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Composite solid-state electrolytes (CSSEs) represent a promising pathway
toward advanced sodium metal batteries (SMBs), which are crucial for
meeting the demand for higher energy density in electric vehicles and
devices. However, the overall performance of SMBs, particularly in terms of
safety and stability, remains below expectations due to limited ionic
conductivity and interfacial uneven Na deposition. Herein, we develop an
innovative composite solid-state electrolyte system that selects NASICON-
type Na3.7Zr1.45Sc0.4Mg0.15Si2PO12 (NSMZSP) as an inorganic filler for
incorporation into a polyvinylidene fluoride (PVDF) organic matrix. The
optimized PVDF@NSMZSP CSSE creates multiple ionic transport channels
along the PVDF, NSMZSP, and PVDF/NSMZSP interfaces, thus effectively
promoting Na+ transport dynamics and optimizing the electrolyte/electrodes
interface compatibility. An exceptional ionic conductivity of 5.5 × 10−4 S cm-1 at
room temperature and a high Na+ transference number of 0.56 can be achieved
accordingly. Full Na//Na3V2(PO4)3 cells employing this electrolyte deliver
excellent rate capability and long-term cycling stability, maintaining a high
initial discharge capacity of 95.7 mAh g-1 at 0.5 C, with a capacity retention of
95% after 200 cycles. This work demonstrates a promising CSSE system with fast
ionic transportation, improved interfacial stability and sustainable cycle life,
inspiring the construction of next-generation SMBs with well-designed CSSEs
in the field of energy storage technology.
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1 Introduction

The ongoing global transition toward transport decarbonization continues to drive the
development of next-generation energy storage systems with higher energy density, lower
cost, and enhanced safety (Du et al., 2025; Wang et al., 2022a). Among various energy
storage technologies, conventional lithium metal batteries (LMBs) are widely preferred
owing to their high specific capacity, wide operating voltage range, long cycle life and high
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power density, earning them a reputation as the leading commercial
technology (Armand and Tarascon, 2008; Li et al., 2018).
Unfortunately, LMBs paring lithium metal electrode with liquid
electrolytes (LEs) face persistent challenges due to the scarcity and
price volatility of lithium resources, as well as safety concerns arising
from the flammable nature of LEs (Huang et al., 2025; Huang et al.,
2023; Suh et al., 2025). The research focus has progressively
transitioned to the modification of key battery components,
where sodium metal batteries (SMBs) with functional solid-state
electrolytes (SSEs) have emerged at the forefront of energy storage
development owing to their advantages, such as the minimized risk
of liquid leakage, ease of processability, improved lifetime, relatively
higher power and energy densities (Hu et al., 2024; Famprikis et al.,
2019). Nevertheless, the inherent barriers like sluggish room
temperature ionic conductivity of SSEs and incompatible contact
with electrodes are still exist, hindering their large-scale
commercialization of SMBs in the short term (Lou et al., 2021;
Dutra et al., 2025). Therefore, it is significant to develop advanced
SSEs that ensure fast Na+ transport and compatibility with both Na
metal anode and positive cathodes (Fan et al., 2025; Huang
et al., 2024).

Generally, SSEs for SMBs can be divided into three categories:
inorganic solid-state electrolytes (ISSEs), polymer solid-state
electrolytes (PSSEs) and composite solid-state electrolytes
(CSSEs). ISSEs like Na-β-alumina, Na superionic conductors
(NASICON) and sulfides, can exhibit relatively adequate room
temperature ionic conductivity than that of conventional LEs, a
high oxidative limit, and great thermal stability (Bay et al., 2020;
Dong et al., 2025). Unfortunately, their rigid and rough surfaces
brings unsatisfied solid-solid contact between ISSEs and
electrodes, leading to high interfacial resistance. PSSEs made
by dispersing various Na salts in polymer host materials like
polyethylene oxide (PEO), polyvinylidene fluoride (PVDF),
poly(vinylidene fluoride hexafluoropropylene) (PVDF-HFP),
demonstrate soft mechanical properties that offer intimate
contact with electrodes and feasible processibility (Wang et al.,
2025a; Wang et al., 2025b). While their low room temperature
ionic conductivity, insufficient amorphous regions with a high
degree of crystallinity significantly hinder their practical
applications. Therefore, the incorporation of inorganic fillers
into the PSSEs to create CSSEs has been verified to be an
efficient strategy to possess compensated advantages of both
ISSEs and PSSEs, thereby realizing enhanced ion conduction
and interfacial compatibility. Among them, NASICON-type
Na3Zr2Si2PO12 (NZSP) has been considered as a promising
inorganic filler owing to its relatively high ionic conductivity
at room temperature, wide electrochemical window, great air and
chemical stability (Wang et al., 2025c). It is noteworthy that some
delicate designed NZSP-based CSSEs for sodium batteries have
been investigated in recent years (Wang et al., 2022; Wang et al.,
2023b). For example, Wang et al. designed a hetero-layered
composite polymeric electrolyte through uniformly adding
NZSP nanofillers into PEO matrix (Wang et al., 2023c). A
modified ionic conductivity of 1.62 × 10−4 S cm-1 at 60 °C and
room-temperature cycling stability of 93.8% capacity retention
for 200 cycles can be achieved accordingly. Similarly, Zhang et al.
developed a solvent-free PEO-based CSSE filled with
Na3.4Zr1.8Mg0.2Si2PO12 ceramic, a great ionic conductivity of

