charge transfer and the absence of effective catalytic
ites. S-CANF provides partial improvement but remains inferior
o CD-CANF, consistent with its less uniform precursor-derived
tructure and a lower density of accessible Co–Nx active centers.
he superior kinetics of CD-CANF therefore arise from the syner-
istic integration of a homogeneous ZIF-derived nanostructure,
niformly dispersed Co–Nx catalytic sites, and a well-preserved
NF conductive framework.
0 of 17
2.4 Electrochemical Kinetics and
Rate-Dependent Sulfur Conversion

To further elucidate the role of catalytic architecture, a control
system was constructed by coating Co-SAs/NC catalysts onto a
commercial PE separator (Co-SAs/NC@PE), with a thickness of
≈6 μm and a loading of ≈1.1 mg cm−2, in comparison to the CD-
CANF interlayer (≈35 μm, ≈1.8 mg cm−2). For comparison, the
Co-SAs/NC@PE system is included to distinguish the effect of
catalytic architecture from intrinsic catalytic activity. The kinetic
advantages of CD-CANF translate directly into improved cycling
stability and voltage characteristics in full Li–S cells. As shown
in Figure 6a, the Co-SAs/NC@PE cells deliver improved initial
capacity relative to the bare PE separator, confirming the intrinsic
catalytic activity of Co–Nx sites; however, a noticeably faster
capacity decay is observed upon cycling, indicating limited struc-
tural stability of the surface-coated configuration. The charge–
discharge profiles (Figures 6b, and S21–S22), together with the
potential-gap analysis in Figure S23, further reveal increased
polarization for Co-SAs/NC@PE compared with CD-CANF,
suggesting sluggish reaction kinetics and incomplete conversion
during cycling. Cells employing PE or CANF interlayers suffer
from rapid capacity decay and pronounced voltage polarization,
consistent with weak LiPS confinement and sluggish conversion
kinetics. S-CANF exhibits moderate improvement but still
displays progressive discharge-plateau distortion upon cycling. In
sharp contrast, CD-CANF maintains the highest reversible capac-
ity and the most stable voltage profiles over prolonged cycling,
accompanied by markedly reduced polarization in both the upper
(S8 → Li2S4) and lower (Li2S4 → Li2S) discharge plateaus. Notably,
the inset of Figure 6b reveals that CD-CANF exhibits the smallest
Li2S nucleation overpotential difference (ΔEn), indicating a
facilitated nucleation-growth process. This behavior is fully
consistent with the symmetric-cell kinetics (Figure 5a), diffusion
analysis (Figure 5e), and Tafel trends (Figure 5g), confirming that
CD-CANF provides the most efficient LiPS conversion pathways.
Supplementary discharge profiles at different cycle numbers
further demonstrate that CD-CANF preserves plateau definition
and discharge capacity with minimal voltage drift, whereas PE-,
CANF-, and S-CANF-based cells exhibit increasingly broadened
plateaus and aggravated polarization. These results demonstrate
that the uniformly distributed Co–Nx catalytic sites and intact
ANF conductive network in CD-CANF synergistically suppress
LiPS shuttling, accelerate solid–liquid–solid sulfur redox, and
stabilize Li2S deposition, thereby delivering superior cycling
stability and electrochemical reversibility [36]. These trends are
