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Abstract

The escalating need for sustainable and safe energy storage systems has positioned sodium-ion 

batteries (SIBs) as a viable substitute for lithium-ion batteries, considering the lower expense and 

natural abundance of sodium. However, the flammability and dendrite-related safety concerns of 

traditional liquid electrolytes necessitate the advancement of durable solid-state electrolytes. 

Among these, composite polymer electrolytes (CPEs), which integrate inorganic fillers within a 

polymer matrix, have arisen as a leading alternative to tackle the drawbacks of individual solid 

polymer and inorganic ceramic electrolytes. This review provides a comprehensive and up-to-date 

insight into the design, preparation, and performance of CPEs for SIBs. We systematically discuss 

the fundamental ion migration mechanisms, the critical role of active (Na-ion conductive) and 

passive (inert) fillers in enhancing ionic conductivity, electrochemical stability, and mechanical 

strength, and the various fabrication techniques employed. A significant focus is placed on 

interfacial engineering strategies to mitigate the substantial interface resistance between solid 

electrolytes and electrodes. Finally, we address the prevailing challenges and offer future 

perspectives, highlighting the need for integrated design from mechanics to materials science to 

accelerate the practical application of high-performance, safe, and durable CPEs in next-generation 

SIBs.

KEYWORDS: Sodium-Ion Batteries, Composite polymer electrolytes, Ionic conductivity, Ion 

migration mechanisms
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1 | Introduction
Fossil fuels presently serve as the major global energy source, yet their limited availability 

underscores the urgent need to explore sustainable alternatives. In addition to being non-

renewable, fossil fuels significantly contribute to environmental degradation, including climate 

change and air pollution, driving the global transition toward cleaner energy solutions.1–3 For 

instance, fossil fuels account for over 80% of global energy consumption,4 and are responsible for 

approximately 75% of greenhouse gas emissions.5 One way to reduce our reliance on fossil fuels 

is to search for renewable alternatives and develop robust energy storage devices.6,7

The demand for energy storage with better efficiency has reached unprecedented levels, propelled 

by the fast growth of portable gadgets, grid-level energy storage, and EVs.8,9 Among the available 

options, lithium-ion batteries (LIBs), having rechargeable characteristics, have surfaced as the top 

preference for portable energy storage because of their exceptional performance, including long-

term stability, low self-discharge rates, high energy density, extended lifespan, and overall 

reliability.10–13 As an example, LIBs power over 90% of portable electronics and are the backbone 

of the rapidly growing electric vehicle market, which is projected to reach 145 million units 

globally by 2030.14,15 Comprehensive studies have been carried out over the years to optimize the 

efficiency of LIBs, confronting critical factors such as safety, cycle life, and energy density.16,17 

While LIBs are central to the energy storage revolution, their scalability is challenged by the 

fundamentals of lithium supply. Geographically concentrated deposits lead to fragile supply chains 

and cost inflation, posing a systemic risk to the industry as global demand accelerates. This creates 

a pressing need for complementary technologies with more resilient material bases.18,19 

A promising alternative is to replace lithium with a suitable metal that offers comparable 

performance, is cost-effective, and is abundantly available. Sodium-ion batteries (SIBs) have 

acquired substantial momentum in recent years owing to their great capability to match the 

performance of LIBs while benefiting from the lower cost and abundance of sodium.20 Both 

sodium and lithium are present in the same group of the Periodic Table with comparable chemical 

properties, with each having one loosely bound electron in its outermost shell, allowing them to 

form Na+ and Li+ ions.21–23 Both ions are quite comparable as charge carriers, with sodium 

exhibiting a standard electrode potential of -2.71 V against the standard hydrogen electrode (SHE), 

merely 300 mV beyond lithium's electrode potential of -3.04 V against SHE.24,25 Whereas LIBs 
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benefit from the lightweight nature and small ionic radius of Li+, enabling them to achieve a higher 

energy density of 150-250 Wh/kg in comparison to the 90-150 Wh/kg of SIBs, SIBs hold 

significant promise in the long run.26 The abundant availability and lower cost of sodium can make 

SIBs a more renewable and cost-effective alternative for vast energy storage systems.27 

Traditional SIBs, like LIBs, typically utilize combustible organic liquid electrolytes.28,29 The 

combination of sodium metal anodes and liquid electrolytes in SIBs raises the possibility of 

leakage and fire in electric vehicles, especially during overcharging or misuse operations. 

Moreover, like LIBs, SIBs must contend with the inevitable development of dendrites because of 

the harmful reactions between the reactive liquid electrolytes and the sodium anode.30,31 In 

addition, repeated charging and discharging can worsen the problem by allowing dendrites to 

pierce the separator and come into contact with the cathode, which leads to internal short 

circuits.31,32 This reduces the battery lifespan and overall efficiency by causing poor cycling 

stability and capacity decline. 
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Fig. 1: Schematic representation of sodium metal with different electrolyte materials.

The risks associated with flammable liquid electrolytes can potentially be addressed by 

transitioning to semisolid gel-like electrolytes33 and fully solid-state electrolytes (SSEs).34,35 

Quasi-solid gel electrolytes (QSGEs) sit between liquids and solids, combining the best of both 

worlds.36 They maintain the high ion conductivity of liquid electrolytes while providing the 

mechanical stability of solid electrolytes.37 As a result, QSGEs greatly reduce leakage risks without 

sacrificing electrochemical performance. So how do they work? Inside a QSGE, a three-

dimensional network is created either by polymer chains or small molecule gelators that trap the 

organic solvent and hold the electrolyte salts in place.38 But importantly, it still allows ions to 

move. The network actually helps salts dissociation, increasing the free charge carrier 

concentration, and unlike in liquid electrolytes, this gel structure creates more uniform pathways 

for ion movement, reducing clumping and boosting conductivity. The network also slows down 
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anions, which helps cations move more efficiently toward the electrodes, improving the 

transference number.39

One effective way to build these QSGE networks is to use low-molecular-weight gelators 

(LMWGs). These are small molecules that self-assemble through weak non-covalent interactions 

to form 'solid-like' nanoscale networks. These networks then immobilize the liquid electrolyte, 

turning it into a stable gel.40 This unique structure captures the high ionic conductivity of liquid 

electrolytes while eliminating leakage risks, a critical safety and performance hurdle in 

batteries.41,42 For battery applications, LMWGs offer a key advantage: the self-assembled network 

traps the solvent but leaves plenty of open space for ions to move freely. Early work by Hanabusa 

and co-workers in 1999 showed that ionic mobility in these gels remained nearly as high as in the 

pure liquid electrolyte.43 This means LMWG-based gels can achieve liquid-like conductivity while 

providing mechanical stability and leak resistance of a solid. Researchers have since demonstrated 

LMWG-based gel electrolytes in lithium-ion batteries, using gelators like DBS (1,3:2,4-

dibenzylidenesorbitol) in common electrolyte solvents.44 More recent work has extended this 

approach to emerging battery chemistries, including zinc-ion batteries, where LMWG-based 

ionogels have shown excellent performance even at extremely low temperatures while suppressing 

dendrite formation.45,46 For a better understanding of the role of LMWG-based quasi-solid gel 

electrolytes in the broader landscape of electrolyte systems, a comparison of important electrolyte 

classes, including conventional liquid electrolytes, ionic liquid electrolytes, gel polymer 

electrolytes (GPEs), and supramolecular gel electrolytes, is summarized in Table 1. This 

comparison sheds light on their fundamental differences in terms of ionic conductivity, safety, 

mechanical properties, and practical limitations.