2.4 × 10−3 S cm-1 at 80 °C and 4.4 × 10−5 S cm-1 at room
temperature can be obtained when 40 wt% inorganic filler was
included (Zhang et al., 2016). Wang et al. prepared an ionic
conductive solid electrolyte membrane for a solid-state Na-CO2

battery by compositing Na2.7Zr2Si2PO11.7F0.3 with PVDF-HFP
matrix, which exhibited an ionic conductivity of up to 2.4 ×
10−4 S cm-1 at room temperature (Wang et al., 2024). However,
the ideal room-temperature ionic conductivity is still hard to
realize in this stage. Besides the difficulty in this part, another
significant challenge lies in the incompatible interfacial contact
between electrodes and electrolytes, which induce large
interfacial resistance and sluggish kinetics. The practical
applications of NZSP-based CSSEs are inevitably hindered
especially when these conditions are simultaneously involved.
Clearly, further advances in the exploration of high-
performance CSSEs-based SMBs are urgently needed to
enable fast ionic transportation and enhanced
interfacial stability.

Herein, we propose a functional and flexible CSSE based on
ionically conductive Na3.7Zr1.45Sc0.4Mg0.15Si2PO12 (NSMZSP)
inorganic filler and stable polyvinylidene fluoride (PVDF) organic
matrix for high-performance SMBs. Both an ideal room-
temperature ionic conductivity and superior electrolyte/electrodes
interface compatibility can be concurrently achieved. Specifically,
multiple three-dimensional ionic transport channels along the
PVDF, NSMZSP, and PVDF/NSMZSP interfaces were effectively
constructed to redistribute uneven Na+ flux and enhance Na+

transport kinetics, achieving improved room-temperature ionic
conductivity (5.5 × 10−4 S cm-1) and a high Na+ transference
number (0.56). Furthermore, the integrally synthesized composite
network of the PVDF@NSMZSP CSSE combines the advantages of
inorganic filler and organic matrix, exhibiting compatible interfacial
contact between electrodes and electrolyte. With these merits, the
obtained symmetric cells achieve a stable cycling property over 300 h
at 1 mA cm-2 with cumulative capacity of 300 mAh cm-2. When
coupled with Na3V2(PO4)3 (NVP) cathode, the assembled full cell
demonstrates outstanding capacity retention of 94.5% after
100 cycles with high average Coulombic efficiency at a mass
loading of 3 mg cm-2. This work highlights the unique design of
CSSE, offering a new perspective for the practical applications of
next-generation SMBs.

2 Experimental

2.1 Materials preparation

Na3.7Zr1.45Sc0.4Mg0.15Si2PO12 (NSMZSP) was fabricated by a
standard solid-state reaction synthesis according to our previous
study (Wang et al., 2025d). The obtained pellets were further milled
at 300 rpm for 12 h to achieve homogeneous powder. Polyvinylidene
fluoride (PVDF, Sigma-Aldrich), sodium bis(fluorosulfonyl)imide
(NaFSI, Sigma-Aldrich) and Na3V2(PO4)3 (NVP, Sigma-Aldrich)
were used before drying at 120 °C for 24 h under a vacuum to remove
trace water. Carbon black, N-methyl-2-pyrrolidone (NMP), N,
N-dimethylformamide (DMF) and sodium metal were purchased
locally. The batteries (CR-2032 type) were purchased from Saibo
electrochemical materials website in Taobao.
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2.2 Preparation of the composite solid-state
electrolytes

A certain amount of PVDF and NaFSI (Quality ratio is 3:2) was
directly added in 5 mL N, N-dimethylformamide (DMF) to obtain a
homogeneous slurry under vigorous stirring at 70 °C. Then, 0.75 g
NSMZSP inorganic filler was added into the slurry with a
continuous stirring for 12 h to prepare PVDF@NSMZSP
composite solid-state electrolyte membrane (Zeng et al., 2025).
After casting the homogenized slurry onto a glass plate using a
200 μm casting mould, it was transferred to a vacuum drying oven at
60 °C for 24 h to remove the solvent. The PVDF@NaFSI composite
solid-state electrolyte without the addition of NSMZSP inorganic
filler was also prepared under the same process. The obtained final
composite solid-state electrolytes (CSSEs) had a thickness of
approximately 90 μm.

