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a b s t r a c t

Solid polymer electrolytes present transformative potential for all-solid-state sodium metal batter-

ies (ASSMBs) owing to their molecular tailorability, cost-effectiveness and ease of processability, yet

face critical challenges including sluggish Na+ diffusion kinetics at room temperature, high-voltage

oxidation tendency, and uncontrolled Na dendrite growth. To address these limitations, we propose

an anion-regulation strategy through a hierarchically engineered composite polymer electrolyte (CPE)

that strategically integrates (1) a high-concentration NaTFSI− optimized polyethylene oxide (PEO) ma-

trix (EO:Na+ =6:1) and (2) a mechanically reinforced polyacrylonitrile (PAN) scaffold embedded with

uniformly dispersed UIO-66 metal–organic framework nanoparticles (UIO-66@PAN). High-concentration

TFSI− dissociation activates mobile anion-Na+ cluster species that form dynamic percolation networks,

establishing low-energy-barrier pathways for accelerated Na+ migration (1.01mS/cm at 30 °C). Mean-

while, the UIO-66@PAN scaffold delivers exceptional tensile resilience (3.46MPa) for the CPE membrane,

meanwhile sub-nanometer precision of porous architecture (7.5–8.1 Å in UIO-66 vs. 7.9 Å for TFSI−) en-

ables steric-electronic dual-anchoring effects for TFSI− immobilization, achieving a high Na+ transference

number (tNa+ =0.76). In a solvent-free, layer-stacked ASSMB assembly with sodium vanadium phosphate

(NVP) cathode (1mAh/cm2), 25 μm CPE and the Na foil, the prototype achieves 91.3 % capacity retention

over 200 cycles at room temperature, rate behavior up to 1C as well as robust cyclability across a wide

temperature range (25–80 °C). This molecular-scale engineering of anion behavior in the CPE design thus

establishes a new paradigm for the practical ASSMB prototyping.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

All-solid-state sodium metal batteries (ASSMBs) have emerged

as a transformative alternative to conventional lithium-ion tech-

nologies, owing to the natural abundance and low cost of

sodium resources, high theoretical capacity of metallic Na an-

ode (1166mAh/g), as well as inherent operational safety from

non-flammable solid-state components [1–6]. Central to the per-

formance of ASSMB lies the solid ionic conductor, where solid

polymer electrolytes (SPEs) afford distinct advantages over inor-

ganic ceramics, including superior Na+ solvation capability and

compatibility with scalable roll-to-roll manufacturing, a critical
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requirement for large-scale battery production [7–10]. However,

SPEs face intrinsic limitations that hinder their practical de-

ployment: (1) Low ionic conductivity at ambient temperatures

(<10–4 S/cm), arising from sluggish Na+ diffusion kinetics in

semi-crystalline polymer matrices [11]; (2) Insufficient cationic

transference numbers (tNa+ <0.5), caused by excessive anion

mobility that aggravates interfacial polarization [12]; (3) Inherent

mechanical-thermal trade-offs that induce interfacial degradation,

such as heterogeneous Na deposition and electrolyte-electrode

delamination during galvanostatic operation [13–15].

The ionic conduction in SPEs primarily relies on localized

relaxation and segmental motion within amorphous polymer

domains [16–19]. However, the high crystallinity of most SPEs at

ambient temperatures severely restricts Na+ mobility, resulting
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in unsatisfactory ionic conductivity (10–6–10–5 S/cm at 25 °C)
[20–22]. To address this limitation, several strategies have been

proposed to suppress crystallinity and enhance ion transport. For

instance, polymeric engineering techniques such as the cross-

linking and copolymerization techniques could enhance chain

segment mobility while reinforcing mechanical networks to in-

hibit dendrite formation [23–26]. However, excessive cross-linking

density adversely restricts ion transport dynamics [27]. Moreover,

incorporating ionic liquids (e.g., Pyr13TFSI [28], EMI-TFSI [29]) or

molecular plasticizers (PC [30], DME [31], SN [32]) might disrupt

intermolecular interactions, increasing amorphous phase content.