further reflected in the long-term cycling behavior (Figure 6i),
where the Co-SAs/NC@PE system exhibits rapid capacity fading
despite the presence of catalytic sites. Collectively, these results
show that the superior performance of CD-CANF originates
not merely from the presence of Co–Nx catalytic sites, but
from the spatially regulated catalytic architecture enabled by
the contra-diffusion design, which ensures uniform sulfur
redox reactions, suppressed LiPS shuttling, and stabilized Li2S
deposition [36]. Cross-sectional FIB analysis (Figure S24) reveals
that the Co-SAs/NC layer is primarily confined to a thin surface
coating (≈6 μm) on the PE separator, lacking a continuous
three-dimensional conductive framework. Such a configuration
leads to nonuniform catalytic distribution and inefficient
ion/electron transport pathways, which likely contributes to the
rapid performance degradation observed during cycling.
Angewandte Chemie, 2026
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FIGURE 6 (a) Cycling performance of Li–S cells using PE, CANF, S-CANF, CD-CANF, and CoSAs/NC@PE at 0.5 C. (b) Charge–discharge voltage
profiles of the corresponding cells, with the potential gaps annotated for comparison of polarization. (c) Nyquist plots before and after cycling, showing
the evolution of charge-transfer resistance. (d) SEM images of the Li anode after cycling with different interlayers. (e) Rate performance measured from
0.2 C to 6 C and returning to 0.2 C. (f) Potential gap at 50% discharge capacity. (g) Self-discharge behavior of PE and CD-CANF cells after resting for
72 h. (h) Voltage profiles of PE and CD-CANF cells at various sulfur areal loadings (1.5–6 mg cm−2). (i) Long-term cycling stability of the cell using
PE, CD-CANF, and CoSAs/NC@PE at 2 C. (j) Comparison of representative catalytic systems for Li–S batteries reported in recent literature, correlating
catalyst loading with capacity decay rate under long-term cycling. Systems based on cathode hosts, separator modifications, and interlayer catalysts are
summarized from Table S2. The CD-CANF interlayer developed in this work occupies the lower-left region of the performance landscape, indicating
low catalyst loading together with excellent cycling durability under high-rate conditions. [1. CoSA-NB (CoN3B); 2. Co SAs on CN nanosheets (CC@CN-
SACo); 3. Fe-N4 (FeANAC/OC); 4. V-N-C (V SAs + VN NPs); 5. Co-SAs@NC; 6. CoSA-N-C (Co-N4 SAC); 7. Co-O axially coordinated SAs; 8. Co-Nx
SAs; 9. Co-N/P-S asymmetric SAs; 10. FeSA-CN; 11. Nb-SAs@NC; 12. FeSA-PCNF; 13. Ni-N5/HNPC; 14. SACo/NDC; 15. CoSA (ALD), 16. CoSAC-NC;
17. axial Co-O SAs (MOF-Co-O); 18. Fe-N5/GCNC; 19. Co-O2N2 SAC (Co/NOC); 20. Co SA array/MOF-NS; 21. Sm-N3C3 SAC; 22. CoN4-CoNCNF; 23.
CNT@CoSA (ALD).]
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lectrochemical impedance spectroscopy (EIS) (Figure 6c)
eveals that CD-CANF significantly reduces both the charge-
ransfer resistance (Rct) and the middle-frequency resistance
Rsf), the latter being associated with LiPS diffusion and parasitic
eactions at the Li-metal interface. While PE and CANF exhibit
arge Rsf values that further increase after cycling, indicative
f severe LiPS crossover and nonuniform Li+ flux, CD-CANF
aintains the lowest and most stable Rsf among all samples.

