
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 3
:3

9:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synergistic strate
aCollege of Chemistry and Materials Engi

Zhejiang 325035, China
bSchool of Energy and Power Engineerin

Technology, Nanjing, 210094, China
cState Key Laboratory of Advanced Fiber Ma

Engineering, Donghua University, Shangha

edu.cn
dDepartment of Chemical Engineering, S

Engineering, Shanghai University, Shangda

Cite this: Chem. Sci., 2026, 17, 6593

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 27th November 2025
Accepted 23rd January 2026

DOI: 10.1039/d5sc09295g

rsc.li/chemical-science

© 2026 The Author(s). Published by
gy of interfacial ion channels and
a cross-linked network in a composite electrolyte
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Solid-state electrolytes (SSEs) can address the safety concerns of liquid electrolytes in sodium-metal

batteries, but their low ionic conductivity and high interfacial resistance limit practical use. To tackle

these problems, this study develops a flexible and tunable composite solid electrolyte (CSE) by

integrating Na3Zr2Si2PO12 (NZSPO) active fillers into a polymer matrix that combines the high dielectric

constant of polyacrylonitrile (PAN) with an interpenetrating and cross-linked polyethylene oxide (PEO)

network. The resulting electrolyte achieved a high Na+ transference number of 0.64 and an exceptional

ionic conductivity of >1.2 × 10−3 S cm−1 at 30 °C. It enabled stable Na plating/stripping for over 2500

hours in symmetric cells, and when paired with a Na3V2(PO4)3 (NVP) cathode, delivered outstanding

cycling stability (95.2 mAh g−1 after 500 cycles at 0.5C) with an ultra-low decay rate of 0.029% per cycle

due to the good interface contact based on the good external flexibility and high internal mechanical

stability of the composite solid electrolyte. Theoretical calculation has demonstrated that Na+ cations

have low transferring energy barriers in both NZSPO particles and the polymer matrix. The work

highlights a synergistic filler–polymer strategy for advancing solid-state batteries.
Introduction

The rapid growth of consumer electronics and electric vehicles
is driving the pursuit of advanced energy storage systems that
simultaneously combine high energy density, cost-
effectiveness, and intrinsic safety.1–4 Solid-state batteries
(SSBs) have emerged as a transformative alternative to conven-
tional liquid-electrolyte-based lithium-ion systems, particularly
with the ongoing shi toward sodium-based chemistry for
enhanced sustainability and resource availability.5–8 By replac-
ing ammable organic liquids with solid electrolytes (SEs),9–12

SSBs fundamentally eliminate leakage and combustion risks
while enabling the integration of high-voltage cathodes and
metallic anodes, which is a critical step toward achieving energy
densities exceeding 400 Wh kg−1.13–15 Notably, sodium-based
systems present compelling advantages compared to their
lithium counterparts, such as substantially lower material costs,
superior thermal stability and reduced reactivity.16–18 Despite
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these merits, the practical realization of solid-state sodium
batteries remains hampered by critical challenges, particularly
in electrolyte design.19,20

Solid electrolytes, serving as the core components of solid-
state sodium-metal batteries, are generally categorized into
three main classes: inorganic, polymer, and composite
systems.21,22 Inorganic solid electrolytes (ISEs), such as oxide-
type (e.g., sodium super ionic conductor (NASICON)-type Na3-
Zr2Si2PO12, NZSPO), typically exhibit high mechanical strength
(>1.0 GPa), wide electrochemical windows (>4.5 V), and excel-
lent chemical stability.23,24 Furthermore, compared to the widely
studied NZSPO materials, other oxide solid-state electrolytes
need to further enhance their ionic conductivity. For instance,
Yang et al. increased the sodium vacancies in Na5YSi4O12 by
replacing Y3+ with Zr4+, thereby introducing ample sodium
vacancies. Combined with the local chemical environment
alteration by Zr4+, the conductivity of the material was improved
to 3.3 mS cm−1, and the critical current density reached 2.4 mA
cm−2. However, their practical deployment is oen constrained
by the complex synthesis processes (e.g. sintering temperatures
>1200 °C) and high interfacial impedance.25–27 Sulde-based
ISEs (e.g., Na3PS4) can achieve ultra-high ionic conductivity
(>1.0 mS cm−1), especially in the highly promising electrolyte
Na11Sn2PS12, where a value of 1.4 mS cm−1 can be achieved. In
addition, halide modication can be carried out on the basis of
sulde. Dong et al. constructed a kind of Na–Zr–S–Cl SSE (Na2S-
1.3ZrCl4) with a rich chlorine structure. By precisely tuning the
Chem. Sci., 2026, 17, 6593–6604 | 6593