2.3 Characterization

The crystal phase of the synthesized samples was analyzed
using X-ray diffraction (XRD) with a PANalytical Aeris X-ray
diffractometer with Cu Kα radiation (λ = 1.5406 Å) at a scanning
rate of 2°/min. The morphological map of the surface and cross-
section of samples were carried out by scanning electron
microscopy (SEM, JEOL 7500 SEM). The chemical bond of
CSSEs was determined by Fourier transform infrared
spectroscopy (FT-IR, Spectrometer, Spectrum 3). X-ray
photoelectron spectroscopy (XPS) characterization was
performed on a Thermo Scientific Nexsa X-ray photoelectron
spectrometer to characterize interactions between PVDF and
NSMZSP, the Ar-protected sample injection was performed
using a transition chamber through an Ar-filled glove box to
avoid exposure to ambient air.

2.4 Electrochemical measurements

The Na//Cu, Na//Na and Na//NVP cells were assembled as
CR2032 coin cells to measure the electrochemical performances.
The Na3V2(PO4)3 (NVP) powder, carbon black, polyvinylidene
fluoride (PVDF) with a weight ratio of 7:2:1 were mixed by
N-methyl-2-pyrrolidone (NMP) to obtain a uniform slurry. The
resulting slurry was then cast onto an aluminum foil current
collector and dried for 12 h in a vacuum under 90 °C. The
coated aluminum foil was punched into discs with a diameter of
6 mm and active mass loadings of near 1.5 or 3 mg cm-2.
Electrochemical impedance spectroscopy (EIS) tests and
Chronoamperometry (CA) tests were recorded using the Biologic
VMP3 electrochemical workstation. All the cells were
galvanostatically charged and discharged using the LANDdt
battery testing system. The galvanostatic cycling of the full cells
was characterized in the voltage of 2.5–3.8 V vs. Na/Na+ at room
temperature (20 °C). The ionic conductivity of CSSEs was
determined according to the Nyquist plot. The experiment was
carried out with two stainless-steel (SS) sandwiching the CSSEs to
construct SS//CSSEs//SS cells. The ionic conductivity (σ) is
calculated based on the equation:

σ � L

RS

where L and S are the thickness and contact area of the PVDF@
NaFSI and PVDF@NSMZSP membranes, and R points to the bulk
resistance in the AC impedance spectrum.

The corresponding thermal activation energy (Ea) was derived
from Arrhenius equation:

σ � Aexp −Ea

RT
( )

where σ is the calculated ionic conductivity, A is the pre-exponential
constant, T is the absolute temperature, and R is the standard gas
constant. A series of temperatures of 20, 30, 40, and 50 °C was
selected during the measurements.

The Na+ transference number (tNa
+) for PVDF@NaFSI and

PVDF@NSMZSP was measured in Na//CSSEs//Na cells at 20 °C,
which was calculated according to the equation:

tNa+ � IS ΔV − I0R0( )
I0 ΔV − IsRS( )

where I0 and IS refer to the initial and steady current, respectively, R0

and RS refer to the initial resistance and steady interfacial resistance
obtained by EIS before and after the polarization, respectively, △V
served as the applied potential of 10 mV.

2.5 COMSOL multiphysics simulations

The simulations of electric field distribution and Na+ ion
concentration in PVDF@NaFSI and PVDF@NSMZSP CSSEs during
Na deposition were conducted based on a finite element method (FEM)
with the COMSOL Multiphysics software (Zheng et al., 2025). The
physical models were defined by the law of mass conservation and
electroneutrality assumption of related ions without considering the
possible side reactions. A simulation model was built for a local
model of 90*80 μm, the upper and lower boundaries were in contact
with Na metal electrodes. A layer of array-arranged rectangular channels
was set on the surface of the dendrite to represent the rectifying effect on
the ion flow and electron flow. The simulation steps include a current
distribution initialization and a steady step. The initial ion concentration
is set to 1,500 mol m-3. The electrolyte conductivity is 0.1 S m-1, and the
boundary potential is 0.25V.During the deposition process, ions diffusing
toward the surface of the depositing layer gain electrons and are reduced
to Na atoms. As a result, the deposition layer gradually thickens and
protrudes, accompanied by the continuous depletion of ions in the
electrolyte. Consequently, the ion concentration at the deposition
surface approaches 0, while the ion flux and electron density at the
dendrite surface reach their maximum values.