Table 1: Comparison of electrolyte classes: ionic conductivity, advantages, limitations, and 

environmental aspects.
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Electrolyte Class
Ionic 
Conductivity 
(S cm-1)

Key Advantages
Limitations & 
Environmental 
Aspects

Liquid 
Electrolytes 
(LEs)

10―3–10―2

High ionic 
conductivity; 
good/stable contact 
with electrodes.

High risk of leakage and 
combustion (safety 
issues); lithium dendrite 
growth during repeated 
deposition, destroying 
interface stability and 
potentially causing short 
circuit; thermal runaway 
can cause fire or 
explosion.

Solid 
Electrolytes 
(SEs)

10―8–10―4

Addresses leakage 
problems; addresses 
dendrite growth 
problems.

Low ionic conductivity 
(however, for inorganic 
solid electrolytes the 
conductivity could be as 
high as 10-3 S cm-1); high 
interfacial resistance; 
volume change during 
charging/discharging 
causes separation of the 
interface.

Polymer Gel 
Electrolytes 
(PGEs)

10-4-10-3

Solid state; high 
mechanical stability; 
high thermal stability; 
high mechanical 
durability; wide 
electrochemical 
window (when using 
ionic liquids); non-
leakage; good 
interfacial properties; 

Low conductivity (much 
lower than liquid 
electrolyte); irreversible 
and continuous 
degradation of internal 
structure (limits device 
lifetime); rather 
complicated 
manufacturing process; 
very long time of 
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Electrolyte Class
Ionic 
Conductivity 
(S cm-1)

Key Advantages
Limitations & 
Environmental 
Aspects

suppresses dendrite 
growth.

decomposition; disposal 
and recycling problems.

Supramolecular 
gels based on 
Low Molecular 
Weight Gelators 
(LMWGs)

10-4-10-3

Thermally reversible 
gels; neutral to 
environment; good 
biodegradability 
(natural origin 
derivatives like 
monosaccharides, 
cholesterol, 
hydrazides); self-
assembly via non-
covalent interactions; 
enhanced conductivity 
effect observed in some 
cases; disposal and 
recycling advantages as 
thermally reversible 
systems.

Lower mechanical 
strength; smaller 
temperature range of gel 
phase; less known and 
understood; need more 
study and development 
before substituting PGEs.

SSEs can be classified into three primary classes: inorganic ceramic electrolytes (ISEs), solid 

polymer electrolytes (SPEs), and composite polymer electrolytes (CPEs). Fig. 1 shows the 

schematics of sodium metal electrode with various electrolyte classes. electrolyte materials. These 

electrolytes offer benefits over standard liquid electrolytes and are the focus of extensive research 

aimed at advancing the practical implementation of solid-state SIBs. 

Fig. 2 gives the characteristics, performance, and efficiency of ISEs, SPEs, and CPEs. ISEs, 

[examples: sodium ′′-alumina (BASE), NASICON-structured Na3Zr2Si2PO12 (NZPS and its 

doped derivatives, and Na5GdSi4O12 (NGS)]47,48 with their exceptional qualities like superior 

thermal stability, greater ionic conductivity, mechanical integrity, and excellent electrochemical 
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stability, have shown great potential for use in SIBs.49,50 However, the widespread use of ISEs is 

hampered in SIBs due to the intrinsic stiffness and low interfacial compatibility with electrodes. 

Lee et al.51 have recently presented a comprehensive review of ISEs for sodium-ion batteries.

SPEs, featuring a polymer matrix with a sodium salt dispersed within it, are desirable owing to 

their design flexibility, good thermal and mechanical stability, and electrochemical 

performance.52,53 Despite their improved safety and greater flexibility in comparison to liquid 

electrolytes, the ionic conductivity at room temperature for SPEs stays significantly under the 

desired value of ~10-3 S/cm, restricting their broader adoption.54,55

Fig. 2: Characteristic properties based on the performance and efficiency of ISEs, SPEs, and CPEs.

In the past ten years or so, numerous promising strategies and innovative ideas have been put 

forward and investigated to attain the desired battery performance of SSEs for SIBs.56 A 

particularly excellent approach is the development of CPEs that involve the distribution of 

inorganic fillers within a polymer matrix, creating SSEs with robust thermal, mechanical, 

electrochemical, and battery performance (Fig. 2).57,58 While CPEs for LIBs are thoroughly 

reviewed, the same cannot be said for SIBs, where only a handful of reviews exist, leaving a 

substantial gap in the literature. 59 This gap persists even as SIB technology gains prominence as a 

complementary energy storage solution. Reviews of SIB-based CPEs that are currently available 
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tend to focus on either filler chemistry or polymer host materials, frequently discussing ion-

transport behavior, interfacial stability, and processing considerations separately. For instance, the 

review article by Kumar et al.59 on sodium ion polymer electrolytes focuses on synthetic strategies 

and their influence on ion-conduction parameters across solid, gel, and composite polymer 

electrolytes, with particular emphasis on conductivity mechanisms and fundamental materials 

chemistry. More recently, He et al.60 reviewed composite polymer solid electrolytes for all-solid-

state sodium batteries, concentrating on the role of inorganic fillers dispersed within polymer 

matrices and discussing how filler type, particle size, content, and preparation methods affect ionic 

conductivity and interfacial compatibility. Senthilkumar et al.61 recently published a 

comprehensive review examining how NASICON fillers optimize the performance of composite 

polymer electrolytes, with particular emphasis on improvements in ionic conductivity, structural 

robustness, and electrochemical stability. The work of Gabryelczyk et al.62 focuses on the 

application of ionic liquids in tailoring the properties of gel polymer electrolytes for SIBs.

The current review highlights recent advances in the structural design of composite polymer 

electrolytes for sodium-ion batteries, focusing on material strategies, fabrication methods, ion 

transport mechanisms, and interfacial engineering approaches that boost both electrochemical and 

mechanical performance. Unlike earlier reviews, we integrate these elements into a cohesive 

framework, drawing on recent literature to connect structure-property-performance relationships 

with processing and interface considerations. We also present a unified perspective by categorizing 

nanofillers based on their primary function and linking their intrinsic properties to battery 

performance. In addition, we include a comparative analysis of interfacial strategies for sodium 

metal anodes, emphasizing the distinct mechanisms and the critical role of microstructure in 

achieving long-term stability. Finally, we outline current challenges and propose directions for 

future research.

2 | Desirable Characteristics of Composite Polymer Electrolytes
Fig. 3 depicts the desirable general characteristics of CPEs. For CPEs, to be suitable for widespread 

adoption, the following characteristics are highly desirable:

1. High Ion Conductivity: At room temperature or in operational conditions, the ion 

conductivity should be ≥ 10-3 S cm-1. However, most sodium-based SPEs typically achieve 
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room temperature ionic conductivities in the range of 10-5-10-4 S cm-1, with values 

approaching 10-3 S cm-1 only in systems with plasticizers or ionic liquids.63

2. Wide ESW: A wide ESW (0-5 V) ensures minimal electrolyte degradation at high 

voltages.64 Further, it ensures efficient and reversible Na⁺ ion insertion and deinsertion, 

which is critical for maintaining stable performance over multiple cycles. However, 

sodium-based polymer electrolytes have a theoretical upper limit of approximately 5 V. In 

practice, most SPEs and CPEs undergo oxidative breakdown at 4.0-4.3 V, depending on 

polymer chemistry and salt coordination environment.65 Thus, the "0-5 V" window should 

be viewed as an ideal design target rather than a common working range.