While effective in enhancing conductivity, these additives often

compromise mechanical integrity and react severely with the Na

foil. Alternatively, CPEs that integrate a polymeric matrix with

inorganic fillers (e.g., oxides, sulfides, or hydrides) [33–35], would

reduce polymer crystallinity and create additional amorphous

regions. However, the practical performance of CPEs is often

limited by random dispersed fillers, the agglomeration of which

leads to the fragmented ion transport pathways [36]. Recently,

the polymer-in-salt solid electrolytes (PISSEs) with high sodium

salt concentrations (>50wt%) leverage intensive polymer-salt

coordination to disrupt crystalline ordering, enabling the syner-

gistic Na+ conduction not only via the segmental motion, but

also through the percolating TFSI−-coordinated ion clusters [37].

Despite the improved ionic conductivity, the plasticizing effect of

excessive salts severely compromises mechanical integrity (tensile

strength<0.5MPa), increasing risks of membrane penetration and

Na dendrite propagation [38,39]. Despite these advancements, crit-

ical challenges persist in the SPE design, requiring simultaneous

optimization of: (1) Continuous Na+ transport pathways for rapid

ion conduction, (2) enhanced Na+ transference numbers (tNa+ ) to

mitigate concentration polarization, and (3) sufficient mechanical

strength to suppress dendrite growth [40], all of which are essen-

tial for developing high-performance, high-energy-density ASSMBs.

Beyond intrinsic cation diffusion kinetics, the volumetric and

gravimetric energy densities of cell-level prototypes are critically

governed by the thickness and areal mass loading of SPEs. Current

ASSMB prototypes utilizing SPE membranes require the thickness

control over 50μm and mass loadings above 4mg/cm2 to ensure

mechanical processability, creating a critical dimensional disparity

when compared to commercial polyolefin separators in liquid cells

(PE: 12–20μm, 0.6–1.2mg/cm2) [10,41]. This structural mismatch

substantially compromises the theoretical capacity advantages

of metallic Na anodes (1166mAh/g, 1130Ah/L). Emerging mod-

ification strategies infiltrating nanostructured scaffolds within

polymer matrix demonstrate effective thickness reduction below

30μm [42,43]. However, ceramic-based scaffolds exhibit inherent

brittleness and poor compatibility with roll-to-roll manufacturing

[44,45]. Recent advances thus include innovative approaches of

flexible scaffold design: Zhou et al. created a Janus-type PE separa-

tor with PMTFSINa electrolyte layers, enhancing interfacial stability

via tailored covalent bonding [46]; Wan et al. developed a poly-

imide (PI)-based CPE featuring vertically aligned channels infused

with PEO/LiTFSI, which enhanced ionic conductivity while ensur-

ing intrinsic safety [47]. Hassan et al. pioneered biopolymer-based

electrolyte systems using nanostructured electrospun scaffold of

cellulose derivatives and chitosan synergistically [48]. While ex-

isting CPE technologies struggle to reconcile ultrathin, lightweight

designs with sufficient mechanical strength for ASSMB prototyp-

ing, the more critical bottleneck lies in metastable anode inter-

faces. Spatial heterogeneity in Na+ flux distribution exacerbates

the CPE/Na foil chemical incompatibility, driving the dendritic

formation and Na+ source depletion. Accordingly, recent anion-

regulation strategies employ two kinds of alleviation approaches:

(1) Steric hindrance via large-anion sodium salts (e.g., BETI− [49],

PSS− [4], SO2N(
−)SO2CF3 [7]) to immobilize anions and mitigate

concentration polarization [50]; and (2) selective anion trapping

using nanoporous fillers (MOFs, COFs [51], charged nano clay) or

ion-selective interlayers to enhance Na+ transference. These ad-

vances necessitate mechanically robust scaffolds that integrate dual

functionality, namely the anion confinement and Na+ pathway op-

timization, while addressing interfacial stability, processability, and

ion transport kinetics in sub-30μm SPEs for ASSMB deployment.

In this study, we presented an ultrathin (25μm), lightweight

(1.76mg/cm2) CPE membrane through a hetero-phase design

strategy to enable the room-temperature cyclability of ASSMBs.