3 Results and discussion

3.1 Synthesis process and morphological
characterization

The homogeneous precursor solution consists of PVDF polymer
matrix, NSMZSP inorganic filler, and sodium bis(fluorosulfonyl)
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imide (NaFSI) salt (Figure 1a). PVDF-based CSSEs are widely
adopted owing to their flexibility, processability, and
compatibility with scalable manufacturing processes, which can
effectively dissociate NaFSI salts under vigorous stirring (Ling
et al., 2025). NSMZSP with high ionic conductivity and excellent
chemical stability was fabricated by a standard solid-state reaction
synthesis according to our previous study (Wang et al., 2025d). An
extra ball-milling process was performed to obtain uniform
NSMZSP powder, which is indexed to the standard
rhombohedral Na3Zr2Si2PO12 phase (Zou et al., 2020).
Supplementary Figure S1 shows scanning electron microscope
(SEM) images of obtained NSMZSP samples with homogenous
grain size distribution. A facile solution casting method was
utilized to improve the transmission efficiency of Na+ within the
composite membrane and promote uniform Na+ deposition. As
depicted in Figure 1b, the NZSP-based slurry was cast into a glass
mold and thermally evaporated to create a dense, uniform
membrane. The as-obtained flexible PVDF@NSMZSP CSSE can
be rolled randomly without any detachment or cracking, and the cut
membrane retains its original shape even after two folds, with no
shedding or damage, indicating the sufficient flexibility and high
mechanical stability, thereby facilitating reliable battery assembly
and resisting dendrite penetration (Figures 1c,d) as shown in the
microscopic morphology of PVDF@NSMZSP CSSE in Figure 1e, the
top-view SEM image demonstrate that the PVDF@NSMZSP
membrane is thin, dense, and free from macroscopic defects.
Inset cross-sectional SEM image exhibits that the NSMZSP
inorganic filler is well-intergrown into PVDF polymer matrix
with an approximate thickness of 90 μm (Figure 1e;

Supplementary Figure S3a). While for the synthesized PVDF@
NaFSI membrane, a relatively loose morphology with various
degrees of structural defects can be observed, which may serve as
undesirable pathways for dendrite penetration and propagation
(Supplementary Figure S2,S3b). Consequently, the Na+ ion
transport across the CSSE becomes discontinuous, leading to
inhomogeneous Na+ deposition and deteriorated interfacial
stability during cycling. These results demonstrate the successful
synthesis of PVDF@NSMZSP CSSE with high mechanical strength
and dense conductive structure, which make it possible for SMBs
with enhanced safety and stability.

3.2 Structural and functional
characterization

The structural evolution and functional application of PVDF@
NSMZSP CSSE were systematically investigated through multi-scale
characterization. The X-ray diffraction (XRD) was carried out to
investigate the structural evolution induced by NSMZSP inorganic
filler. As shown in Figure 2a, all components of NSMZSP (dark grey
spots) are well integrated into PVDF polymer matrix without losing
their crystalline structure. Regarding the PVDF structure (pink
spots), compared with the pure PVDF matrix, a diminished
intensity of the 18.5° (020) peak in PVDF@NSMZSP CSSE can
be observed. This attenuation suggests suppression of the α-phase,
indicating that the PVDF@NSMZSP restrains the formation of non-
polar crystalline domains (Yang et al., 2024). Simultaneously, the
dominant 20.3° (110/200) peak remains sharp in PVDF@NSMZSP

FIGURE 1
Synthesis process andmorphological characterization. (a) Schematic illustrations of the PVDF, NaFSI, and NSMZSP structure. (b) Fabrication process
of CSSEs. (c) Digital images of bendable PVDF@NSMZSP CSSE. (d) Folding test of PVDF@NSMZSP CSSE. (e) The top-view SEM image and inset cross-
sectional SEM image of PVDF@NSMZSP CSSE.
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CSSE, reflecting the enhancement of the polar β-phase, indicating
the superior dispersion of NSMZSP in the PVDF matrix without
disrupting long-range atomic order (Luo et al., 2025; Zhou et al.,
2022). The overall left-shift of diffraction peaks in the PVDF@
NSMZSP CSSE, relative to both pristine PVDF and NSMZSP,
indicates a lattice expansion and structural relaxation induced by
strong interfacial interactions between polymer matrix and
inorganic filler. Such structural modulation is favorable for
enhancing polymer-ceramic compatibility and facilitating Na+

ions transport. Fourier transform infrared spectroscopy (FT-IR)
spectra (Figure 2b) exhibits that a distinct shift of the C-H stretching
vibration from 1,400 cm-1 to 1,385 cm-1 in both PVDF@NSMZSP

and PVDF@NaFSI CSSEs, which arises from the electrostatic
interactions between Na+ ions and the fluorine atoms or dipolar
segments (-CF2-) within the PVDF polymer matrix. Such
interactions polarize the local electron cloud, thereby decreasing
the electron density of adjacent C-H bonds, weakening their bond
force constants, and consequently lowering the C-H vibrational
frequency, which results in a rightward peak shift. For the C-F
bonds, no obvious change is observed after the incorporation of
NSMZSP into PVDF@NaFSI CSSE. This is because Na+ ions
preferentially accumulate or are adsorbed at the PVDF/NSMZSP
interfaces, where the coordination between Na+ and fluorine atoms
enhances the polarization of C-F bonds. This enhanced polarization