3. Mechanical Stability: A better mechanical strength maintains the structural integrity of 

the solid electrolyte during charge-discharge, which is necessary to prevent dendrite 

formation and address safety concerns.66

4. Thermal Stability: Thermal stability is required for smooth battery operation at elevated 

temperatures. A thermally unstable electrolyte could lead to electrolyte deformation and 

structural failures, and could cause short-circuiting and thermal runaway at elevated 

temperatures.67

5. Compatibility with Sodium Metal: The electrolyte must be chemically inert and 

compatible with sodium metal to avoid or minimize the unnecessary side reactions that 

degrade the battery performance.68

6. High Na+ Transference Number: A high Na⁺ transference number is a critical design 

parameter for solid electrolytes, as it minimizes concentration polarization and enhances 

power density.69 The ideal scenario: a transference number of unity, where current is 

carried exclusively by Na⁺ ions, represents a theoretical upper limit for single-ion 

conductors. In practice, this ideal is rarely achieved; most high-performing SPEs report 

values between 0.7 and 0.9 at operating temperatures. Nevertheless, this ideal serves as a 

vital benchmark for evaluating and comparing the cationic selectivity of emerging 

electrolyte materials. A Na+ transference number of ~1 is desirable as it ensures that the 

current is predominantly conducted by the sodium ions with negligible contribution from 
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the anions. This minimizes ion concentration polarization effects and results in enhanced 

battery performance. 

7. Low Interfacial Resistance: The electrolyte should create a stable and low-resistance 

electrode/electrolyte interface to provide a fast charge/discharge mechanism and reduce 

energy losses.70

8. Easy Processability and Economically Viable: The fabrication process should be simple, 

scalable, and economically viable.71 

Fig. 3: Characteristics of Composite Polymer Electrolyte.
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3 | Techniques for the Fabrication of Composite Polymer Electrolytes for 
Sodium-ion Batteries

3.1 Solution-casting Technique

The solution-casting technique is a straightforward, low-cost, and widely used method for 

fabricating polymer-containing solid electrolytes with thicknesses typically ranging from 50 to 

300 μm.72 This approach enables the facile incorporation of varying contents of fillers, sodium 

salts, and plasticizers, allowing convenient optimization of CPEs properties.73 The process 

typically involves the following steps as depicted in Fig. 4: First, to prepare a homogeneous 

polymer solution by dissolving the polymer in an appropriate solvent. Next, a precise amount of 

sodium salt is added and dispersed through agitation. Fillers (e.g., nanoparticles) are then 

incorporated and uniformly distributed by stirring. Finally, the solution is cast onto a Teflon Petri 

dish or flat glass, and a controlled solvent evaporation process ensures uniform film formation 

while minimizing defects.

Fig. 4: Schematic depiction of solution-casting method for fabricating polymer-based solid 

electrolyte films.

3.2 Hot Pressing/Thermal Pressing Method

Being solvent-free, dry, faster, and cost-effective, the hot-press method provides several 

advantages over the ordinary and traditional solution-cast approach.74 The fabrication process as 

schematically shown in Fig. 5 begins by thoroughly mixing the precursor constituents: polymer, 

plasticizer, salt, and fillers. When the blend achieves a temperature close to the melting point of 

the cost polymer on heating, it results in a uniform and thick slurry. The heated slurry is placed 

inside metal sheets and put under elevated pressure for fabricating CPE films. This controlled 
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application of heat and pressure leads to the preparation of a uniform, high-quality film with 

excellent structural integrity.75,76 

Fig. 5: PEO/PEG-based CPE by hot-press technique (Reprinted with permission from ref.77 

Copyright © 2024 Wiley‐VCH GmbH)

3.3 In-situ Polymerization Technique

This method involves dispersing nanofillers into a precursor monomer solution, followed by in 

situ polymerization using conventional techniques. A key aspect of the process is the grafting 

technique, where polymer chains are grown onto the particle surface through the 'grafting from' 

approach.78 This ensures a stable and uniform distribution of the fillers, preventing nanofiller 

agglomeration within the matrix and enhancing the structural integrity and performance of the 

resulting nanocomposite. Several CPEs for SIBs have been successfully fabricated using the in-

situ polymerization technique.79 

3.4 Electrospinning Technique

In this procedure, a polymer solution is subjected to an elevated-voltage electric field, generating 

a thin jet that solidifies into nanofibers upon solvent evaporation.80,81 Key parameters, such as 

solution concentration and electric field strength, are optimized to control fiber diameter and 

surface morphology.82 The resulting nanofiber mats possess a high surface area and interconnected 

pores, which facilitate enhanced ion transport and improved ionic conductivity. The large surface 

area, high porosity, tunable morphologies, and high density of active sites make them particularly 
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advantageous for power storage devices, particularly as electrolyte and electrode materials in 

supercapacitors, where their unique characteristics significantly enhance performance.83 

3.5 Phase Inversion Method

A widely employed method known as the phase inversion is utilized for fabricating polymer 

electrolyte films with precise control over the properties and structure of membrane.84,85 

The typical steps involved as depicted schematically in Fig. 6 are as follows: A polymer viscous 

solution is first formed using an appropriate solvent and cast onto a Teflon petri dish or glass plate. 

The cast film is then plunged into a precipitation tank, typically water, inducing the formation of 

an asymmetric surface morphology. Rapid precipitation occurs due to solvent and nonsolvent 

exchange at the interface, leading to distinct membrane structures. Throughout this process, 

multiple phase transitions take place, influenced by the composition of the casting solution and 

additives used, ultimately defining the final membrane properties.

Fig. 6: Diagram showing schematically the stages involved in creating a porous polymer 

electrolyte membrane by phase inversion method.
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4 | Performance Evaluation

4.1 Ion Conductivity

The ionic conductivity of a solid electrolyte is generally determined by employing electrochemical 

impedance spectroscopy (EIS), where an AC potential is applied across a frequency domain (1 

MHz to 10 mHz), and the impedance response is recorded.

Fig. 7: Ionic conductivity measurement using blocking electrodes. (a) Schematic of the symmetric 

cell configuration with a solid electrolyte (S.E.) sandwiched between blocking electrodes. (b) 

Equivalent circuit representing the blocking electrode setup. (c) Characteristic Nyquist plot 

showing contributions from bulk electrolyte (high-frequency semicircle) and double-layer 

capacitance (low-frequency spike) (Reprinted with permission from ref.86 Copyright © 2021 

Wiley).

For these measurements, a symmetric cell configuration is employed with the electrolyte placed 

between two blocking electrodes (e.g., stainless steel or platinum) as schematically depicted in 

Fig. 7a. Unlike reactive electrodes such as lithium metal, perfectly blocking electrodes do not 

participate in redox reactions or charge transfer processes. When an electric field is applied, ions 

transfer toward the electrodes and accumulate at the electrode-electrolyte interface, creating an 

electric double layer as illustrated in Fig. 7a. This interfacial charge storage behaves as an idealized 

capacitor characterized by a double-layer capacitance (CD). This electrolyte/blocking electrode 

system can be depicted by an equivalent circuit (Fig. 7b) where Rb is in parallel with the geometric 

capacitance (Cb) of the electrolyte, and this parallel combination is in series with CD. The 

impedance data is generally presented as a Nyquist plot; plotting the real (Z') versus imaginary 

(Z'') impedance. In an ideal system, the plot consists of a semicircle with its center on the horizontal 

Z'-axis and a vertical spike at low frequencies (Fig. 7c). The semicircle represents the bulk 

electrolyte behavior, while the vertical spike corresponds to double-layer formation at the 
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electrolyte-electrode interface. Nevertheless, practical systems often display divergence from this 

ideal performance, with the impedance plot showing a reduced semicircle (where the center lies 

below the Z'-axis) and a slanted spike. In many cases, only portions of these features may be 

visible. The observed deviations from ideal behavior in real systems can be attributed to factors 

such as surface roughness, inhomogeneities in the electrolyte, or partial electrode reactions, as 

discussed by Careem et al.87 in their analysis of impedance spectroscopy for polymer electrolyte 

analysis.