The modular CPE design integrates: (1) A high-concentration

NaTFSI/PEO matrix (EO:Na+ =6:1) forms self-assembling Na+-
TFSI− cluster networks, creating anion-regulated percolation-type

pathways that enable high-rate Na+ transport; and (2) a 3D

electrospun PAN scaffold uniformly encapsulating UIO-66 nanopar-

ticles (UIO-66@PAN), where the sub-nanometer-precise UIO-66

architecture (7.5–8.1 Å pore) implements TFSI− sieving (7.9 Å

diameter) through steric-electronic confinement. This syner-

gistic interplay endows the CPE with an order-of-magnitude

enhancement in mechanical strength (3.46MPa), ionic conduc-

tivity (1.01×10–4 S/cm at 30 °C), and Na+ transference number

(tNa+ =0.76). Upon the surface-wetting-agent-free, layered stacking

assembly of the Na3V2(PO4)3 (NVP, 1mAh/cm2), 25 μm CPE and

Na foil, the as-constructed ASSMB prototype could realize the

room-temperature cycling stability (91.3 % capacity retention for

200 cycles) as well as reliable operation across a wide temperature

range (25–80 °C). This anion-regulation strategy establishes a new

paradigm for CPE design, offering a viable solution toward practical

ASSMB construction with wide-temperature-range adaptability.

The design concept of the HCUP membrane is schematically il-

lustrated in Scheme 1. As compared to the low-concentration Na

salt in PEO matrix (LC-PEO, part I, EO:Na+ =15:1), Na+ diffusion

relies exclusively on the sluggish segmental motion of PEO chains,

leading to intrinsically low ionic conductivity that triggers uneven

ion flux and Na dendrite growth. As illustrated in Scheme 1 (part

II), the high-concentration NaTFSI salt in PEO matrix (HC-PEO,

EO:Na+ =6:1) forms anion-rich coordination structures. The excess

TFSI- anions self-organize into the ion clusters, comprising contact

ion pairs (CIPs, where TFSI− coordinates with single Na+ cations)

and aggregated ion pairs (AGGs, involving TFSI− anions bridging

multiple Na+ cations). These configurations establish supplemen-

tary ion-conduction pathways that enhance the ionic conductivity

of both Na+ and TFSI−. In our CPE design, the HC PEO-based elec-

trolyte generated ion clusters with the anion repelled via the UIO-

66@PAN scaffold, meanwhile the continuous arrangement of UIO-

66 nanoparticles can form additional Na+ diffusion channels to

promote the transference number. The HCUP membrane maintains

Scheme 1. Schematic illustration of the Na+ conducting mechanism in the LC-PEO,

HC-PEO as well as the HC-PEO/UIO-66@PAN (HCUP) electrolyte.
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Fig. 1. FTIR spectra for pure-PEO, LC-PEO and HC-PEO at (a) 4000–1500 cm-1, (b) 1700–1400 cm-1, and (c) 1400–1150 cm-1. (d) XRD patterns of pure-PEO, LC-PEO, and HC-PEO

electrolytes. (e) Raman spectra for LC-PEO and HC-PEO electrolytes at 720–770 cm-1. (f) DSC curves of pure-PEO, LC-PEO, and HC-PEO electrolytes.

robust tensile and puncture strength during hot-pressing-induced

thickness reduction, enabling simultaneous high-rate Na+ trans-

port and stable interfacial compatibility with the Na foil.

The structural evolution and ion transport mechanisms in PEO-

based electrolytes with varied NaTFSI concentrations were investi-

gated. FTIR spectral analysis initially reveals progressive interaction

of the salt with the polymer matrix as the NaTFSI concentration in-

creases. The full-spectrum analysis (Fig. 1a) demonstrates a peak

shift (2876.3–2873.5 cm-1) and intensity attenuation of the band

assignable to symmetric C–H stretching vibration, indicating en-

hanced NaTFSI-PEO complexation and increased amorphous region

of the polymer matrix. Detailed examination of specific spectral re-

gions further elucidates structural reorganization (Figs. 1b and c).