n contrast, the Co-SAs/NC@PE control exhibits a more
ronounced increase in interfacial resistance after cycling,
uggesting that the surface-coated configuration suffers from
rogressive interfacial degradation and inefficient regulation of
iPS transport. This behavior indicates effective suppression of
iPS migration and more homogeneous Li+ transport toward

he anode. Consistently, post-mortem SEM analysis of the Li
etal (Figures 6d and S25) shows that PE and CANF induce

ough, mossy Li deposits, whereas CD-CANF enables a smooth
nd compact Li surface, evidencing uniform Li deposition and a
tabilized anode interface. The concurrent reduction of Rct and
sf demonstrates that CD-CANF not only accelerates interfacial
harge transfer but also mitigates LiPS-induced interfacial
egradation. These results are consistent with the enhanced
ycling stability observed in Figure 6i and can be attributed to
he spatially regulated catalytic architecture, which promotes
niform ion flux and suppresses interfacial instability during
ycling.

he rate capability of the interlayers was further evaluated
y galvanostatic charge-discharge measurements at increasing
urrent densities (Figures 6e and S26). With an increasing rate, PE
nd CANF cells exhibit pronounced polarization, manifested by
meared discharge plateaus and elevated charge overpotentials,
hile S-CANF shows only partial mitigation. In contrast, CD-
ANF preserves well-defined discharge plateaus even at high

ates (4–6 C), indicating highly favorable reaction kinetics. Quan-
itative analysis of the capacity contributions from the high- and
ow-voltage plateaus (QH and QL, Figure S27) reveals that CD-
ANF retains a substantially larger fraction of QL at elevated

ates. Since QL corresponds to the kinetically demanding con-
ersion of soluble LiPSs to solid Li2S2/Li2S, its superior retention
irectly reflects accelerated solid-phase conversion enabled by
he uniformly dispersed Co–Nx sites. The kinetic advantage of
D-CANF is further quantified by the potential gap between
harge and discharge at 50% depth of discharge (Figure 6f).
t all current densities, the polarization follows the order CD-
ANF < S-CANF < CANF < PE, confirming that the contra-
iffusion-derived interlayer imposes the lowest kinetic penalty
nder dynamic operation. Together, the impedance response,
i-metal morphology, rate-dependent voltage profiles, and QL
etention consistently demonstrate that CD-CANF enables rapid
nd reversible sulfur redox kinetics, underpinning its superior
ate performance and long-term cycling stability. These results
ollectively indicate that the diffusion-regulated architecture
ffectively promotes fast solid-liquid-solid conversion kinetics,
hich is essential for sustaining high-rate operation in Li–S
atteries.

uilding on the rate-dependent kinetic, we further evaluated
he performance of the interlayers under conditions approaching
ractical and extreme operation. Figure 6g compares the Li2S
ucleation behavior using a potentiostatic discharge protocol.
2 of 17
The PE cell exhibits a large nucleation overpotential, indi-
cating a high energy barrier for solid-phase Li2S formation.
CANF provides only marginal improvement, consistent with its
lack of catalytic functionality. In contrast, CD-CANF markedly
reduces the nucleation overpotential to ∼2.34 V, evidencing a
substantially facilitated Li2S nucleation process. This reduced
nucleation barrier is consistent with enhanced QL retention at
high rates (Figure S27), confirming that the diffusion-regulated
architecture enables spatially distributed nucleaton centers of
the uniformly dispersed Co–Nx sites, enabling energetically
favorable and spatially uniform Li2S deposition. The robustness
of this kinetic advantage was further examined under high-
sulfur loadings (Figure 6h). While cells employing PE and CANF
suffer from pronounced polarization growth and rapid capacity
decay as the areal sulfur loading increases from 1.5 to 6.0 mg
cm−2, CD-CANF maintains stable discharge plateaus and delivers
the highest areal capacities across all loadings. Even at 4–6 mg
cm−2, the voltage profiles remain well-defined, confirming that
the diffusion-regulated interlayer architecture enables spatial
regulation of catalytic sites, thereby sustaining fast sulfur redox
kinetics and efficient sulfur utilization under practical mass
loadings.