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc09295g&domain=pdf&date_stamp=2026-03-27
http://orcid.org/0009-0007-0701-8173
http://orcid.org/0000-0002-0128-4354
http://orcid.org/0000-0001-9515-2346
http://orcid.org/0000-0002-9111-1691
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09295g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC017013


Fig. 1 Schematic illustration and structural characterization of the composite solid electrolyte design. (a) Configuration of a solid-state sodium-
metal battery; (b) schematic diagram of the proposed composite solid electrolyte; (c) digital photograph of the flexible electrolyte film; (d)
reaction scheme for the epoxy-amine ring-opening polymerization; (e) crystal structure (top) and the corresponding SEM image (bottom) of the
NASICON-type NZSPO filler; scanning electron microscope images and elemental mapping of (f) PPD-0 and (g) PPD-10 electrolyte films; (h)
XRD patterns of composite electrolytes with varying NZSPO content.
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S2−/Cl− ratio, the Na2S-1.3ZrCl4 SSE was successfully prepared,
exhibiting superior thermal stability and mechanical proper-
ties. Nevertheless, sulde-based SSEs generally suffer from poor
chemical stability and are prone to react with ambient moisture,
6594 | Chem. Sci., 2026, 17, 6593–6604
releasing toxic gases, a key limitation that hinders their prac-
tical application.28–30 While borohydride ISEs possess intrinsic
safety, they also suffer from the insufficient room-temperature
ionic conductivity (<10−4 S cm−1). A further common
© 2026 The Author(s). Published by the Royal Society of Chemistry
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drawback of ISEs is the requirement for thick layers (>200 mm)
to ensure mechanical integrity, which inevitably compromises
cell-level energy density.31,32 By contrast, solid polymer electro-
lytes (SPEs), such as poly(ethylene oxide) (PEO), enable thin
congurations (<100 mm) and improved interfacial compati-
bility with electrodes.33–35 Nevertheless, their low ionic conduc-
tivity at room temperature (10−8–10−6 S cm−1) and insufficient
mechanical strength (Young's modulus <10 MPa) oen lead to
the dendrite penetration and thermal soening issues.36–38

Composite solid-state electrolytes generally refer to hybrid
systems consisting of a polymer matrix and inorganic llers,
aiming to combine the exibility of polymers with the high
ionic conductivity and mechanical stability of inorganic
materials.39–41 In current research, the mainstream approach
involves incorporating inert inorganic llers (e.g., SiO2 and
La2O3) into single-phase polymer matrices (such as poly(-
ethylene oxide) or poly(vinylidene uoride)) to improve
mechanical properties and interfacial stability.42,43 However,
such strategies still face several challenges:44–48 rstly, limited
compatibility between inert llers and the polymer matrix oen
leads to increased interfacial resistance and non-uniform ion
transport. Secondly, poor dispersion of llers tends to cause
aggregation, compromising structural homogeneity. Thirdly,
most llers exhibit limited direct contribution to lithium-ion
migration, making it difficult to achieve signicant enhance-
ment in ionic conductivity. Regarding the aforementioned
issues, recent research has focused on advanced engineering
strategies to overcome these limitations:49,50 (i). chemical
modication: constructing crosslinked networks (e.g., PAN-co-
polyamine) functionalized with polar groups (e.g., cyano and
CN) to weaken Na+–polymer interactions, thereby improving
oxidative stability (>4.3 V) and Na+ transport efficiency
(conductivity: ∼1.2 × 10−4 S cm−1).51,52 (ii) Filler engineering:
employing surface-functionalized NASICON particles (e.g., SiO2-
coated) to mitigate agglomeration and establish uniform
percolation networks for good ion conduction.53,54 (iii) Hybrid
architectures: designing thin-lm CSEs (<50 mm) that
combining nano-sized llers (e.g., Al2O3) with copolymers (e.g.,
PVDF-HFP) to achieve a balance between mechanical strength
(modulus >50 MPa) and ionic conductivity (5 × 10−4 S cm−1).55

Guided by the above considerations, we herein report a novel
composite solid electrolyte engineered through a multi-
component design strategy. The CSE lm has a exible, three-
dimensional feature, integrating NASICON-type Na3Zr2Si2PO12