For calculating the electrolyte ion conductivity, Rb is obtained from the intersection of the spike 

and the semicircular part. The ionic conductivity (σ) is then derived from Rb using (Eqn. 1):

𝜎 = 𝑙
𝑅b𝐴  (Eqn. 1)

where A and l denote the thickness and contact surface area of the electrolyte layer/electrode, 

respectively.

4.2 Sodium-Ion Transference Number 

The sodium-ion transference number (𝑡Na+ ) is a crucial criterion in evaluating the performance of 

SPEs used in SIBs. The 𝑡Na+  indicates the fraction of the total ionic current transported by sodium 

ions in the cell.88 A higher 𝑡Na+ approaching unity, indicates dominant sodium-ion conduction, 

which minimizes concentration polarization and enhances ion transport efficiency. This leads to 

faster charging rates and more stable electrochemical performance, underscoring the importance 

of achieving a high 𝑡Na+ in the advancement of high-performance SPE.83,89

The method introduced by Bruce and Vincent,90 is widely employed to estimate the 𝑡Na+  by 

applying a small voltage bias (typically less than 10 mV) across a symmetric metal|SPE|metal cell, 

using sodium metal electrodes in the case of SIBs, and monitoring the first and steady-state current 

responses as represented by Eqn. 2;

                                                            𝑡Na+ = Is(ΔV―IoRo)

Io(ΔV―IsRs)  
  (Eqn. 2)

In this context, ΔV denotes the voltage applied through the cell, typically maintained below 10 

mV.  I0 and Is represent the initial currents and steady-state, respectively, while R0 and Rs 

correspond to the initial interfacial resistance/impedance and steady-state of the cell. However, it 
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is important to recognize that this technique assumes ideal, infinitely diluted electrolyte conditions, 

which are rarely met in practical battery systems. As such, the transference numbers derived from 

this approach, often referred to as the "limiting current fraction", do not precisely signify the actual 

fraction of current transported by Na+ ions. Rather, they encompass a range of transport-related 

factors, including ionic conductivity and diffusion coefficients, and should be interpreted with 

caution in the context of real battery environments.91 Nevertheless, several studies91,92 suggest that 

this value can still provide meaningful insights, provided it is interpreted with caution and an 

understanding of the various transport phenomena it encompasses.

In typical SIB electrolytes employing commercial polyolefin separators, the sodium-ion 

transference number is approximately 0.17,93 a value comparable to that observed in LIB 

electrolytes.94 One effective strategy to increase this parameter involves the use of polymers 

containing immobilized anionic groups, commonly referred to as "single-ion conductors." For 

example, Youcef et al.95 created a singular ion-conductive SPE by covalently immobilizing the 

counterion (fluorosulfonylimide, FSI) onto an ethylcellulose backbone. Such single-ion 

conducting systems have demonstrated consistently high transference numbers, often exceeding 

0.8; however, this enhancement is sometimes accompanied by a reduction in overall ionic 

conductivity. Representative examples of single-ion conducting polymers include polymerized 

sodium tartaric acid borate,96 organic sulfonyl-based derivatives,97 and modified Nafion 

materials.98 To enhance mechanical and electrochemical stability, these polymers are often 

blended with traditional polymer matrices. Some theoretical studies suggest that the exceedingly 

electronegative fluorine atoms in PVDF-HFP can hinder the mobility of anions, potentially leading 

to an inherently higher sodium-ion transference number.99,100 However, there is currently no 

definitive experimental evidence that PVDF-HFP alone inherently provides a high transference 

number. Reported 𝑡Na+  values for PVDF-HFP-based electrolytes vary widely, from ~0.2-0.3 to 

0.5-0.6,101,102 suggesting unresolved discrepancies that warrant further mechanistic study. 

Therefore, claims of naturally high 𝑡Na+  in PVDF-HFP should be read cautiously and 

experimentally validated before being generalized. 

4.3 Electrochemical Stability Window 

Despite significant progress in performance enhancement of SPEs and their integration into 

commercial electric vehicles,103 several critical challenges remain before SPE-based batteries can 
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achieve widespread application. One of the primary limitations is related to electrochemical 

stability.104 The electrochemical stability window (ESW) is the voltage range over which a SSE 

remains stable and therefore determines electrode compatibility and the allowable operating 

voltage of the battery.51 A broader ESW facilitates the use of high-voltage cathode materials, 

thereby increasing the achievable energy density. Cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) are widely employed to quantify the ESW of SSEs using cells consisting of  

SE, sandwiched between a sodium metal counter electrode and a blocking working electrode.105,106 

The objective of these measurements is to identify the potential limits at which electrolyte 

decomposition occurs. However, the resulting decomposition currents are often weak and difficult 

to resolve, particularly when overshadowed by the substantially larger currents associated with 

sodium.107,108 More reliable ESW determination can be achieved by separating the electrolyte 

decomposition process from sodium metal redox reactions. Furthermore, to ensure that ESW 

measurements accurately reflect practical battery operation, the test configuration should closely 

resemble the actual cell architecture.108 This approach enables a more realistic assessment of the 

electrochemical stability of SEs under operationally relevant conditions. 

As schematically represented in Fig. 8, the intrinsic electronic stability of a polymer electrolyte 

can be conceptually understood using a band-edge model, where the oxidation and reduction limits 

are approximated by the valence band maximum (VBM) and conduction band maximum (CBM), 

respectively.109,110 This theoretical framework, often derived from first-principles calculations on 

the pure polymer matrix, serves as a computational baseline.111 For a SIB, the electrolyte ESW 

must span the electrochemical potentials of both electrodes. This requires the energy difference 

between VBM and CBM to exceed the potential gap between the cathode (μC) and anode (μA, 

e.g., Na/Na⁺). Critically, the VBM must lie below μC and the CBM above μA to ensure both 

electrode potentials fall within the electrolyte stability range. Failure to meet these criteria can lead 

to oxidative or reductive decomposition at the interfaces. While resulting solid-electrolyte 

interphase (SEI) or cathode-electrolyte interphase (CEI) layers can be protective, they may also 

hinder Na⁺ transport, ultimately compromising the cell cycling stability and lifespan. In practice, 

the true electrochemical stability window of a CPE is further governed by the salt anion, filler 

properties, and dynamic interfacial interactions. Consequently, the operational ESW must be 

validated experimentally using techniques such as LSV or cyclic voltammetry.
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Fig. 8: Schematic representation of the electrolyte ESW as an energy profile at the electrolyte-

anode/cathode interface, with the oxidation and reduction limits (VBM/CBM) serving as a 

computational baseline for the polymer matrix. (Reprinted with permission from ref.111 Copyright 

© 2019 American Chemical Society)

5 | Pathways of Na+ Ion Transport in CPEs
In a solid polymer electrolyte containing a dispersed sodium salt, the transport mechanism of Na⁺ 

ions closely resembles that of Li⁺ ions in an SPE with a dispersed lithium salt. Specifically, Na⁺ 

ions transfer through the polymer matrix by hopping between coordination sites, where they 

interact with polymer polar segments by Lewis acid-base interactions. This motion is driven by an 

applied electric field and facilitated by the segmental motion of the polymer chains as depicted in 