The peak shift of the C–H vibration from 1467.5 cm-1 to 1471.2 cm-1

confirms the strengthened Na+-EO coordination, while the merg-

ing of the crystalline-phase doublet (1360/1342 cm-1) into a sin-

gle amorphous peak at 1352 cm-1 under high salt concentrations

demonstrates the disrupted crystalline domains. The concurrent at-

tenuation of CH2 twisting vibrations (1280/1241 cm-1) reflects re-

duced polymer chain regularity, indicating the serious disruption

of PEO crystalline framework. Furthermore, emerging TFSI−-related
spectral features corroborate ion coordination dynamics. The ap-

pearance of a distinct S-N-S stretching vibration at 1671.9 cm-1,

coupled with a redshifted -CF3 signature (1186.4 cm-1) and intensi-

fied -SO2 signal (1333.4 cm-1), clearly confirms the substantial in-

crease in sodium salt concentration. This coordination environment

facilitates the formation of interconnected ion clusters, establishing

continuous transport pathways that enhance Na+ mobility within

the polymer matrix.

These structural transformations of the polymer are also cor-

roborated by X-ray diffraction (XRD) analysis (Fig. 1d), showing

complete suppression of the characteristic PEO crystalline peak at

21.39° in HC-PEO membranes accompanied by substantial atten-

uation of the 17.61° peak intensity. Raman spectroscopy (Fig. 1e)

quantifies ionic association states through TFSI− vibrational modes:

free anions (737 cm-1), contact ion pairs (CIPs, 744 cm-1), and ag-

gregated clusters (AGGs, 749 cm-1). Quantitative analysis demon-

strates a dramatic salt concentration effect: free TFSI− population

suddenly drops from 81.8% in LC-PEO to 7.5% in HC-PEO, while

CIPs and AGGs collectively rise to 91% (48% CIPs and 43% AGGs),

establishing percolated ion-conduction network. Differential scan-

ning calorimetry (DSC) reveals the segmental motion of the poly-

Fig. 2. (a) The crystalline structure of UIO-66 with specific pore size range. (b)

Schematic diagram of the synthesis route of UIO-66 particle with tunable size. SEM

images of UIO-66 of (c) large-size particles and (d) small-size particles. (e) High-

angle annular dark field (HAADF) image and the corresponding elemental mappings

of representative UIO-66 particle with C, O and Zr signals.

mers (Fig. 1f), where HC-PEO exhibits a depression in glass transi-

tion temperature from −35.67 °C to −39.71 °C, reflecting enhanced

chain mobility through the disruption of crystalline phase. The

results demonstrate that increasing NaTFSI concentration disrupts

the semicrystalline order of SPEs while accelerating segmental mo-

bility via salt-induced plasticizing effects. This structural optimiza-

tion achieves molecular-level architectural control over ionic trans-

port and polymer chain dynamics.

In MOF structures designed for TFSI−-trapping functionality,

precise pore size engineering is critical to align with the tar-

get anion’s dimensions while ensuring TFSI− sieving capabilities.