(NZSPO) active llers into a polymer matrix that combines the
high dielectric constant of polyacrylonitrile (PAN) with an
interpenetrating, cross-linked polyethylene oxide (PEO)
network, synthesized via a ring-opening polymerization
between amine (–NH2) and epoxy (–C2H3O) groups (Fig. 1a and
b). The key difference from previous studies lies in the fact that
it is not a simple physical mixture of a single polymer and
inorganic materials. Instead, cross-linking polymerization
between polymers was achieved through chemical reactions,
and the components of a single polymer were broken down.
PAN with a high dielectric constant was added as a polymer
ller, and the addition of active ller NZSPO also played a role,
working together to enhance the performance of the material.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The synthesized free-standing electrolyte lm (Fig. 1c) exhibits
a smooth morphology, tunable thickness, and remarkable
exibility, ensuring compatibility with diverse battery congu-
rations. As illustrated in Fig. 1d and S2a, the integrated PAN and
polyethylene glycol diglycidyl ether (PEGDE)/poly-
oxypropylenediamine (PD) (marked as EPD) framework creates
a highly cross-linked network (labeled as PPD). The abundant
N-sites on the electrolyte surface serve as effective coordination
centers for Na+, while the rigid, cross-linked structure decouples
ion transport from the segmental dynamics of the polymer
chain. This synergy facilitates rapid Na+ diffusion through
a thermodynamically favorable pathway, rather than relying
solely on chain-assisted hopping. Furthermore, the incorpora-
tion of NASICON-type NZSPO active llers (Fig. 1e) yields
a robust CSE that effectively eliminates the leakage and safety
hazards inherent to liquid electrolytes. This composite archi-
tecture not only enhances ionic conductivity but also signi-
cantly improves interfacial compatibility with electrodes. This
work thus establishes a versatile synthesis paradigm,
combining multi-material polymerization with active ller
doping to develop high-performance CSEs, and provides
fundamental insights into the Na+ diffusion mechanism,
offering a promising path toward scalable solid-state sodium
batteries.

Results and discussion

The synthesized free-standing electrolyte lm (Fig. 1b) was
fabricated through homogeneous blending of the ring-opening
reaction between PAN and EPD and then mixed with a certain
amount of NZSPO as the inorganic ller, forming the nal
composite solid electrolyte lm (PPD-x, x = 0, 5, 10, 15 and
20 wt%). These lms exhibit tunable thickness, a highly cross-
linked feature and remarkable exibility. Typically, PPD-10
demonstrated enhanced ionic conductivity and mechanical
strength compared to its unlled counterpart. The morpho-
logical evolution and microstructural characteristics of these
CSE lms were systematically probed by scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS) in Fig. 1f, g and S2b. The pristine PAN electrolyte
exhibits a smooth and transparent morphology. Upon intro-
ducing the EPD component derived from ring-opening poly-
merization, the originally at surface transforms into
a distinctive three-dimensional network architecture. This
structural reorganization not only strengthens the mechanical
integrity of the electrolyte but also facilitates more uniform
stress distribution during sodium plating/stripping. The
successful incorporation of EPD is further conrmed by the
detected oxygen signal in EDS analysis. Elemental mapping
reveals a more concentrated nitrogen distribution in pure PAN,
whereas PPD-0 shows a relatively diluted prole, consistent with
the molecular structure of PD, where nitrogen is conned to the
terminal amine groups. In the PPD-10 composite, NZSPO
particles with sub-micron dimensions are uniformly dispersed
throughout the polymer matrix without noticeable agglomera-
tion. This homogeneous ller distribution is critical for estab-
lishing continuous ion-conduction pathways and ensuring
Chem. Sci., 2026, 17, 6593–6604 | 6595
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spatially consistent mechanical properties, thereby effectively
suppressing localized sodium deposition and enhancing inter-
facial stability.

The crystalline structures of the CSE lms were examined by
X-ray diffraction (XRD), as shown in Fig. 1h. No discernible
NZSP diffraction peaks were detected at the low ller loadings
(#5 wt%), suggesting effective shielding by the polymer matrix
or highly dispersed ller distribution. Distinct crystalline peaks
corresponding to the NZSP phase emerged when the ller
content reached 10 wt%, and the intensity of PPD-x progres-
sively increased with higher NZSPO concentrations, conrming
the successful and tunable incorporation of the inorganic
phase. In contrast, the XRD patterns of PAN and PPD-0 were
nearly not identical, indicating the amorphous nature of the
cross-linked polymer network formed by the reaction of PEGDE
and PD, which lacks long-range structural order.56

To gain deeper insight into the chemical structure and
surface morphology of the electrolyte systems, we performed
Fourier-transform infrared (FT-IR) spectroscopy and atomic
force microscopy (AFM). The FT-IR spectra (Fig. 2a) of PAN,
PPD-0, and PPD-10 reveal key functional groups: characteristic
peaks at 2230 cm−1 and 2921 cm−1 are assigned to the –C^N
stretching vibration and the asymmetric –CH2– stretching,
respectively. New absorption bands emerge in the spectra of
PPD-0 and PPD-10 at 1010 cm−1 (–C–O–C– stretching),
1350 cm−1 and 1373 cm−1 (–CH3 bending), and 2865/2970 cm−1

(symmetric/asymmetric –CH3 stretching), conrming the
successful ring-opening reaction between PEGDE and DP.
Notably, the FT-IR proles of PPD-0 and PPD-10 are nearly
identical, indicating that the incorporation of NZSP does not
alter the chemical structure of the polymer matrix.