Fig. 9a.112,113 Since segmental motion is limited to the amorphous state over the glass transition 

temperature (Tg), the SPEs' ion conductivity is significantly affected by the Tg of the host 
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polymer.114 Most SPE host polymers are semicrystalline, so a common strategy to enhance ionic 

conductivity is to reduce crystallinity and increase the amorphous fraction through various 

approaches.115 However, studies have also confirmed that ion migration can occur through 

crystalline domains of the polymer. This tendency has been established for specific polymer-salt 

crystalline complexes (especially PEO6:LiX-type phases) and is thus a viable, but special-case 

mechanism rather than a general rule for all SPEs/CPEs.116,117 In these regions, ions move inside 

the tunnels formed by the helical conformations of polymer chains within the crystalline structure, 

as depicted schematically in Fig. 9b. Although the conductivities exhibited are too low for 

immediate technological application, their importance lies in demonstrating that ionic transport 

can occur in crystalline polymer matrices, independent of polymer segmental motion. These 

findings introduce an alternative paradigm for investigating ion transport in polymers and define 

a distinct class of solid electrolytes. Unlike conventional amorphous polymer electrolytes, ion 

conduction in these materials occurs within a rigid, structurally ordered environment, while 

remaining fundamentally different from crystalline ceramic electrolytes due to their soft polymeric 

nature.

Substituting lithium salts with sodium salts in SPEs leads to pronounced changes in 

electrochemical performance, arising from fundamental differences in ionic size, coordination 

chemistry, and ion-polymer interactions. Owing to its larger ionic radius, Na⁺ exhibits weaker 

coordination with Lewis bases, such as ether oxygens in PEO, compared to Li⁺, which, from a 

purely energetic standpoint, would be expected to facilitate faster ion transport and higher ionic 

conductivity. Contrary to this expectation, extensive experimental evidence demonstrates that 

PEO-Na⁺ electrolytes consistently display lower ionic conductivities than their Li⁺-based 

analogues, underscoring the complex and nontrivial nature of ion transport in polymer 

electrolytes.118,119 Some reported investigations also reveal a complex interplay between polymer 

molecular weight, cation size, and coordination strength that critically governs ionic conductivity 

at room temperature. As an example, in high molecular weight (entangled) PEO systems, such as 

PEO:NaTFSI electrolytes, display lower conductivity than analogous Li-based SPEs.120 This is 

because in high molecular-weight (entangled) PEO, the larger size of Na⁺ leads to multiple Na⁺–

EO coordination contacts, which outweigh their weaker monomer-level interactions and ultimately 

slow ion-hopping dynamics. In contrast, in lower molecular weight (unentangled) PEO-based 
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SPEs, where ion transport is primarily diffusion-controlled rather than segmentally assisted, the 

conductivity trend reverses (σNaTFSI > σLiTFSI). Here, the stronger EO-Li⁺ coordination increases 

the effective hydrodynamic radius of Li⁺, thereby reducing its mobility relative to Na⁺.120 

Moreover, the relative transport behavior of Li⁺ and Na⁺ is highly sensitive to the chemical nature 

of the polymer host, while Li⁺ exhibits stronger coordination in ether-based polymers such as PEO, 

Na⁺ interacts more favorably with carbonyl-containing polymers, including PCL and PTMC. 

These findings underscore that ionic conductivity in polymer electrolytes is dictated not solely by 

cation size but by a subtle balance among cation charge-to-radius ratio, coordination chemistry, 

polymer architecture, and steric constraints imposed by the polymer matrix.

Fig. 9: Schematic representation of ion transfer mechanism in (a) amorphous areas of polymer 

(Reprinted with permission from ref.121 Copyright © 2021, Elsevier) and (b) in crystalline domains 

of the polymer.
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Fillers in CPEs, whether passive or active, influence the ionic conductivity pathways and 

mechanisms.31 Passive fillers, such as metal oxide NPs, are not actively involved in ion transport 

but assist in modifying the polymer’s structural properties at the particle/polymer interface that 

contributes to enhanced ion conductivity and electrochemical performance. The interaction 

between the polar segments in polymer chains and polar groups on the ceramic NP surface results 

in lowering the crystallinity, creating more disordered amorphous domains that favor ion 

mobility.122,123 Also, the Lewis acid-base interactions between the filler and polymer at the 

interfacial area contribute to enhanced salt dissociation that increases free charge carrier 

concentration and improves ionic conductivity.124,125 Thus, the particle/matrix interfacial region in 

CPE with passive fillers is more conductive as compared with the matrix.
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Fig. 10: Schematic representation of various scenarios of CPE microstructure interfacial regions 

with enhanced Na+ ion conductivity. (a) and (b) CPEs having narrow highly conductive interfacial 

region and low filler volume fractions, with this microstructure the areas of the improved ionic 

conduction stay clearly separated, (c) CPEs with wider conductive interfacial zones, (d) CPEs with 

larger filler volume fractions the areas of the improved conductivities resulting from engagements 

with separate particles intersect and supply continuous improved transport channels, and (e) CPEs 

with small volume fractions of passive fillers, small particles, but enlarged interfacial irregular 
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areas of high-conductivity polymer (Reprinted with permission from ref.126 Copyright © 2023 

Wiley-VCH GmbH).

When designing composite polymer electrolytes with passive ceramic fillers, the resulting ionic 

conductivity is determined by a balance of three microstructural parameters: the thickness of the 

conductive polymer layer that forms at the ceramic/matrix interface, the size of the ceramic 

particles, and their volume fraction (Fig. 10). If the interfacial conductive layer is thin or the 

ceramic loading is low, the regions of enhanced conductivity surrounding each particle remain 

isolated, offering limited benefit to the overall ion transport, irrespective of particle size (Fig. 10a, 

b). A significant improvement occurs only when these regions percolate, forming continuous 

pathways for ion conduction. This percolation can be achieved by either increasing the thickness 

of the conductive polymer shell (Fig. 10c) or by raising the ceramic volume fraction to bring 

particles closer together (Fig. 10d). However, this second strategy has a drawback, as increasing 

the filler content introduces more non-conductive material that occupies volume without 

contributing to ion transport. Consequently, the optimal configuration emerges not from high filler 

loading, but from a synergistic balance: a low volume fraction of small ceramic particles that 

promote the formation of an extensive, interconnected network of highly conductive polymer (Fig. 

10e). This architecture maximizes continuous conduction pathways while minimizing obstructive 

dead volume.126 

When designing CPEs with active (conductive) fillers, the system complexity increases 

significantly.61,127 Beyond factors like ceramic volume fraction, particle size, and the extent of 

polymer affected by the filler, two additional parameters become critical: the intrinsic ionic 

conductivity of the filler itself and the resistance at the polymer/filler interface (Fig. 11a, b, c).126  

Overall ionic conductivity is governed by the combined contributions of the polymer and ceramic 

phases, the enhanced local conductivity of the polymer near the interface, and the resistances at 

both the polymer/filler and filler/filler contacts. For CPEs where the active fillers do not form a 

continuous network, the polymer/filler interface resistance is the dominant factor. A low interface 

resistance allows Na+ ions to move readily between phases; even at low ceramic loadings, a 

significant portion of conduction can occur through the filler particles themselves. Conversely, a 

high interface resistance effectively blocks ion entry into the filler. In this case, conduction is 

confined to the polymer phase, specifically within the disordered, high-conductivity regions near 
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the ceramic surfaces. The design objective then shifts toward maximizing the volume of this 

favorable polymer zone. When the ceramic particles form a percolating network, the nature of the 

conduction pathways changes. In this scenario, the resistance at the contacts between individual 

filler particles becomes a key parameter of performance. To illustrate these competing 

mechanisms, Fig. 11 presents three distinct microstructural scenarios with varying ceramic 

content. In the first (Fig. 11a), the ceramic volume fraction is too low to form any continuous 

pathway; either through the ceramic itself or via interconnected interfacial polymer zones. Na+ 

ions are restricted to the bulk polymer matrix, leading to low overall ionic conductivity. The second 

scenario (Fig. 11b) represents an optimal balance, where the filler content is sufficient to create a 

continuous, high-conductivity network through the overlapping interfacial polymer regions, even 

though the ceramic particles themselves remain disconnected. This percolating interfacial pathway 

provides a new, fast channel for ion transport, substantially boosting overall conductivity. Finally, 

at high filler loadings (Fig. 11c), the particles form a direct, percolating ceramic network, where 