FIGURE 2
Structural and functional characterization. (a) XRD patterns of NSMZSP powder, PVDF@NSMZSP, and PVDF@NaFSI CSSEs. (b) FT-IR spectra of PVDF
powder, PVDF@NSMZSP, and PVDF@NaFSI CSSEs. (c) Arrhenius plots of ionic conductivities for SS//PVDF@NSMZSP//SS and SS//PVDF@NaFSI//SS cells.
Polarization curve of (d) Na//PVDF@NSMZSP//Na cell and (e) Na//PVDF@NaFSI//Na cell. The inset is EIS spectra before and after polarization. (f)
Comparisons of σ, Ea, and tNa

+ between PVDF@NSMZSP and PVDF@NaFSI CSSEs. XPS spectra of (g)Na 1s, (h)O 1s, and (i)C 1s in PVDF@NSMZSP and
PVDF@NaFSI CSSEs.
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compensates for the local polarization effect, leading to a negligible
net spectral shift (Ayyaru et al., 2020). Moreover, the introduction of
Na+ ions induces a phase transition of PVDF from the α-phase to the
β-phase, as evidenced by the enhanced β-phase characteristic peak at
840 cm-1 and the almost complete disappearance of the α-phase
peaks at 975 cm-1 and 612 cm-1 in both PVDF@NSMZSP and
PVDF@NaFSI CSSEs. The β-phase PVDF, owing to its high
dipole moment and strong polarization capability, facilitates the
dissociation of Na salts and promotes the formation of more
continuous ionic transport pathways These findings are well
consistent with XRD analysis, confirming the construction of
multiple ionic transport channels along the PVDF, NSMZSP, and
PVDF/NSMZSP interfaces, thereby offering great potential in
enhancing Na+ transport kinetics.

For high-performance energy storage systems, an ideal CSSE is
required to be multifunctional, which can possess high room-
temperature ionic conductivity, a broad electrochemical stability
window, a high Na+ transference number, and intimate electrode/
electrolyte interfacial contact to ensure efficient charge transfer and
stable operation. To assess the ionic conductivity, electrochemical
impedance spectroscopy (EIS) tests were conducted at various
temperatures (20, 30, 40, 50 °C) in symmetric stainless-steel
(SS)//CSSEs//SS cells. As shown in Supplementary Figure S4, the
PVDF@NaFSI CSSE exhibits a relatively low room-temperature
ionic conductivity (2.8 × 10−4 S cm-1). Whereas the PVDF@
NSMZSP CSSE achieves an enhanced room-temperature ionic
conductivity of 5.5 × 10−4 S cm-1, which is two times higher than
the pristine one. Further analysis of PVDF@NSMZSP and PVDF@
NaFSI CSSEs across temperatures demonstrates a linear Arrhenius
relationship between ionic conductivity and temperature
(Figure 2c). Notably, the activation energy (Ea) with the PVDF@
NSMZSP CSSE was calculated to be 12.3 kJ mol-1, which is much
lower that that with the PVDF@NaFSI CSSE (22.8 kJ mol-1),
indicating a lower energy barrier for Na+ ions transfer. To
determine the exact Na+ transference number,
chronoamperometry with a constant potential step of 10 mV and
EIS measurements at room temperature were measured, the tNa

+

value was subsequently calculated according to the Bruce-Vincent-
Evans equation (Zheng et al., 2021). As depicted in Figures 2d,e, the
tNa

+ value of PVDF@NSMZSP CSSE stands at 0.56, significantly
exceeding that of the PVDF@NaFSI CSSE (0.25), indicating a
correspondingly reduced migration of anions, thereby minimizing
concentration polarization during cycling and enabling rapid Na+

migration (Liu et al., 2025). The calculated Na+ transference
numbers are detailed in Supplementary Table S1. Notably, the
PVDF@NSMZSP CSSE exhibits a higher room-temperature ionic
conductivity, lower activation energy, and higher Na+ transference
number, revealing its superior ability for fast Na+ ionic
transport (Figure 2f).