AFM topography images (Fig. 2b, c, and S3) further illustrate
the effect of NZSPO ller incorporation. Both PPD-0 and PPD-10
lms show uniform thickness without phase separation, con-
rming good structural integrity. Quantitative analysis indi-
cates that the incorporation of NZSPO leads to a modest
increase in surface roughness, with Ra and Rq values rising from
24.2 nm and 29.8 nm for PPD-0 to 27.7 nm and 33.6 nm for PPD-
10, respectively. This minor change in roughness (DRa= 3.5 nm,
DRq = 3.8 nm) suggests that the NZSPO particles are well-
dispersed within the polymer host, inducing only limited
topographical variation while preserving the overall structural
continuity of the CSE lms.57,58

The mechanical properties of the solid electrolytes were
further evaluated by tensile testing. As shown in Fig. 2d, both
PPD-0 and PPD-10 exhibit high tensile strengths of 14.26 MPa
and 18.01 MPa, respectively, signicantly surpassing that of
pure PAN (typically 8–12 MPa), albeit with limited strain at
break (<10%). This notable enhancement originates from the
synergistic effect of chemical cross-linking and ller reinforce-
ment: the ring-opening polymerization creates a robust cross-
linked network in PPD-0, facilitating efficient stress distribu-
tion, while the incorporated NZSPO llers in PPD-10 further
strengthen interfacial interactions and restrict polymer chain
slippage. The substantially improved mechanical robustness
effectively suppresses sodium dendrite penetration, contrib-
uting to enhanced interfacial stability in solid-state sodium
6596 | Chem. Sci., 2026, 17, 6593–6604
batteries. Furthermore, owing to the intrinsic thermal stability
of the PAN backbone, the PPD-10 composite maintains excel-
lent structural integrity aer annealing at 120 °C for 30minutes,
showing no signs of deformation or degradation (Fig. S4).

The electrochemical properties of electrolytes with varying
NZSPO contents were then systematically evaluated to identify
the optimal composition. As depicted in Fig. 2e, the pristine
PAN membrane shows a relatively low ionic conductivity of
∼10−5 S cm−1 at 30 °C. The conductivity increases progressively
with NZSPO content, reaching a maximum of 1.1 × 10−4 S cm−1

at 10 wt% ller loading. However, beyond this optimal point,
further addition of NZSPO leads to a clear decline in conduc-
tivity, which may be attributed to particle agglomeration that
disrupts continuous-ion transport pathways. Furthermore, in
order to verify the effect of the active ller NZSPO, we used
inorganic llers (Al2O3 and SiO2) as the llers and prepared two
types of composite solid electrolytes for comparison. As shown
in Fig. S5, the ionic conductivity at room temperature of the
electrolyte prepared based on NZSPO was signicantly higher
than that of the electrolytes based on Al2O3 and SiO2. This
indicates that the addition of NZSPO is not a simple physical
effect (suppressing polymer crystallization), but a chemical/
active effect. To gain deeper insight into the ion transport
mechanism, we have systematically supplemented temperature-
dependent studies. Measurements were conducted across
a temperature range of 25, 30, 40, 50, 60, 70, 80, and 90 °C, and
the corresponding Arrhenius plot (log(sT) vs. 1000/T) was con-
structed (Fig. S6). Fitting of the linear region yielded an
apparent activation energy (Ea) for ion transport of approxi-
mately 7.23 kJ mol−1. This relatively low activation energy
indicates a reduced energy barrier for sodium ion migration
within this composite electrolyte, suggesting a facilitated
transport process. This nding further conrms that the
incorporation of llers (PAN and NZSPO) not only enhances
room-temperature conductivity but also effectively optimizes
the thermodynamic pathway for ion transport by suppressing
polymer crystallization and constructing fast interfacial
channels.

The electrochemical stability of the electrolytes was assessed
by linear sweep voltammetry (LSV). The electrochemical
stability window (ESW) of PPD-10 is approximately 4.6 V
(Fig. S7). This value is obtained by subtracting the initial
oxidation potential (4.7 V) from the initial reduction potential
(0.1 V), indicating its compatibility with high-voltage cathode
materials. Considering that the overall reduction potential is
relatively low (less than 0.1 V), the upper limit of the oxidation
potential is used to distinguish the superior performance of the
electrolyte with different doping contents of NZSPO. As shown
in Fig. 2f, the anodic stability of pristine PAN is limited to
approximately 4.2 V, whereas the incorporation of NZSPO
signicantly suppresses oxidative decomposition. Based on the
optimal combination of ionic conductivity and electrochemical
stability, the composition with 10 wt% NZSPO (PPD-10) was
selected for further investigation.