To probe the ultimate durability and rate tolerance of the inter-
layer design, long-term cycling was performed at a high current
density of 2 C (Figure 6i), directly comparing the pristine PE
and CD-CANF. Under these demanding conditions, the PE cell
exhibits rapid capacity decay and unstable Coulombic efficiency,
indicative of accelerated parasitic reactions and irreversible sul-
fur loss. In sharp contrast, the CD-CANF cell demonstrates
exceptionally stable cycling over extended operation, retaining
a high reversible capacity with a low decay rate and Coulombic
efficiency approaching 100%. Notably, well-defined discharge-
charge plateaus are preserved even after prolonged cycling,
confirming sustained sulfur redox reversibility at high rates. To
place this high-rate durability in a broader context, represen-
tative interlayer- and separator-modification strategies reported
in recent literature are summarized in Table S1 and visualized
in the two-dimensional performance landscape in Figure 6j and
Table S2, correlating catalyst loading with capacity decay rate
across different catalytic configurations. Several representative
SAC-based interlayer systems prepared by advanced fabrication
strategies, including template-assisted precursor confinement
and atomic layer deposition (ALD), are also included for com-
parison in Table S2. Notably, most reported low-decay systems
rely on catalyst incorporation directly into the sulfur cathode
or host matrix, where catalytic sites are maximally utilized
through intimate contact with active sulfur species. In contrast,
interlayers operate in a spatially separated manner and are not the
primary reaction phase, making it intrinsically more challenging
to achieve comparable catalytic efficiency and long-term stability.
Within this comparison, CD-CANF occupies the lower-left region
of the landscape, combining low Co loading with an exception-
ally low decay rate under prolonged high-rate cycling. Notably,
compared with SAC interlayers fabricated by more sophisticated
deposition approaches such as atomic layer deposition, the
diffusion-regulated CD-CANF architecture achieves comparable
or improved cycling durability while maintaining a lower catalyst
loading and a fully freestanding fibrous scaffold. This advan-
tageous positioning indicates that the durability of CD-CANF
does not arise from excessive catalyst content or direct cathode
Angewandte Chemie, 2026
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odification, but rather from the spatially regulated dispersion
nd efficient utilization of Co–Nx single-atom sites enabled by the
iffusion-regulated architecture. Overall, these results highlight
he capability of the interlayer to deliver such pronounced kinetic
egulation and cycling durability, underscoring the effectiveness
f interface-centered catalyst design, with spatial regulation being
ritical for maximizing single-atom utilization and achieving
urable high-rate performance in Li–S batteries.

.5 Mechanistic Insights Into Bidirectional
ulfur Redox Regulation

o directly compare the Li2S precipitation and dissolution behav-
ors of different interlayers, potentiostatic measurements were
irst performed for CNT and CoSAs/NC (Figure S28). As shown in
he upper panels of Figure S28, CoSAs/NC displays a substantially
hortened induction time and a much higher Li2S precipitation
apacity than pristine CNT, indicating significantly accelerated
ucleation kinetics and a more efficient conversion from soluble
olysulfide species to solid Li2S. In contrast, the CNT interlayer
xhibits sluggish current evolution and limited precipitation
apacity, reflecting kinetically hindered Li2S formation in the
bsence of catalytic sites. During the reverse process, CoSAs/NC
lso delivers a larger Li2S dissolution capacity accompanied by
faster current decay, suggesting facilitated solid-to-liquid con-

ersion and improved reaction reversibility, whereas CNT shows
arkedly slower dissolution kinetics. These distinct behaviors

etween CNT and CoSAs/NC indicate that atomically dispersed
o–Nx sites provide a more uniformly accessible catalytic inter-

ace for both forward and reverse sulfur conversion processes.
uch bidirectional catalytic regulation is schematically illustrated
n Figures 7a and further supported by the Li2S precipitation
ehavior shown in Figure S29. As depicted, isolated Co–Nx single-
tom centers serve as effective adsorption and conversion sites
or LiPS intermediates, lowering the kinetic barrier for Li2S
ucleation during discharge while also enabling its efficient
ecomposition during charging [37]. Consequently, the uniformly
istributed Co SACs promotes more continuous sulfur redox
eactions, providing a mechanistic basis for the improved cycling
tability observed in SAC-modified interlayers.