UIO-66, a zirconium-based metal-organic framework with 1,4-

dicarboxybenzene ligands, exhibits a stable octahedral topology

and hierarchical porosity. The archetypal UIO-66 framework ex-

hibits a characteristic pore size of 0.75–0.81nm [52], as validated

by above structural modeling (Fig. 2a), enabling efficient migra-

tion of Na+ or solvated Na+ ions (1.02 Å). This pore dimension is

strategically relevant to TFSI− anion interactions, where the frame-

work’s tailored porosity facilitates size-selective confinement. The

rigid pore architecture of UIO-66 ensures chemical and thermal

stability, while the 1,4-dicarboxybenzene ligand further enhances

anion affinity through electrostatic or coordination-based mecha-

3



Y. Guo, P. Fan, J. Liu et al. Chinese Chemical Letters 37 (2026) 111602

nisms. Such synergistic alignment of pore geometry and chemical

compatibility underpins UIO-66′s efficiency in TFSI− sieving capa-

bilities (0.79nm) [53]. Unlike the random dispersion of MOF par-

ticles in polymer matrices, the rational design precisely encapsu-

lates size-controlled UIO-66 nanoparticles within electrospun PAN

nanofibers (Fig. 2b) delineates the solvothermal synthetic pathway

of UIO-66, where modulation of particle size was achieved through

controlled water addition in the DMF solvent system. SEM micro-

graphs (Figs. 2c and d) directly compared a progressive crystallite

refinement of UIO-66 through the solvent-mediated strategy. Sub-

sequent optimization of the water dosage (0.9wt% in DMF, Fig. S1

in Supporting information) enabled further refinement of the UIO-

66 crystal grains from 600nm-1 mm (Fig. 2c) to 200–400nm

(Fig. 2d) [54]. As compared to the incomplete large UIO-66 particle

encapsulation in PAN fibers, the optimized particles of 200–250nm

were preferentially employed for electrospinning integration with

PAN fibrous matrix. Structural validation through EDS elemental

mapping (Fig. 2e) demonstrates homogeneous spatial distribution

of characteristic C, Zr, and O signals. XRD analysis (Fig. S2 in Sup-

porting information) reveals standard R-3c space group pattern of

UIO-66. N2 adsorption-desorption isotherms of UIO-66 samples are

exhibited in Fig. S3 (Supporting information), revealing a Brunauer-

Emmett-Teller (BET) surface area of 730.1m2/g and a well-defined

pore size range of 7.5–8.1 Å. This structural alignment confirms

the successful synthesis of phase-pure UIO-66 with the desired

nanoporous framework.

Furthermore, we engineered dimensionally optimized CPEs

by developing a UIO-66@PAN electrospun framework through

systematic process optimization. As schematically illustrated in

(Fig. 3a), the fabrication process involved blade-casting HC-PEO

slurry onto UIO-66@PAN scaffolds followed by thermal press-

ing (65 °C) to create the thin-layer HCUP membranes. A control

sample (HC-PEO@PAN, abbreviated as HCP electrolyte) was also

prepared without UIO-66 encapsulation in the electrospun PAN

fibers. Critical electrospinning parameters were regulated through

voltage-dependent morphology. As evidenced in (Figs. S4a and b in

Supporting information), excessive voltages (>20kV) induced PAN

nanofiber diameter reduction below 200nm, resulting in defective

nanoparticle encapsulation. Through iterative testing, optimal

processing at 15 kV produced 400nm-diameter PAN nanofibers

that effectively embedding 200–400nm UIO-66 particles. SEM

imaging and corresponding EDS mapping confirmed homogeneous

Zr distribution along the fibers, verifying the complete, continuous

UIO-66 integration within the nanofiber matrix (Figs. 3b and

c). The UIO-66 nanoparticles exhibited uniform spatial distribu-

tion along nanofiber axis while the nanofibers still maintain the

three-dimensional interconnectivity. This percolating architecture

thus establishes continuous ion transport pathways, significantly

enhancing Na+ mobility. Comparative analysis with pure-PAN

scaffolds (Fig. S5 in Supporting information) further highlights

the critical role of UIO-66 incorporation in constructing this hi-

erarchical ion-transport network. UIO-66@PAN scaffolds showed

58% higher tensile strength than the control of pure-PAN scaffold

(Fig. S6 in Supporting information). The phenomenon could be

attributed to the nanoparticle-induced physical crosslinking effect

that reinforces nanofiber interconnectivity. Thermal gravimetric

analysis (TGA) demonstrated decomposition onset temperatures of

180 °C for the UIO-66@PAN and 150 °C for the pure-PAN scaffold,

both exceeding the polyolefin PE/PP separators (Fig. S7 in Support-

ing information). This thermal-mechanical synergy promises the

structural integrity of the CPE under realistic high-temperature op-

eration conditions. SEM analysis in (Figs. 3d and e) demonstrates

the HCUP membrane’s compact 25μm-thick architecture with

homogeneous phase distribution, which significantly reduces Na+

diffusion pathways. Surface topography characterization through

atomic force microscope (AFM) reveals comparable roughness

parameters between HCUP and HCP membranes (Figs. 3f and g),

critical for maintaining uniform electrode-electrolyte interfacial

contact and subsequent dendrite mitigation. This integrated en-

gineering approach systematically combines three key elements:

dimension optimization (achieving sub-30μm thickness), mechan-

ical reinforcement design, and ion-transport pathway engineering,

thereby resolving the inherent thickness-ionic conductance trade-

off in solid-state electrolyte systems.

Mechanical and electrochemical characterization of the LC-

PEO, HC-PEO, HCP, and HCUP electrolyte membranes revealed

substantial performance improvements through UIO-66 integra-

tion. Tensile testing (Fig. 4a) demonstrated the HCUP membrane

exceptional mechanical strength (3.46MPa), surpassing the HCP

(2.85MPa), HC-PEO (0.47MPa), and LC-PEO (0.96MPa), confirm-

Fig. 3. (a) Schematic illustration of HC-PEO/UIO-66@PAN membrane. (b) SEM images of 3D UIO-66@PAN framework. (c) EDS mapping of 3D UIO-66@PAN framework with

characteristic N, O, and Zr signals. (d) Cross-sectional SEM image of HCUP membrane. (e) The top-view SEM image of HCUP membrane. The AFM images of (f) HCP electrolyte

membrane and (g) HCUP electrolyte membrane.