The Na+ transference number (tNa+) of PPD-10 was deter-
mined by combining potentiostatic polarization with electro-
chemical impedance spectroscopy (EIS) in a symmetric NajPPD-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of the fabricated CSE films. (a) FT-IR spectra of PAN (rawmaterial), PPD-0 and PPD-10. AFM images of (b) PPD-0 and (c)
PPD-10 with the thickness feature and 3D isopleth distribution diagram. (d) Stress–strain curves of PPD-0 and PPD-10 films. (e) EIS tests and (f)
electrochemical window tests of CSE films. (g) DC polarization results for the NajPPD-10jNa symmetrical battery at 10 mV s−1 and EIS variation
(inset in (g)) before and after polarization.
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10jNa cell (Fig. 2g). The minimal change in interfacial resis-
tance and rapid current stabilization during polarization indi-
cate facile Na+ migration and stable interface characteristics.
The calculated tNa+ value for PPD-10 reaches 0.626, substantially
higher than those of PPD-0 and pure PAN (Fig. S8). This
enhancement originates from multiple synergistic effects: the
polar functional groups introduced by the EPD chains provide
additional coordination sites for Na+, thereby facilitating cation
transport, while the cross-linked network between EPD and PAN
effectively restricts anion mobility through spatial connement.
Moreover, the introduction of NZSPO llers creates preferential
Na+ conduction pathways at the polymer–ceramic interfaces,
collectively contributing to the superior ion-transport selectivity
of the composite electrolyte.
© 2026 The Author(s). Published by the Royal Society of Chemistry
To comprehensively evaluate the electrochemical perfor-
mance of the composite solid electrolyte, symmetric cells were
assembled andmeasured the critical current density (CCD), rate
performance, and long-term cyclability. As shown in Fig. 3a, the
PPD-10 electrolyte enables a high CCD of 1.5 mA cm−2,
substantially exceeding that of PPD-0 (1.1 mA cm−2, Fig. S9),
and demonstrates signicantly improved polarization behavior
and resistance to so short circuits. Under rate performance
testing (Fig. 3b), the polarization voltage of the PPD-10-based
cell increases modestly from 9 mV to 48 mV as the current
density rises from 0.05 to 0.2 mA cm−2. In contrast, the cell with
PPD-0 exhibits a more pronounced voltage increase from 13 mV
to 82 mV under the same conditions. For the long-term cycling
measurement, the PPD-10 cell maintains stable operation for
over 2500 hours at 0.2 mA cm−2 with a consistent polarization
Chem. Sci., 2026, 17, 6593–6604 | 6597
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Fig. 3 The electrochemical performance of symmetric batteries. (a) CCD tests of NajPPD-10jNa symmetric cells. (b) Rate performance of
NajPPD-0/10jNa cells from 50 to 200 mA cm−2. (c) Long-term plating/stripping profiles of NajPPD-0/10jNa cells in 0.2 mA cm−2 and 0.2 mAh
cm−2. (d) Cyclability comparison of this work and previous reported cells with various electrolytes. (e) Comparison of SEMmorphologies of PAN,
PPD-0 and PPD-10 films at different cycles.
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voltage of ∼63 mV (Fig. 3c), whereas the PPD-0 cell suffers from
continuous voltage polarization growth, reaching 0.1 V aer
1000 hours, followed by rapid performance decay. More criti-
cally, galvanostatic cycling tests of Na symmetric cells at 0.2 mA
cm−2 further conrmed that the overpotential for the inert ller
systems (Al2O3 and SiO2) was markedly higher than that of the
NZSPO system, alongside inferior stability (Fig. S10). These
6598 | Chem. Sci., 2026, 17, 6593–6604
control experiments quantitatively prove that while all nano-
llers possess some ability to inhibit polymer crystallization (a
physical plasticizing effect), it is the unique high intrinsic ionic
conductivity of NZSPO and the low-energy-barrier synergistic
interface it forms with the polymer matrix (i.e., the active
conduction pathways) that are the decisive factors for achieving
the high performance reported in this work. This cycling
© 2026 The Author(s). Published by the Royal Society of Chemistry
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durability of PPD-10 surpasses most reported solid electrolytes,
including inorganic, polymeric, gel, and composite systems (see
Table S1 for detailed comparison).

The performance hierarchy, PPD-10 > PPD-0 > PAN, can be
understood from their respective structural features. The ring-
opening reaction in PPD-0 yields a cross-linked network that
improves chain exibility and reduces the energy barrier for ion
transport compared to pristine PAN. The further improvement
in PPD-10 stems from the incorporation of NZSPO llers, which
not only provide additional fast ion-conduction pathways along
the polymer–ceramic interfaces but also strengthen interfacial
compatibility and reduce interfacial resistance. These results
demonstrate the great potential of PPD-10 as a high-
performance solid electrolyte for stable sodium-metal batteries.