X-ray photoelectron spectroscopy (XPS) was used to examine
surface composition variations. In the Na 1s spectra (Figure 2g),
PVDF@NaFSI exhibits a single Na-F peak, indicating the presence
of Na+ mainly from the NaFSI salt. PVDF@NSMZSP exhibits an
additional component corresponding to the NSMZSP phase,
suggesting that Na+ interacts with the NSMZSP inorganic filler
and participates in interfacial coordination, which facilitates
continuous Na+ transport pathways (Li et al., 2025). The O 1s
spectra (Figure 2h) displays two peaks at ~532.6 eV (C-O) and

~536.4 eV (C=O) in PVDF@NaFSI, while an additional peak
associated with NSMZSP appears in PVDF@NSMZSP CSSE,
reflecting the contribution of metal-oxygen bonds (Zr-O, Si-O,
P-O) and indicating strong interfacial coupling between the
organic matrix and inorganic filler (Su et al., 2025; Liao et al.,
2025). In the C 1s spectra (Figure 2i), both CSSEs contain
characteristic peaks of C-F, C-O, and C-H/C-C bond. PVDF@
NSMZSP exhibits a decreased C-F and enhanced C-O intensity,
implying increased chain polarization and partial substitution or
interaction of C-F with the filler surface (Hu et al., 2025a). These
results confirm that the incorporation of NSMZSP induces stronger
interfacial interactions and enhances the dipole polarization of
PVDF, thereby promoting Na salt dissociation and the formation
of more continuous ionic transport channels. Similar results can be
achieved from N 1s, S 2p, and F 1s spectra in Supplementary Figure
S5, and the XPS studies of Zr, Si, P, Sc, Mg elements from NSMZSP
inorganic filler are also shown in Supplementary Figure S6
accordingly (Thapaliya et al., 2023; Fan et al., 2024).

3.3 Sodium metal compatibility and stability

To evaluate the interface compatibility and Na plating/stripping
stability of CSSEs against Na Metal, Na//Cu half cells among
PVDF@NSMZSP and PVDF@NaFSI CSSEs were assembled to
measure the Coulombic efficiency (CE). As shown in Figure 3a,
the average CE of Na plating/stripping for PVDF@NSMZSP CSSE
was recorded at an impressive value of 98.7% under full deposition
conditions at a current density of 5 mA cm-2 and a capacity of 1 mAh
cm-2, respectively. In contrast, the PVDF@NaFSI CSSE exhibits
significant fluctuation in CE and can only maintain 100 cycles.
The Na//PVDF@NSMZSP//Cu cell shows remarkable CE values
and longevity (over 200 cycles), indicating the advantages of the
PVDF@NSMZSP CSSE in suppressing Na dendrite formation while
enhancing Na+ utilization rates. Furthermore, the charge and
discharge curves at the 50th and 100th cycles in Figure 3b
present that the Na//PVDF@NSMZSP//Cu cell displays a smaller
voltage hysteresis with enhanced electrochemical deposition. While
for the Na//PVDF@NaFSI//Cu cell, a large voltage hysteresis and
obvious fluctuations can be detected, arising from the depletion of
both CSSE and Na metal (Li et al., 2019). To further evaluate the
cycling stability of CSSEs against Na metal, symmetric Na//Na cells
among PVDF@NSMZSP and PVDF@NaFSI CSSEs were assembled
for galvanostatic cycling tests at a current density of 1 mA cm-2. As
shown in Figures 3c,d, Na//PVDF@NSMZSP//Na cell presents an
exceptional Na plating/stripping cycle performance, maintaining a
stable voltage profile for over 300 h. The great cycling stability
demonstrates the impressive compatibility of Na electrodes/CSSE
and rapid Na+ ions migration at the interface. In contrast, Na//
PVDF@NaFSI//Na cell exhibits constant voltage fluctuations during
the whole cycling time, which is resulted from the continuous
consumption of CSSE and Na dendrite growth. EIS measurement
at room temperature was conducted to provide more insight on
battery performance. Figures 3e,f present the EIS spectra of Na//Na
cells among PVDF@NaFSI and PVDF@NSMZSP CSSEs before and
after 100 h cycling, respectively. The resistances were extracted by
fitting the impedance spectra using the inset equivalent circuit,
where the initial point of the spectra corresponded to the
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resistance of the bulk electrolyte (Rb), the following semicircle
corresponded to the interfacial resistance (Rf), and charge
transfer resistance Rct (Rao et al., 2021). The specific values of
resistances are shown in Supplementary Table S2. The total
resistance of the Na//PVDF@NSMZSP//Na cell remains stable
and increases from 89.7 Ω to 113.9 Ω after 100 h cycling, which
suggests that the PVDF@NSMZSP CSSE forms a stable interface
with Na metal, effectively suppressing dendrite growth and
preventing severe side reactions. The continuous Na+ transport
pathways maintain fast ion migration kinetics, the gradual
formation of a stable interphase during the early cycles
contributes to the steady and benign impedance evolution. While
for the Na//PVDF@NaFSI//Na cell, the total resistance dramatically
increases from an initial value of 184.5 Ω–352.0 Ω, exhibiting
unsatisfied battery performance (Figure 3g). Given these features,
PVDF@NSMZSP CSSE demonstrates considerable Na metal
compatibility and cycling stability for constructing high-
performance SMBs.