Na+ ions can travel through three parallel pathways: the bulk polymer, the interfacial polymer 

zones, and the particle network itself, greatly facilitating migration. This wide array of possible 

conduction routes makes predicting and optimizing conductivity in CPEs with active fillers more 

challenging than in systems containing only passive fillers.100,128 
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Fig. 11: (a-c) Three CPE situations with varying ceramic volume fractions. (Reprinted with 

permission from ref.126 Copyright © 2023 Wiley-VCH GmbH)

Solid-state NMR is generally used to probe cation transport and dynamic processes in SPEs. Foran 

et al.129. have published an excellent review on the use of solid-state NMR spectroscopy for the 

characterization of molecular structure and dynamics in solid polymer and hybrid electrolytes. 

However, the 23Na nucleus, with a spin quantum number of 3/2, exhibits strong quadrupolar 

interactions that significantly influence its NMR behavior.130 These interactions lead to short T2 

relaxation times, causing pronounced spectral line broadening, which renders direct measurements 

of sodium ion diffusion infeasible in SPEs/CPEs for SIBs. As a result, 23Na NMR is inherently 

limited for direct diffusion studies in sodium-based systems. To overcome this limitation, a 

common methodological approach is to monitor the anionic counterion using a more amenable 

nucleus, such as 19F.131 Consequently, in these studies, cation dynamics and diffusion are inferred 

indirectly based on the self-diffusion results obtained from 19F NMR. This indirect approach 
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introduces uncertainty, as the behavior of cation is only approximated rather than directly 

measured. Pulsed field gradient (PFG) NMR spectroscopy is a key technique for measuring self-

diffusion coefficients, which quantify the random, thermally driven translational motion of ions 

and molecules in materials such as polymer electrolytes.129,132 In lithium-conducting systems, this 

is commonly achieved by targeting the high-sensitivity nuclei 7Li and 19F to probe cation and anion 

mobility, respectively.133 PFG NMR can also be applied to 1H and 13C nuclei to characterize 

polymer chain dynamics, which significantly influence overall ion transport.134–136 The utility of 

PFG NMR for determining ionic transference numbers, a critical metric for electrolyte 

performance, depends critically on the system's dissociation state.137 The key limitation of the 

PFG-NMR technique is that it provides an indistinguishable average diffusivity of all mobile 

NMR-visible species, including dissociated ions, neutral ion pairs, and charged clusters. 

Consequently, PFG NMR-derived transference numbers often exceed those obtained from 

electrochemical methods, such as potentiostatic polarization technique, which selectively sense 

the flux of charged carriers.137,138 As an example, in their work, Kaneko et al.123 employed a 

combination of PFG NMR and impedance spectroscopy to investigate the dynamic transport 

properties of lithium-ion-based plasticized SPEs containing LiTFSI salt. By selectively observing 
7Li and 19F, PFG NMR technique provides separate diffusion coefficients for lithium-containing 

species and fluorine-containing species (primarily from the TFSI anion), offering species-specific 

insight into ionic mobility. To derive the lithium-ion transport number from these diffusion data, 

approximation methods are required because PFG NMR cannot distinguish between charged ions 

(e.g., free 𝐿𝑖+) and neutral species (e.g., non-dissociated LiTFSI ion pairs). A simple and common 

approach, proposed by Watanabe et al.139 assumes that the salt is fully dissociated and that 

interactions between ions are minimal. Under this ideal condition, the transport number (𝑡𝐿𝑖) is 

defined by Eqn. 3, where the lithium-ion contribution is represented by the ratio of its diffusion 

coefficient to the sum of the cation and anion diffusion coefficients:

𝑡𝐿𝑖 =
𝐷𝐿𝑖

𝐷𝐿𝑖 + 𝐷𝐹
                                       (Eqn. 3)

Where 𝐷𝐿𝑖 represents the diffusion coefficient of all lithium-containing species (both free 𝐿𝑖+ ions 

and any associated ion pairs) as measured by PFG NMR, while 𝐷𝐹 represents the diffusion 

coefficient of all fluorine-containing species (primarily the TFSI anion). This value approximates 
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the fraction of current carried by the lithium ion based solely on NMR-derived mobilities, but it is 

only accurate when the dissociation ratio is nearly unity (i.e., few ion pairs exist). However, when 

incomplete salt dissociation is present, the simple 𝑡𝐿𝑖 value can be misleading. To account for this, 

a more refined transport number, 𝑡𝐿𝑖+ is calculated using a model proposed by Angell et al.140 This 

approach assumes that the diffusion coefficient of the non-dissociated Li salt (𝐷𝐿𝑖𝐹) is equal to the 

measured 𝐷𝐹 value. The expression for this corrected transport number is given by Eqn. 4:

𝑡𝐿𝑖+ =
1
2

𝐷𝐿𝑖 ― 2𝐷𝐹 + 𝜉
𝜉 ― 𝐷𝐹

, where 𝜉 =
𝑅𝑇𝜎𝑖𝑚𝑝

𝑐𝐹2           (Eqn. 4)Here, 𝐷𝐿𝑖 and 𝐷𝐹 are the same 

NMR-derived diffusion coefficients as in Eqn. 4. The parameter 𝜉 is a composite factor derived 

from electrochemical data, where 𝑅 is the gas constant, 𝑇 is the absolute temperature, 𝜎𝑖𝑚𝑝 is the 

ionic conductivity obtained from impedance spectroscopy, 𝑐 is the volumetric molar concentration 

of the lithium salt in the electrolyte (in mol cm-3), and 𝐹 is the Faraday constant. The authors 

observed that 𝑡𝐿𝑖+values obtained from Eqn. 4 were consistently different from (specifically, lower 

than) the simple 𝑡𝐿𝑖 values obtained from Eqn. 3. This discrepancy arises due to incomplete salt 

dissociation. It should be noted that 𝑡𝐿𝑖 was obtained by assuming that the associated (non-

dissociated) Li salt was immobile, effectively setting 𝐷𝐿𝑖𝐹 = 0 in the more general expression. In 

contrast, the calculation of 𝑡𝐿𝑖+ assumes equal diffusion coefficients for the anions and the 

associated Li salt, i.e., 𝐷𝐹 = 𝐷𝐿𝑖𝐹. These two assumptions represent extreme cases, and 

consequently, the real value of the transport number should lie somewhere between 𝑡𝐿𝑖 and 𝑡𝐿𝑖+. 