To investigate the interfacial stability of composite solid
electrolytes, morphology evolution of cycled symmetric cells
with PPD-10, PPD-0, and PAN-based electrolytes was investi-
gated from the original state to the 100th cycle at 0.1 mA cm−2

(Fig. 3e). Aer 50 and 100 cycles at 0.1 mA cm−2 (Fig. 3e),
distinct differences in surface degradation were observed
among the three electrolytes. The PAN-based electrolyte
suffered from severe structural failure, exhibiting deep cracks,
extensive grooves, and evident dendrite penetration aer just 50
cycles. These defects further propagated aer 100 cycles,
resulting in a roughened surface with expanded cracks—
a consequence of its rigid polymer chains and inadequate ion
transport, which collectively exacerbate local stress concentra-
tion during repeated plating/stripping. In contrast, PPD-
0 maintained improved interfacial integrity, retaining a rela-
tively smooth surface with only shallow grooves aer 50 cycles.
However, localized cracks and protrusions emerged upon
extended cycling to 100 cycles, indicating that the ring-opening
polymerization-induced exibility only partially alleviates
mechanical stress. Remarkably, PPD-10 retained excellent
interfacial compatibility throughout the cycling test. Even aer
100 cycles, its surface remained largely intact with only minor,
shallow grooves and no detectable dendrites, demonstrating
outstanding interfacial resilience. This hierarchy in interfacial
stability originates from the distinct structural design of each
electrolyte. The pure PAN electrolyte, with its rigid chains and
poor ionic transport, leads to progressive interfacial failure. The
cross-linked network in PPD-0 improves exibility and stress
dissipation but remains insufficient for long-term cycling. PPD-
10, however, achieves exceptional stability through a synergistic
combination of a exible polymer matrix and well-dispersed
NZSPO llers. The former enhances chain mobility and ion
transport, while the latter reinforces mechanical strength,
reduces interfacial resistance, and promotes uniform ion ux.
This multi-scale design effectively suppresses dendrite initia-
tion and propagation, underscoring the promise of PPD-10 for
high-performance solid-state sodium batteries.

X-ray photoelectron spectroscopy (XPS) was employed to
probe the chemical states and interfacial interactions within the
composite electrolytes. As shown in Fig. 4a, the core-level
spectra of C 1s, N 1s, and O 1s all exhibit noticeable shis
upon NZSPO incorporation, accompanied by a signicant
reduction in binding energy. For instance, the binding energies
© 2026 The Author(s). Published by the Royal Society of Chemistry
of C–C/C–H, N–C, and O–H bonds shi from 285.2, 399.2, and
534.0 eV in PPD-0 to 283.8, 398.2, and 532.8 eV in PPD-10,
respectively. These systematic shis suggest strong interfacial
coupling between the polymer matrix and NZSPO ller, which
likely modies the local electron density and reduces the energy
barrier for charge transfer. In the N 1s spectrum (Fig. 4a-2), the
binding energy of the N–H group decreases from 398.6 eV in the
precursor to 398.2 eV aer ring-opening polymerization,
attributable to the electron-withdrawing effect of the adjacent
hydroxyl group and the possible formation of intramolecular
hydrogen bonds. Furthermore, the absence of the characteristic
cyclic C–O–C peak at 532.8 eV conrms the complete ring-
opening reaction between PEGDE and PD. The appearance of
a distinct NZSPO-related peak at 529.2 eV in the O 1s spectrum
of PPD-10 (Fig. 4a-4) provides direct evidence for the successful
integration of the inorganic ller into the polymer composite.

To elucidate the ion-transport mechanisms, density func-
tional theory (DFT) calculations were performed. As illustrated
in Fig. 4b, Na+ migration in PPD-10 follows a hierarchical
pathway involving both the polymer matrix and the ceramic
ller. Within the polymer phase (Fig. 4c), the PEGDE-PD cross-
linked network in PPD-0 reduces the Na+ migration barrier to
0.66 eV, a 26% decrease compared to pristine PAN (0.89 eV).
This enhancement stems from two synergistic effects: the
formation of continuous amorphous domains and the restric-
tion of polymer segmental motion, which collectively shi-ion
transport from chain-assisted hopping to a more efficient
vehicular diffusion mode.