3.4 Full cell electrochemical performance
with Na3V2(PO4)3 cathode

Na//NVP cathode full cells were assembled with PVDF@
NSMZSP and PVDF@NaFSI CSSEs to assess practical
performance (Wu et al., 2025). The galvanostatic charge/
discharge profiles of the Na//PVDF@NSMZSP//NVP cell at a
current rate of 0.5 C are presented in Figure 4a, where the 1st,
10th, 50th, 100th, and 200th cycles within the voltage range of
2.5–3.8 V (vs. Na+/Na) are displayed. Nearly overlapping charge/
discharge curves indicate stable cycling behavior, with the cell
delivering an initial discharge capacity of 95.6 mAh g-1. For
comparison, the corresponding galvanostatic profiles of the Na//
PVDF@NaFSI//NVP cell are provided in Supplementary Figure S7.
The long-term cycling stability of the Na//PVDF@NSMZSP//NVP
cell at 0.5 C is presented in Figure 4b. The Na//PVDF@NSMZSP//
NVP cell delivers a discharge capacity of 91.6 mAh g-1 andmaintains
an excellent capacity retention of 95.8% after 200 cycles at room

FIGURE 3
Sodiummetal compatibility and stability. (a) Variations of Coulombic Efficiency with cycle numbers in Na//Cu half cells among PVDF@NSMZSP and
PVDF@NaFSI CSSEs at 5 mA cm-2, 1 mAh cm-2. (b) Charge and discharge voltage profiles of Na//Cu half cells at 50th and 100th cycles. (c) Na plating/
stripping voltage profile in Na//Na symmetric cells among PVDF@NSMZSP and PVDF@NaFSI CSSEs at 1mA cm-2, 1mAh cm-2. (d) Partial enlarged image of
Na plating/stripping voltage profile in Na//Na symmetric cells. Time-resolvedNyquist plots in Na//Na symmetric cells among (e) PVDF@NaFSI and (f)
PVDF@NSMZSP CSSEs at room temperature. (g) Total resistances in Na//Na symmetric cells calculated from EIS spectra.
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temperature. Such outstanding electrochemical stability can be
ascribed to the well-engineered PVDF, NSMZSP, and PVDF/
NSMZSP interfaces, which ensure intimate and compatible
contact between the electrodes and CSSE. This structural
integration promotes rapid interfacial charge-transfer kinetics,
effectively suppressing pore or void formation and thereby
mitigating dendrite propagation. In contrast, the Na//PVDF@
NaFSI//NVP cell suffers from evident capacity degradation and
poor cycling stability, delivering only 37.7 mAh g-1, which is
associated with severe Na dendrite growth at the CSSE/electrodes
interface. The rate performance of these cells can be observed in
Figure 4c. The Na//PVDF@NSMZSP//NVP cell demonstrates
outstanding rate capability under gradually increased current
densities ranging from 0.1 to 5 C (1 C ≈ 117.6 mA g-1), with
each rate maintained for five cycles. At 0.1 C, the cell delivers an
initial charge/discharge capacity of 114.2/109.7 mAh g-1,
corresponding to a high CE of 96.1%. Even when operated at a
high rate of 5 C, a reversible capacity of 64.2 mAh g-1 is still achieved,
highlighting excellent kinetic performance. Remarkably, when the
current density is reverted to 0.1 C after five cycles at 5 C, the charge/
discharge curves nearly overlap with those of the initial low-rate
cycles, maintaining a stable reversible capacity of 100.8 mAh g-1.
Moreover, to evaluate whether the PVDF@NSMZSP CSSE can still
perform well under practical, high-energy conditions, a high mass
loading of NVP cathode (~3 mg cm-2) was utilized to demonstrate
the feasibility. As shown in Figure 4d, the Na//PVDF@NSMZSP//
NVP cell exhibits an initial discharge capacity of 92.5 mAh g-1 at
0.5 C, an exceptional capacity retention as 94.5% over 100 cycles at
room temperature can be achieved. A performance comparison
between the PVDF@NSMZSP CSSE developed in this study and
previously reported NZSP inorganic filler-based CSSEs was

summarized in Supplementary Table S3, with detailed
information on ionic conductivity, Ea, tNa

+, and electrochemical
performance. The optimized PVDF@NSMZSP CSSE is superior
among other NZSP inorganic filler-based CSSEs, highlighting the
enhancement of the ionic conductivity and interfacial compatibility.
With these electrochemical characterizations, the novel PVDF@
NSMZSP CSSE holds substantial advantages in comprehensive
performance, specifically in terms of efficient Na+ transport,
robust cycle stability, and high-rate capability.