The magnitude of gap between these two values thus serves as an indicator of the degree of ion 

aggregation; a significant difference suggests substantial ion pairing and its associated mobility, 

while similar values would indicate near-complete salt dissociation. Discrepancies between 

transference numbers obtained from PFG NMR and electrochemical techniques can also be 

understood through the dissociation ratio of the ionic species.141 As discussed above, since PFG 

NMR cannot distinguish between charged and neutral species, its measured diffusion coefficients 

include contributions from free ions, ion pairs, and larger aggregates. Consequently, transference 

numbers derived solely from NMR data are typically overestimated compared to those obtained 

from electrochemical methods.141,142 When similar transference numbers are observed from both 

approaches, it suggests near-complete dissociation of the salt. This concept is illustrated by studies 

on LiTFSI-doped PEO, where transference numbers varied with the lithium-to-ether oxygen molar 
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ratio (r). PFG NMR measurements yielded values between 0.17 and 0.30, while potentiostatic 

polarization experiments gave a range of 0.06 to 0.26. However, it should be noted that certain 

electrochemical methods can also be susceptible to overestimation under specific conditions. Sun 

et al.143 demonstrated that in concentrated systems, potentiostatic polarization can induce diffusion 

of neutral species, artificially inflating the transference number. For instance, in a 

poly(trimethylene carbonate)-ε-caprolactone copolymer, they reported Li⁺ transference numbers 

of 0.32 by PFG NMR and 0.66 by potentiostatic polarization. This discrepancy was attributed to 

the migration of neutral aggregates, an issue that could be circumvented by employing the Hittorf 

method, which provides more accurate transference numbers by directly measuring concentration 

changes.144 PFG NMR studies have also demonstrated that Li⁺ transference numbers depend on 

both polymer chain segmental motion and the affinity of lithium cations for the polymer matrix. 

Xu et al.145 and Sun et al.143 have shown that in PEO/LiTFSI SPE at high lithium loading, cation 

mobility is lower than anion mobility due to increased cation-polymer affinity. PFG NMR 

experiments have further confirmed that strategies aimed at enhancing segmental motion, such as 

incorporating inert ceramic fillers,146,147 or increasing temperature,148,149 can improve Li⁺ mobility 

in polymer electrolytes. 

Unlike for lithium systems, PFG NMR is rarely used for characterizing sodium-ion mobility in 

sodium-based SPEs. The rapid quadrupolar relaxation of the 23Na nucleus leads to substantial line 

broadening and signal decay, rendering its signal impractical for detection in PFG NMR-based 

diffusion studies.150 As a result, researchers turn to electrochemical characterization, most 

commonly potentiostatic polarization, to obtain reliable sodium transport numbers.151  

Electrophoretic NMR (eNMR) is a one-dimensional diffusion technique used to measure ion flow 

in liquid electrolytes and derive transference numbers.152,153 Rosenwinkel and Schönhoff applied 

it to PEO-LiTFSI solid electrolytes, showing cation mobility decreases with increasing salt content 

due to polymer-cation coordination.152 eNMR-derived transference numbers (0.23, 0.19, 0.15) 

closely matched PFG NMR values (0.21, 0.17, 0.17) at varying salt concentrations, indicating 

mostly free cations. As eNMR is less affected by ion pairs and agglomerations, it may provide 

more accurate transference numbers than PFG NMR in concentrated systems, making it 

particularly valuable for analyzing complex electrolytes such as hybrid systems containing active 

ceramics.129 23Na is readily detectable by NMR but it exhibits very short spin relaxation times, 
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making direct determination of electrophoretic mobilities and thus transference numbers for Na⁺ 

by eNMR unfeasible. To address this limitation, Mönich et al.155 introduced a novel approach that 

calculates transference numbers for 23Na and other unmeasurable cations by combining eNMR and 

impedance spectroscopy, where anion mobility is obtained from eNMR, while total conductivity 

is determined via electrochemical impedance spectroscopy, enabling accurate calculation of cation 

transference numbers. Nevertheless, it is important to recognize that electrochemical methods such 

as potentiostatic polarization also rely on simplifying assumptions, including ideal ion dissociation 

and negligible ion-ion correlations. In practical electrolyte systems, the presence of ion pairing, 

aggregation, and correlated ion motion can lead to deviations from these assumptions, resulting in 

inaccurate or overestimated transference numbers. Therefore, care must be taken when interpreting 

values obtained from such techniques, particularly in highly concentrated or weakly dissociated 

systems.

To provide a clearer comparison of the methodologies used to determine cation transference 

numbers, a summary of key experimental techniques along with their advantages and limitations 

is presented in Table 2.

Table 2: Comparison of experimental techniques for determining cation transference number (t+).

Technique Principle t+ Nature Advantages Limitations

Potentiostatic 
Polarization 

(Bruce-Vincent 
method)

Steady-state 
current under 
applied DC 
polarization

Effective 
(electrochemical)

Simple, 
widely used, 
applicable to 

solid 
electrolytes

Can overestimate 
t⁺ due to neutral 
species transport 
and interfacial 

effects
Hittorf Method Measures 

concentration 
change after 
current flow

True (based on 
mass balance)

More accurate, 
accounts for 
all species

Experimentally 
complex, time-

consuming

PFG NMR Measures self-
diffusion 

coefficients of 
ions

Apparent 
(mobility-based)

Non-
destructive, 

species-
specific 

diffusion info

Cannot distinguish 
free ions vs ion 
pairs leads to 

overestimation

Electrophoretic 
NMR (eNMR)

Measures ion 
drift under 

electric field

True (direct ion 
mobility)

Direct ion 
movement 
under field

Requires 
specialized setup, 

low sensitivity
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Impedance-based 
methods

Uses 
conductivity 
and modeling

Approximate Easy 
integration 

with EIS data

Model-dependent, 
less reliable

6 | Composite Polymer Electrolytes with Passive Fillers
Na-free fillers, known as passive fillers, which do not facilitate ion transport through their bulk, 

have been widely investigated for their ability to increase the physical and electrochemical 

properties of CPEs for SIBs.126,156 While inert oxide ceramic fillers, such as Al2O3, TiO2, and SiO2, 

and others lack intrinsic ionic conductivity, their incorporation into CPEs improves overall ionic 

conductivity, electrochemical stability, and mechanical integrity. This enhancement arises from a 

dual mechanism: first, they function as solid-state plasticizers that reduce host polymer 

crystallinity. Second, through Lewis acid-base interactions, the filler surfaces can adsorb anions, 

which promote the dissociation of salt ion pairs and consequently increase the concentration of 

mobile Na⁺ ions within the electrolyte.157 This section summarizes recent approaches adopted for 

enhancing the efficiency of CPEs using inert fillers for SIB applications. 
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Fig. 12: Complex impedance plot (Z' vs. Z'') for the CPE system [(80PEO:20NaPF6) + xTiO2]. 

The inset represents the correlation of ionic conductivity with TiO2 filler wt.% (x) (Reprinted with 

permission from ref.158 Copyright © 2024 Wiley‐VCH GmbH).

Sahu et al.158 investigated the effect of TiO2 nanofiller particles in PEO/NaPF6/TiO2 CPE films. 

The base SPE system, with a composition of [80PEO:20NaPF6], was prepared using a hot-press 

technique. To enhance its properties, nano-sized TiO2 (<100 nm) was incorporated as a nanofiller 

to form a series of CPE films: [80PEO:20NaPF6] + xTiO2, where x = 1-9 wt.%. As depicted in Fig. 