o further verify the evolution of sulfur species during cycling,
x situ XPS analysis was conducted on the cathodes harvested
t representative discharge states, corresponding to points B and
marked in the galvanostatic profiles (Figures 7b and S30). As

llustrated in the potential-capacity curves, point B is located
t the end of the first discharge plateau, where soluble long-
hain LiPSs are actively converted, whereas point E corresponds
o the deep discharge region dominated by Li2S formation.
s shown in Figure 7b, the S 2p spectra collected at point B

eveal the coexistence of thiosulfate and polythionate species,
ndicating the involvement of surface-mediated LiPS conversion
athways during the intermediate discharge stage. Compared
ith the PE cathode, the CD-CANF cathode exhibits a higher
roportion of these oxidized sulfur intermediates, suggesting that
iffusion-regulated catalytic architecture promotes more effective
ctivation and stabilization of LiPS species on the uniformly
istributed Co–Nx sites. At point E, the S 2p spectra are dominated
y signals corresponding to ST and SB, characteristic of solid Li2S
ormation. Notably, the CD-CANF cathode shows a more uniform
ngewandte Chemie, 2026
sulfur speciation distribution with suppressed accumulation of
inactive sulfur species, indicating that the diffusion-regulated cat-
alytic architecture promotes a spatially regulated Li2S deposition
process. In contrast, the PE cathode displays a relatively broader
and less defined sulfide signal, implying heterogeneous depo-
sition and incomplete sulfur utilization. These results provide
direct spectroscopic evidence that the Co SA-modified inter-
layer influences sulfur speciation at different discharge stages.
Importantly, the diffusion-regulated growth of the CD-CANF
framework ensures that these catalytic sites are homogeneously
distributed throughout the interlayer, enabling spatially uniform
sulfur conversion and suppressing localized Li2S accumulation.
Combined with the reaction pathway illustrated in Figure 7a, the
XPS analysis suggests that the diffusion-regulated Co–Nx catalytic
sites facilitate controlled LiPS conversion at the intermediate
stage (point B) and promotes uniform Li2S formation at deep
discharge (point E).

To directly probe how the interlayer architecture influences
sulfur conversion processes, in situ Raman spectroscopy was
employed to track the evolution of LiPS species during discharge
in cells using PE and CD-CANF (Figure 7c), with the Raman
contour maps correlated to the real-time voltage profiles. For
the PE cell, intense Raman bands in the 480–520 cm−1 region,
characteristic of long-chain LiPSs, persist throughout a large
portion of discharge, indicating sluggish conversion and contin-
uous accumulation of soluble species. Signals associated with
short-chain LiPSs (≈420–460 cm−1) remain weak and diffuse,
while a broad Li2S2/Li2S-related band (≈200–230 cm−1) emerges
gradually and heterogeneously, reflecting kinetically hindered
and spatially nonuniform solid-phase precipitation. Occasional
features assignable to S3∙− radicals (≈280–310 cm−1) further
suggest poorly regulated intermediate formation [38, 39]. In
contrast, the CD-CANF cell induces a markedly different sulfur
conversion pathway. The long-chain LiPS bands decay rapidly,
accompanied by the transient emergence of well-defined short-
chain LiPS signals, evidencing accelerated and orderly LiPS
reduction. The S3∙−-related feature becomes more pronounced
yet temporally confined, consistent with stabilized radical inter-
mediates under catalytic control. Meanwhile, the Li2S2/Li2S-
related band appears earlier and remains spatially uniform across
discharge, indicative of facilitated and homogeneous solid-state
precipitation. Overall, the Raman evolution reveals a smooth
and continuous solid-liquid-solid sulfur conversion enabled by
CD-CANF. These in situ Raman results provide spectroscopic evi-
dence that the diffusion-regulated distribution of Co–Nx single-
atom sites in CD-CANF influecnes sulfur speciation at different
reaction stages. By accelerating long-chain LiPS consumption,
stabilizing reactive intermediates, and promoting uniform Li2S
formation, the CD-CANF suppresses LiPS accumulation and
mitigates heterogeneous precipitation, in full agreement with the
reduced polarization, enhanced kinetics, and superior cycling
stability observed electrochemically. These results suggest that
the diffusion-regulated catalytic architecture improves catalytic
accessibility and homogenizes the spatial reaction environment
of LiPS conversion across the interlayer.