Furthermore, Na+ preferentially adsorbs at site C (octahedral
coordination), with metastable sites A and B located 0.19 eV
higher in energy on the NZSPO surfaces (Fig. 4d). The most
favorable surface diffusion path follows the sequence C/ B/

A/ C with an energy barrier of 0.82 eV, signicantly lower than
the reverse C / A / B pathway (0.89 eV). More importantly,
bulk diffusion through the NZSPO lattice dominates over
surface transport, as evidenced by the low energy barrier of
0.33 eV for Na+ migration from the surface to subsurface sites.
Within the bulk lattice (Fig. 4e), Na+ ions occupy two distinct
sites: the regular octahedral Na6 and the distorted Na8 with 6–8
coordination. The optimal bulk conduction route Na6/Na6/
Na8 / Na6 / Na6 is identied, with low transition barriers
between Na6 and Na8 sites (0.19 eV and 0.15 eV, respectively)
compared to the high-energy Na8 / Na8 hop (0.63 eV).
Furthermore, the migration energy barriers for the two-phase
process of the organic phase and the inorganic phase were
also calculated, and the result was 0.75 eV (Fig. S11), which was
smaller than that of a single polymer chain (>1.0 eV). Compared
with the energy of the three parts of the region calculated
previously, it is not much higher either. It does not become
a key factor restricting the Na transport, ensuring the rapid
transport of Na within the system. This hierarchical transport
system—combining optimized polymer-ller interfaces with
efficient bulk and polymer-phase conduction—collectively
enhances the room-temperature ionic conductivity by two
orders of magnitude relative to conventional PAN-based elec-
trolytes, providing a fundamental understanding of the supe-
rior performance of PPD-10 in solid-state sodium batteries.
Chem. Sci., 2026, 17, 6593–6604 | 6599
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Fig. 4 (a) High-resolution XPS analysis of C 1s, N 1s, and O 1s spectra for PPD-0, PPD-10 and NZSPO. (b) Typical three transmission paths of Na+

ions in the composite solid-state electrolyte: polymer chain, interface, and inner layer. (c) The Na+ transport pathway with barriers from site to
site in PAN chains and PEGDE/PD. (d) Themechanism and free energy profiles for Namigration on the surface of NZSPO. (e) Themechanism and
free energy for Na diffusing from the surface to the inner layer of NZSPO. (f) Schematic diagram of the Na+ migration mechanism for PAN, PPD-
0 and PPD-10.
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Fig. 5 GITT test of NajPPD-10jNVP batteries: (a) time–voltage profile. (b) Charge and discharge profiles of capacity and voltage. (c and d) Time–
voltage profile for a specific time point. (e) Comparison of Na+ diffusion coefficients between PPD-0 and PPD-10; (f) rate performance of
NajPPD-0/10jNVP batteries. (g) Galvanostatic charge–discharge voltage profiles of NajPPD-10jNVP batteries at different rates. (h) Cycling
performances of NajPPD-0/10jNVP batteries at 0.5C (inset: the light-emitting diode powered by the pouch cell of the NajPPD-0/10jNVP battery;
soft-pack battery capacity and bulb testing). (i) Galvanostatic charge–discharge voltage profiles of NajPPD-10jNVP batteries at different cycles.
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Galvanostatic intermittent titration technique (GITT)
measurements were conducted to quantify the Na+ diffusion
kinetics in the solid-state cells. As shown in Fig. 5a–c, the PPD-
10-based cell exhibits signicantly reduced polarization and
smoother voltage transitions during the intermittent relaxation
periods compared to the PPD-0 cell (Fig. S12), indicating
enhanced interfacial kinetics and rapid ion transport. The Na+

diffusion coefficients (DNa+) of PPD-10, calculated using the
Weppner–Huggins equation, range from 4.22 × 10−16 to 3.82 ×

10−11 cm2 s−1 within the voltage window of 2.5–3.8 V (Fig. 5d
and e). Notably, the maximum DNa+ value occurs at 3.40 V,
corresponding to the V4+/V5+ redox reaction in the NVP cathode.
Throughout the entire (dis)charge process, PPD-10 demon-
strates consistently higher diffusion coefficients than PPD-0,
which can be attributed to the synergistic effects of the hierar-
chical ion-transport pathways (as revealed by DFT), the uniform
Na+ deposition behavior (observed via SEM), and the high
intrinsic ionic conductivity of the composite electrolyte.

The practical performance of PPD-10 was further evaluated
in NVPjPPD-10jNa full cells. Under rate capability testing
(Fig. 5f), the cell with PPD-10 delivered high discharge capac-
ities of 108.2 mAh g−1 at 0.1C and 95.1 mAh g−1 at 1.5C, cor-
responding to a high-capacity retention of 87.9%. When the
current rate is returned to 0.1C, the capacity recovers to 105.2
mAh g−1 (97.2% of the initial value). In contrast, the PPD-0-
based cell shows a more pronounced capacity drop from 106.8
mAh g−1 (0.1C) to 84.3 mAh g−1 (1.5C), with only 93.5%
recovery. The charge/discharge proles (Fig. 5g) further conrm
the superior kinetics of PPD-10, which maintains well-dened
voltage plateaus even at high rates, whereas PPD-0 exhibits
signicant polarization.