4



Y. Guo, P. Fan, J. Liu et al. Chinese Chemical Letters 37 (2026) 111602

Fig. 4. (a) Stress-strain curves of LC-PEO, HC-PEO, HCP, and HCUP electrolytes. (b) LSV curves of LC-PEO, HC-PEO, HCP, and HCUP electrolytes. (c) Ionic conductivities of LC-

PEO, HC-PEO, HCP and HCUP electrolytes. The chronoamperometry curves of (d) HC-PEO, (e) HCP, and (f) HCUP CPEs. (g) Schematic illustration of the UIO-66 encapsulation

in PAN fibers for enhanced cationic transference. (h) Adsorption energies between TFSI- with PEO, PAN fibers and UIO-66.

ing the UIO-66@PAN framework effectiveness in mechanical re-

inforcement and dendrite inhibition. Linear sweep voltammetry

(LSV, Fig. 4b) showed expanded electrochemical stability windows

for HCUP (4.72V) compared to HCP (4.53V), HC-PEO (4.37V), and

LC-PEO (4.02V), attributed to synergistic effects from high salt

concentration suppressing PEO decomposition; the PAN nanofibers

contain a large number of C≡N functional groups with a strong

electron-withdrawing effect, thereby enhancing the antioxidant

performance of the electrolyte membrane; in addition, the UIO-

66 particles themselves have excellent high-voltage tolerance, and

these factors together promote the step-by-step increase in the

electrochemical window to 4.72V.

The addition of UIO-66 nanoparticles can significantly enhance

the ionic conduction performance of PEO-based high-concentration

salt electrolytes. As shown in (Fig. 4c) and Table S1 (Supporting

information), the HCUP electrolyte exhibited higher ionic conduc-

tivity (1.01×10–4 S/cm) than the HCP electrolyte (7.16×10–5 S/cm),

HC-PEO electrolyte (4.36×10–5 S/cm) and LC-PEO electrolyte

(8.15×10–6 S/cm) at 30 °C. In addition, according to the Arrhe-

nius equation, the activation energy (Ea) of various electrolyte

membranes was derived. The Ea of HCUP electrolyte was 0.197 eV,

which was much lower than HCP (0.242 eV), HC-PEO (0.286 eV)

and LC-PEO (0.461 eV), indicating that Na+ migration in HCUP

CPE requires a low energy barrier. The significant increase in the

ionic conductivity of HCUP electrolyte can be attributed to the

synergistic construction of Na+ transport pathways by TFSI- anion

clusters formed at high salt concentrations and highly intercon-

nected UIO-66 particles, achieving rapid transfer of Na+. As shown

in (Figs. 4d-f and Fig. S8 in Supporting information), the HCUP

electrolyte achieves a notably higher Na+ transference number

(tNa+ ) of 0.76, as opposed to 0.58 for HCP electrolyte, 0.48 for

HC-PEO electrolyte and 0.17 for LC-PEO electrolyte. The significant

enhancement in the transference number of the HCUP electrolyte

can be primarily attributed to the synergistic effects of multiple

factors. The high-concentration salt leads to the formation of

TFSI− anion clusters, which significantly restrict the transport of

TFSI- anions. Moreover, the pore size of UIO-66 (8.1 Å) is slightly

larger than that of the TFSI− anion (7.9 Å), enabling the effective

capture and immobilization of TFSI− anions through size exclusion.