To further elucidate the interfacial kinetic regulation enabled
by the CD-CANF interlayer, the evolution of the GITT-derived
IR drop was analyzed and correlated with the voltage relax-
ation behavior (Figure S31a) and the apparent Li+ diffusion
13 of 17
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FIGURE 7 Mechanistic investigation of sulfur redox regulation by the CD-CANF interlayer. (a) Potentiostatic Li2S precipitation profiles of CANF,
S-CANF, and CD-CANF, highlighting the induction time and Li2S precipitation capacity. (b) Ex situ S 2p XPS spectra collected at representative
discharge/charge states (points B and E) for PE and CD-CANF cells, revealing distinct distributions of sulfur intermediates. (c) In situ Raman spectrum
during the discharging process of PE and CD-CANF cells at an excitation wavelength of 532 nm. (d) DFT-calculated adsorption configurations of sulfur
species (S8 to Li2S) on Co–Nx sites. (e) Corresponding reaction energy diagram for sulfur conversion on CD-CANF, illustrating reduced energy barriers
and stabilized intermediates.

14 of 17 Angewandte Chemie, 2026

 15213757, 2026, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.7009531 by N

ational Sun Y
at-Sen, W

iley O
nline L

ibrary on [15/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



c
P
d
i
p
p
I
m
d
v
i
d
I
a
f
s
l
r
i
d

T
d
t
c
c
y
S
i
i
s
r
L
s
i
f
e
t
r
u
a
h

3

I
d
t
g
n
s
i
p
k
c
m
C
f
e
m

A

 15213757, 2026, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ange.7009531 by N

ational Sun Y
at-Sen, W

iley O
nline L

ibrary on [15/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
haracteristics (Figure S31c) [40]. As shown in Figure S31b, the
E cell exhibits a pronounced and localized IR drop during
ischarge–charge processes, indicative of severe polarization and

nefficient interfacial charge transfer associated with sluggish
olysulfide conversion. In contrast, the CD-CANF cell dis-
lays a markedly suppressed and more uniformly distributed
R drop over the entire reaction trajectory, reflecting a funda-

entally altered interfacial environment with reduced energy
issipation. This behavior is fully consistent with the smoother
oltage evolution and reduced polarization hysteresis observed
n Figure S31a. Moreover, the consistently higher apparent Li+
iffusion coefficients of CD-CANF indicate that the diminished
R drop originates from accelerated interfacial charge transfer
nd more continuous ionic transport pathways, rather than
rom transient kinetic effects. Collectively, these results demon-
trate that the contra-diffusion-engineered CD-CANF estab-
ishes a kinetically stabilized interface that effectively mitigates
esistance accumulation during sulfur redox, thereby sustain-
ng reversible polysulfide conversion and long-term cycling
urability.

o rationalize the experimentally observed kinetic advantages,
ensity functional theory (DFT) calculations were performed
o probe the interaction between sulfur species and Co–Nx
atalytic sites (Figure 7d,e). As shown in Figure 7d, atomi-
ally dispersed Co–Nx centers exhibit progressively enhanced
et moderate adsorption toward sulfur intermediates along the
8→Li2S reduction pathway. This balanced adsorption behav-
or enables effective immobilization of soluble LiPSs without
mposing excessive energetic penalties on subsequent conversion
teps. Correspondingly, the reaction energy diagram in Figure 7e
eveals that Co–Nx sites substantially lower the energy barriers for
iPS conversion compared with pristine graphene, particularly
tabilizing the critical Li2S2→Li2S transformation. This energet-
cally favorable landscape provides a direct mechanistic basis
or the accelerated Li2S precipitation, reduced polarization, and
nhanced reversibility observed experimentally. Taken together,
hese theoretical and experimental results highlight the essential
ole of atomically dispersed Co–Nx motifs in simultaneously reg-
lating LiPS adsorption and conversion energetics, and establish
general interfacial design principle for constructing durable,

igh-performance Li–S batteries.