Long-term cycling performance at 0.5C reveals exceptional
stability for the PPD-10 cell (Fig. 5h and i). It retains a capacity of
95.21 mAh g−1 aer 500 cycles, with a capacity retention of
85.3% and an average decay rate as low as 0.029% per cycle. The
charge/discharge curves remain stable with minimal voltage
polarization growth (DV < 0.1 V). In comparison, the PPD-0 cell
suffers from continuous capacity fading and increasing polari-
zation (DV z 0.25 V), leading to failure aer ∼400 cycles. To
verify the performance of the PPD-10 material under high
current and high active substance loading conditions, we con-
ducted group tests on its performance, with the following
conditions: 2.0C, 1.5 mg cm−2 (Fig. S13), 0.5C, 3.7 mg cm−2

(Fig. S14), and 2.0C, 3.5 mg cm−2 (Fig. S15). These new data
conrm that the composite solid electrolyte can retain reason-
ably good cycling stability even under high loadings, demon-
strating its practical potential. They also objectively reveal the
accelerated capacity fade at ultra-high rates (e.g., 2.0C), which is
primarily attributed to the limitations in sodium-ion transport
kinetics at the electrode/electrolyte interface at high current
density. This insight points to a clear direction for future
interface engineering optimization. The degradation of PPD-0 is
consistent with the severe interfacial cracks observed in post-
cycling SEM images (Fig. S16 and S17), whereas PPD-10
retains a relatively intact interface. When benchmarked against
recently reported solid electrolytes (Fig. S18, S19 and Table S1),
PPD-10 demonstrates competitive performance in terms of
6602 | Chem. Sci., 2026, 17, 6593–6604
polarization, capacity retention, and cycling life. Moreover,
a exible pouch cell assembled with PPD-10 (Fig. S20)
successfully powers a light-emitting diode (inset of Fig. 5h),
demonstrating its potential for practical applications. In addi-
tion to the cycle performance, we also tested the impedance
changes during the in situ charge and discharge process of the
PPD-10 assembled all-cell battery, as well as the corresponding
Distribution of Relaxation Times (DRT) analysis (Fig. S21). The
results show that during charging, the total cell impedance
gradually decreased, while during discharging, the impedance
gradually increased, nearly recovering its initial value, indi-
cating good reversibility. DRT deconvolutes the total impedance
into processes with different time constants (s). We observed
that the intensity of the peak associated with charge transfer at
the electrode–electrolyte interface (log(s) z −3) weakened
during charging and strengthened during discharging. This
quantitatively indicates that during charging, Na+ extraction
from the cathode increases the Na+ concentration at the inter-
face, optimizing interfacial transport kinetics and reducing
interfacial resistance. During discharging, Na+ insertion
decreases the interfacial Na+ concentration, causing a reversible
increase in resistance. This dynamic and reversible change in
interfacial impedance directly proves that our composite elec-
trolyte forms a stable and kinetically responsive interface with
the electrodes, which is crucial for long-term cycling stability
and a dynamic manifestation of the “synergy” during battery
operation.

These results collectively highlight the effectiveness of the
composite electrolyte design, which integrates ring-opening
polymerization and active ller incorporation to achieve
stable ion transport and durable electrode–electrolyte inter-
faces, rendering PPD-10 a highly promising candidate for high-
energy-density solid-state sodium batteries.

Conclusion

In conclusion, through a reasonable multi-component design
strategy, we successfully developed a high-performance
composite solid electrolyte (PPD-10). Through the in situ open-
loop polymerization reaction of PEGDE and DP-2000, a poly-
mer network similar to the PEO-chain structure is generated.
Then, by adding high dielectric PAN components and active
ller NZSPO components, the mechanical strength of the elec-
trolyte is improved while ensuring the conductivity perfor-
mance. This unique architecture synergistically combines the
advantages of each component: the cross-linked polymer matrix
ensured exibility and interfacial compatibility, while the active
ller of NZSPO signicantly enhanced ionic conductivity,
mechanical strength, and interfacial stability. The as-fabricated
PPD-10 electrolyte exhibited a high Na+ transference number of
0.64, an outstanding ionic conductivity of >1.2 × 10−3 S cm−1 at
30 °C, and a wide electrochemical window of ∼4.6 V. These
superior properties collectively contribute to remarkable
electrochemical performance in both symmetric and full cells,
including stable sodium plating/stripping over 2500 hours and
high-capacity retention in NVP/Na cells for 500 cycles.
Combined experimental and theoretical analyses reveal that the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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excellent performance originates from the hierarchical Na+

transport pathways and the robust electrode–electrolyte inter-
face enabled by the composite structure. This work not only
presents a feasible strategy for designing highly conductive and
interface-compatible solid electrolytes but also provides
fundamental insights into the ion transport mechanisms in
composite systems, providing valuable guidance for the devel-
opment of next-generation solid-state sodium batteries with
high energy density and enhanced safety.
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