Additionally, the surface charge of UIO-66, characterized by strong

cationic sites, exerts electrostatic interactions that further limit the

migration of TFSI− anions. Furthermore, the highly interconnected

UIO-66 nanoparticles between PAN nanofibers form continuous

ion transport pathways, which facilitate and accelerate the transfer

of Na+ ions (Fig. 4g). The adsorption properties of UIO-66 nanopar-

ticles toward TFSI− anions were further substantiated by density
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Fig. 5. Galvanostatic Na plating/stripping profiles of (a) Na||LC-PEO||Na, (b) Na||HC-

PEO||Na, (c) Na||HCP||Na and (d) Na||HCUP||Na at stepwise increased current den-

sities at 60 °C. (e) Comparison of the plating/stripping process of Na||HCP||Na and

Na||HCUP||Na cells with a current density of 0.1mA/cm2.

functional theory (DFT) calculations. As depicted in (Fig. 4h), the

adsorption energy between UIO-66 and TFSI− (−1.31 eV) was sig-

nificantly higher than that between TFSI− and PEO (−0.47 eV) or

PAN fibers (−0.29 eV), respectively. This indicates a stronger inter-

action between UIO-66 and TFSI−, which weakens the electrostatic

bonding between TFSI− and Na+. The UIO-66 framework effec-

tively traps TFSI− anions through steric-electronic confinement,

suppressing their migration. Simultaneously, it enables selective

Na+ transport via cation-specific channels within the UIO-66@PAN

matrix, promoting unidirectional Na+ diffusion.

To systematically evaluate the interfacial stability and elec-

trochemical polarization characteristics of the HCUP electrolyte,

critical current density (CCD) measurements were conducted

under progressive current ramping conditions. As demonstrated

in (Figs. 5a-d), conventional LC-PEO and HC-PEO electrolytes

exhibited premature short-circuiting at 0.3 and 0.25mA/cm2

respectively, indicative of non-uniform sodium deposition and

dendritic penetration at low current densities. The PAN-reinforced

HCP electrolyte showed improved CCD performance (0.35mA/cm2),

attributable to enhanced mechanical resilience from the nanofiber

scaffold. Remarkably, the HCUP electrolyte demonstrated superior

dendrite resistance with a CCD value of 0.5mA/cm2. Extended cy-

cling evaluation of Na||Na symmetric cells at 0.1mA/cm2 (Fig. 5e)

revealed fundamental performance differences: HCP cells failed af-

ter 300 h with excessive polarization (>120mV), while HCUP cells

maintained stable operation for 1100 h with minimal polarization

(∼30mV). This performance enhancement arises from UIO-66

synergistic functionalities. The precisely sized pores selectively

immobilize TFSI− anions through molecular sieving effects while

the interconnected 3D UIO-66@PAN framework mechanically sup-

presses dendrite propagation, collectively promoting the uniform

deposition of Na.

The HCUP CPE was systematically evaluated in the full-

cell model, pairing with a high-capacity-loading NVP cathode

Fig. 6. (a) The rate performance of NVP||HCUP||Na and NVP||HCP||Na models within

2.5–4.0V. (b) Charge/discharge curves of the NVP||HCUP||Na and NVP||HCP||Na

models. (c) The room-temperature cycling performance of NVP||HCUP||Na and

NVP||HCP||Na models at 0.1 C. (d) The room-temperature cycling performance

of NVP||Na models with HCUP, and HCP CPEs at 0.3 C. (e) Cycling perfor-

mance of NVP||HCUP||Na model at 80 °C. Interfacial impedance evolution of the (f)

NVP||HCUP||Na and (h) NVP||HCP||Na during the initial charging process; and (g, i)

corresponding DRT transformation of in situ GEIS.

(1mAh/cm2) and Na foil. Benefiting from the facile interfacial ki-

netics toward the Na foil, the NVP||HCUP||Na model exhibited im-

pressive high-current-density endurance (Figs. 6a and b), which

delivering discharge capacities of 103.8mAh/g at 0.1 C, 100.4mAh/g

at 0.2 C, 95.9mAh/g at 0.5 C and 90.5mAh/g at 1C, respec-

tively, markedly superior to the NVP||HCP||Na counterpart. No-

tably, the discharge capacity of the NVP||HCUP||Na could recover

to 103.4mAh/g as the cycling rate returned to 0.1 C, as compared

to only 95.9mAh/g for the NVP||HCP||Na cell. At room tempera-

ture, the full cell model with HCP exhibited rapid capacity degra-

dation, retaining only 81.2 % of initial capacity after 200 cycles.

The NVP||HCUP||Na model further extended the cycle life of the

full cell model, which well maintained a retrievable capacity of

105.1mAh/g with 91.3% capacity retention for 200 cycles (Fig. 6c).