3.5 Design rationale and
transport mechanism

These findings confirm that multiple ionic transport channels
along the PVDF, NSMZSP, and PVDF/NSMZSP interfaces have
been successfully established in PVDF@NSMZSP CSSE, facilitating
rapid Na+ ionic transport and superior room-temperature ionic
conductivity. The consistent electrochemical results demonstrate
excellent electrode-electrolyte compatibility and stable Na+

migration pathways. Figures 5a,b exhibit the schematic diagram
of the Na+ ion transport mechanism between PVDF@NaFSI and
PVDF@NSMZSP CSSEs-based batteries. Specifically, for the
PVDF@NaFSI-based battery, the PVDF polymer matrix with
NaFSI salt is considered as the only pathway for Na+ ionic
transport, Na+ tends to aggregate around FSI− anions and
presents anisotropic distribution when passing through CSSE.
Consequently, the large diffusion energy barrier induces uneven
Na+ deposition and dynamic contact instability, leading to serious
dendrite growth and side reactions. In contrast, with the
incorporation with NSMZSP inorganic filler, PVDF@NSMZSP-

FIGURE 4
Full cell electrochemical performance with Na3V2(PO4)3 cathode. (a) Galvanostatic charge/discharge cycling profile for the selected cycles at the
rate of 0.5 C. (b) Long-term cycling stability at 0.5 Cwith NVP loading of ~1.5mg cm-2. (c) Rate performance in the range of 0.1–5 C at room temperature.
(d) Cycling durability at 0.5 C with NVP loading of ~3 mg cm-2.
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based battery exhibits multiple ionic transport channels along the
PVDF, NSMZSP, and PVDF/NSMZSP interfaces, effectively
broadening additional Na+ migration pathways and accelerating Na+

ionic transport, thus redistributing the uneven Na+ flux from pristine
PSSE and suppressing the formation of Na+ concentration gradient. To
further confirm these effects, COMSOL finite-element simulations were
employed to investigate the rationale of PVDF@NSMZSP CSSE in
regulating the electric field distribution and Na+ concentration
distribution (Hu et al., 2025b). As illustrated in Figure 5c, the Na
surface exhibits a nonuniform electric field when employing the
PVDF@NaFSI CSSE, where regions with locally intensified field
strength act as preferential sites for Na+ deposition, eventually
inducing Na dendrite growth. In contrast, the PVDF@NSMZSP CSSE
generates a well-distributed electric field across theNa surface (Figure 5d).
Moreover, as depicted in Figures 5e,f, the PVDF@NSMZSPCSSE enables
a considerablymore uniformNa+flux compared to that in PVDF@NaFSI
CSSE. These simulation results are well consistent with the
aforementioned functional characterizations and comprehensive

electrochemical performances, collectively demonstrate that the
incorporation of the NSMZSP inorganic filler effectively homogenizes
both the electric field and the Na+ concentration distribution, thereby
enhancing the reversibility and stability of the practical SMBs.

4 Conclusion

In summary, this work presents a facile strategy to construct a
novel PVDF@NSMZSP CSSE for high-performance SMBs.
Experimental and theoretical analysis demonstrate a superior
room-temperature ionic conductivity of 5.5 × 10−4 S cm-1 and a
high Na+ transference number of 0.56. The formation of multiple
ionic transport channels within the CSSE can effectively broadens
Na+ migration pathways and enhances Na+ transport kinetics. A
galvanostatic Na//Na symmetric cell employing PVDF@NSMZSP
CSSE exhibits ultra-stable Na plating/stripping cycling performance
for over 300 h at 1 mA cm-2, underscoring its rapid Na+ migration

FIGURE 5
Design rationale and transportmechanism. Schematic diagram depicting theNa+ ion transportmechanism between (a) PVDF@NaFSI and (b) PVDF@
NSMZSP CSSEs-based batteries. The electrical field distribution models based on (c) PVDF@NaFSI and (d) PVDF@NSMZSP CSSEs. The Na+ ion
concentration field models based on (e) PVDF@NaFSI and (f) PVDF@NSMZSP CSSEs.
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and excellent electrolyte/electrode compatibility. Moreover, a Na//
PVDF@NSMZSP//NVP full cell with a high cathode mass loading
(~3 mg cm-2) achieves an exceptional capacity retention of 94.5%
over 100 cycles at 0.5 C, highlighting its strong potential for practical
high-energy-density SMBs. Overall, this work offers innovative
insights into the rational design of composite solid-state
electrolytes with enhanced Na+ transport kinetics and interface
compatibility, significantly advancing the development of
sodium-based energy storage technologies.
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