Conclusion

n summary, we report a CD-CANF that enables efficient and
urable sulfur redox regulation in Li–S batteries. In contrast
o conventional surface-limited growth, the diffusion-regulated
rowth enforces uniform nucleation throughout the aramid
anofiber scaffold, yielding homogeneously dispersed Co–Nx
ingle-atom sites while preserving continuous electronic and
onic transport pathways. As a result, CD-CANF markedly sup-
resses polarization and accelerates interfacial charge-transfer
inetics, leading to improved rate capability and long-term
ycling stability. Potentiostatic Li2S precipitation and dissolution
easurements further demonstrate that atomically dispersed
o sites simultaneously lower the nucleation barrier for Li2S

ormation and promote its efficient decomposition, enabling
ffective bidirectional regulation of sulfur redox reactions. These
acroscopic performance gains are consistently supported by
ngewandte Chemie, 2026
spectroscopic analyses and theoretical calculations, which reveal
optimized interfacial binding and moderated reaction energetics
at the Co–Nx sites. Notably, comparative landscape analysis
against state-of-the-art interlayer systems reveals that CD-CANF
achieves a favorable combination of low metal loading and
exceptional cycling stability, highlighting the efficiency of single-
atom utilization enabled by the contra-diffusion architecture.
Beyond Li–S batteries, this work provides a useful design strategy
for integrating atomic-scale catalytic centers into fibrous ion-
conducting frameworks, providing a versatile platform for regu-
lating complex multistep electrochemical reactions in advanced
energy-storage systems.

4 Experimental Section

4.1 Synthesis of Zn-Co ZIF-8 Precursor

Zinc nitrate hexahydrate and cobalt nitrate hexahydrate were
dissolved in methanol, followed by rapid mixing with a methano-
lic solution of 2-MIm under vigorous stirring. The reaction
was maintained at room temperature for 24 h, after which the
precipitated bimetallic Zn-Co ZIF-8 precursor was collected,
washed with methanol, and dried at 60◦C overnight.

4.2 Preparation of Co Single-Atom Catalyst
(CoSAs/NC)

The Zn-Co ZIF-8 precursor was pyrolyzed under flowing N2
by heating to 910◦C at 5◦C min−1 and holding for 2 h. During
carbonization, volatile Zn species were removed, while Co atoms
were stabilized by nitrogen coordination within the carbon
matrix, yielding Co SACs supported on N-doped carbon.

4.3 Fabrication of Aramid Nanofiber (ANF)
Membranes

ANF membranes were prepared via a dry-wet phase inversion
process derived from a sol-gel transition of deprotonated poly(p-
phenylene terephthalamide) (PPTA, Kevlar 49). The resulting
ANF slurry was blade-cast onto glass substrates and immersed in
deionized water to induce phase inversion, followed by solvent
exchange and thermal pressing to obtain free-standing porous
ANF membranes [15].

4.4 Preparation of Carbonized ANF (CANF)

ANF membranes were carbonized under N2 using a stepwise
heating program up to 910◦C to obtain conductive carbonized
ANF (CANF), which was directly used as an interlayer.

4.5 Preparation of Interlayers via Sink-Growth
Method (S-CANF)

For sink growth, ANF membranes were immersed in a 2-MIm
solution, followed by dropwise addition of a mixed Zn2+/Co2+
15 of 17
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olution. After in-situ ZIF growth, the membranes were ther-
ally pressed and carbonized to obtain sink-derived carbonized

nterlayers (S-CANF).

.6 Preparation of Interlayers via
ontra-Diffusion Method (CD-CANF)

or contra-diffusion growth, ANF membranes were mounted
n an H-type cell separating metal-ion and ligand solutions.
ontrolled bidirectional diffusion enabled confined ZIF growth
ithin the membrane interior. After thermal pressing and

arbonization, contra-diffusion-derived carbonized interlayers
CD-CANF) were obtained.
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