As cycling rate increased to 0.3 C, the cell with HCUP still retained
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90.9% capacity retention of its initial capacity after 100 cycles

(Fig. 6d), far outperforming the models with HCP CPE (85.4% after

100 cycles). As shown in (Fig. 6e), the NVP||HCUP||Na model exhib-

ited high-temperature tolerance, which maintained 95.8% capacity

retention for 100 cycles at 80 °C.
The combined application of in situ galvanostatic electrochem-

ical impedance spectroscopy (GEIS) and distribution of relaxation

times (DRT) analysis revealed critical insights into how Na salt ag-

gregates and size-selective anion modulate Na+ diffusion kinetics

at the cellular scale. Figs. 6f-i comparatively display the interfacial

impedance evolution during the initial discharging process in

NVP||HCUP||Na and NVP||HCP||Na pouch-type cells. With identical

NVP cathodes and HCUP electrolytes implemented, the impedance

difference predominantly originates from the electrode-electrolyte

interface, which serves as the primary rate-limiting factor for

overall reaction kinetics. As shown in Figs. 6f-h, during the dis-

charging process, the impedance of the NVP||HCP||Na cell increases

significantly from 54� to 122�, whereas the resistance of the

NVP||HCUP||Na cell remains nearly constant under identical con-

ditions. This phenomenon can be ascribed to the formation of a

robust solid electrolyte interphase (SEI) layer by the HCUP during

cycling, which facilitates uniform Na deposition.

The DRT analysis (Figs. 6g-i) reveals distinct kinetic domains

through time-constant (τ ) distribution: The peak at τ =10–5–

10–3 s represents irreversible phase transformations, attributable

to ionic transport during solid electrolyte interphase (SEI) forma-

tion. Processes with τ =10–3–10–2 s are associated with charge

transfer resistance (Rct), while components in the τ =10–1–100 s

range correspond to Na+ diffusion resistance (Rd) at the anode

interface. Notably, the HCUP electrolyte demonstrates significantly

lower interfacial Rct and Rd values compared to conventional HCP,

as evidenced by reduced peak intensities in both time-constant

regions. This dual reduction in interfacial resistances facilitates

more efficient Na+ transport and enhanced charge transfer kinet-

ics during electrochemical cycling. The anion-regulation strategy

of HCUP electrolyte enhances the electrolyte-anode interfacial

compatibility, thereby establishing essential interfacial stability for

high-rate operation in ASSMBs.

Additionally, as shown in Fig. S9 (Supporting information), a

safety evaluation of the ASSMB pouch cell was conducted under

extreme conditions. The single-layer NVP||HCUP||Na pouch cell

successfully powered a miniature bulb while maintaining opera-

tional stability during mechanical stress tests, including bending

and partial cutting scenarios.

In summary, we proposed a hierarchically engineered CPE

design via the anion-regulation strategy, which integrated the

high-concentration ion clusters with a mechanically reinforced,

molecular-sieving UIO-66@PAN scaffold. The ultrathin (25μm),

lightweight (1.76mg/cm2) HCUP membrane achieved an order-

of-magnitude enhancement in mechanical strength (3.46MPa)

and ionic conductivity (1.01mS/cm at 30 °C) compared to pristine

LC-PEO electrolytes, enabled by high-concentration TFSI− dissoci-

ation that activates mobile anion-Na+ clusters, thus the as-formed

dynamic percolation networks mitigated the energy barrier of

Na+ diffusion. Simultaneously, the UIO-66@PAN scaffold utilized

sub-nanometer pore precision (7.5–8.1 Å vs. TFSI− for 7.9 Å) to

impose steric-electronic anchoring effects, immobilizing TFSI−

anions and yielding a high Na+ transference number (tNa+ =0.76).

When assembled into a solvent-free, layer-stacked ASSMB config-

uration with NVP cathode (1mAh/cm2) and Na foil, the prototype

demonstrated 91.3% capacity retention over 200 cycles at room

temperature and operation reliability from 25 °C to 80 °C. This

synergistic combination of ion cluster engineering and molecular-

sieving architectures establishes a strategic, feasible paradigm for

practical ASSMBs construction with wide-temperature adaptability

and sustainable recyclability.
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