12, the filler-dependent conductivity study identified the nanocomposite with 8 wt.% TiO2 as the 

optimized CPE composition, exhibiting the maximum conductivity of 3.53 × 10-6 S cm-1 at room 

temperature, which is approximately one order of magnitude greater than the conductivity of 

unfilled optimized SPE (7.78 × 10-7 S cm-1). The overall ionic transference number (tᵢₒₙ) and the 

cationic transference number (t+) for the optimized CPE films were found to be ~0.99 and ~0.22, 

respectively. XRD analysis and DSC studies confirmed that the addition of TiO2 reduced the 

crystallinity of the PEO matrix. This increase in the amorphous phase content directly correlates 

with the measured enhancement in ionic conductivity. Finally, an electrochemical cell was 

fabricated with optimized CPE, with a graphitic anode, and amorphous MnO2 as the cathode. The 

CV results demonstrated stable electrochemical performance. The same group also reported 

PEO/PAN blend-based CPEs with TiO2 nanofillers and NaClO4 using a hot-pressing technique.159 

The optimum CPE composition [88(90PEO/10PAN) + 12NaClO4 + 15TiO2] exhibited ~1.05 × 10-

5 S/cm of ionic conductivity at ambient temperature. The temperature-dependent conductivity 

study revealed Arrhenius behavior having a small activation energy (Eₐ) of ~0.22 eV for the 

optimal composition. Cyclic voltammetry measurements demonstrated an ESW from -3 to +3 V 

and exhibited excellent electrochemical reversibility and cyclability. 

SiO2, an abundant compound found in sand and agricultural waste such as sugarcane bagasse, 

serves as a valuable source of high-purity filler material.160,161 In polymer electrolytes, SiO2 

enhances ionic conductivity by promoting salt dissociation and reducing crystallinity, thereby 

facilitating ion mobility.162 To utilize eco-friendly materials and to reduce the cost of development, 

Nimah et al.163 developed CPEs with polyvinyl alcohol (PVA)/chitosan blend as the matrix, SiO2 

from bagasse ash as filler, and NaClO4 as salt using solution casting method. The highest 
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conductivity of 3.00 × 10-4 S cm-1 was attained using 3PVA:2CS:4NaClO4: and 5wt.% SiO2, 

significantly improving from 1.08 10-4 S cm-1 without filler for SPE. The enhancement in ionic 

conductivity of the CPE was attributed to the increase in matrix amorphicity induced by SiO₂ 

incorporation, as confirmed by XRD analysis. Nano-SiO₂ surface interactions improve 

polymer/filler interfacial stability, which inhibits polymer crystallization and leads to increased 

ionic conductivity in the CPE.164 The same group also reported CPEs based on PEO/NaClO4 and 

nano-SiO2 derived from sugarcane bagasse.165 Similarly, in this system, nano-SiO2 enhances free 

volume and improves salt dissociation, leading to more mobile ions and improved conductivity. 

Compared to Al2O3 and TiO2, SiO2 shows stronger Lewis acidity and higher surface area, which 

explains its more pronounced impact on polymer chain relaxation and ion dissociation at similar 

loadings.166

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is a thermodynamically resilient calcium orthophosphate 

under physiological conditions.167,168 Its chemical and physical similarity to natural bone and teeth 

makes synthetic HAP a material of interest for biomedical applications.169,170 In the past few years, 

HAP has been explored as a passive filler in SPEs, where it promotes salt dissociation via Lewis 

acid-base interplay, improving mechanical properties and ionic conductivity. For instance, in CPEs 

for LIBs, HAP improves conductivity and cycling efficiency,171 while in PEO-based electrolytes 

with succinonitrile as plasticizer, it contributed to roughly 10-3 S/cm of maximum ionic 

conductivity.172 Due to the above benefits of HAP as a passive filler, Abouricha et al.173 prepared 

HAP via a co-precipitation method, yielding a somewhat low calcium powder, and incorporated 

as a filler into a PEO/NaTFSI matrix as CPE for SIBs. The inclusion of HAP significantly 

improved Young’s modulus (1.98 ± 0.79 MPa) and tensile strength (3.63 ± 0.33 MPa), which is 

beneficial for dendrite suppression and cycle stability. Electrochemical characterization revealed 

an ionic conductivity over 10-4 S/cm at high temperatures (60-80 °C), tNa
+ ~0.38, and a broad ESW 

of 1.0-5.10 V. The authors attributed this conductivity improvement to enhanced NaTFSI salt 

dissociation, which is facilitated by Lewis acid–base interactions between the hydroxyl groups on 

the HAP surface and the salt. To evaluate the compatibility with Na metal electrodes, symmetric 

Na|CPE|Na cells were cycled for 160 hours at 70 °C under a current density of 0.05 mA/cm2. As 

depicted in Fig. 13, the pristine PEO/NaTFSI SPE cell exhibited a high overpotential of 369 mV 
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and experienced a short circuit following 32 h. In contrast, the cell incorporating PEO/NaTFSI 

with 15% HAP filler maintained a stable and significantly lower overpotential of 88 mV 

throughout the entire test, showing no indication of short circuit. This markedly improved 

performance demonstrates that the enhanced mechanical properties of CPEs with HAP as filler 

effectively suppress sodium dendrite formation and propagation. When paired with a 

Na4CrFe(PO4)3 cathode and a sodium metal anode, the CPE provided a specific discharge capacity 

of 124 mAh/g at the fifth cycle (C/20 rate). These results underscore the potential of HAP as an 

effective filler in SPEs for medium to high temperature SIBs, providing a platform for further 

interface optimization and system development.

Fig. 13: Voltage profiles of symmetric Na | PEO-NaTFSI | Na and Na | PEO-NaTFSI-15% HAP | 

Na cells during galvanostatic cycling at 70 °C under a current density of 0.05 mA/cm2. (Reprinted 

with permission from ref.173 Copyright © 2024 Elsevier Ltd.)

Fillers with high aspect ratios (fibers) form continuous conductive networks, whereas low-aspect-

ratio particles (e.g., nanoparticles) result in isolated interfaces with limited conductivity 

enhancement in SPEs.174,175 Moreover, particle agglomeration causes uneven ion flux, promoting 

dendrite growth and reducing cycling stability.174 Electrospun nanofiber membranes, with their 3D 

networks, offer a promising alternative by improving mechanical strength and enabling uniform 

ion distribution and enhanced ion conductivity.176 Another major challenge in solid electrolytes is 

the low Na⁺ ion transference number due to anion mobility and ion-pairing effects. To counter the 
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demerits of nanoparticles and to simultaneously enhance the Na+ ion transference number of CPEs 

for SIBs applications, various strategies have been adopted. For instance, Wu et al.177 fabricated a 

nanofiber CPE with electrospun ceramic (SiO2) nanofibers (SNF) functionalized to immobilize 

anions (SNF@IA) embedded in poly(2-(methacryloyloxy)ethyl 3-oxo-butanoate) (PAAEM) (Fig. 

14a and b). This CPE architecture facilitates ionic conduction through two primary mechanisms: 

(1) ion migration along the ceramic/polymer interface and (2) a coordination-dissociation process 

with the polymer's oxygen-based groups (C=O). The anion stabilization impact of the modified 

SNF@IA further increases the Na⁺ transference number. Further, its 3D network also promotes 

uniform distribution, preventing dendritic growth. In contrast to oxide nanoparticles that primarily 

affect crystallinity and salt dissociation, nanofibers modify ion pathways by providing continuous 

ion conducting channels, which minimizes barriers to ion transport and explains their superior 

performance at lower filler contents. Finally, the system exhibits wide temperature adaptability, 

achieved through the inherent minimal flammability of the ceramic SNF and the significantly 

suppressed Tg of the host PAAEM. The electrolyte demonstrated superior ionic conductivity (0.75 

× 10-4 S cm-1 at -40 °C), tNa
+ = 0.72, and stable stripping/plating over 5400 h. In a Na cell, it retained 

90.2% capacity after 1500 cycles and enabled pouch cells having an energy density of 162.6 Wh 

kg-1.
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Fig. 14: (a) Manufacturing workflow for the PAAEM-SNF@IA membrane. (b) Model illustrating 

the mechanistic basis of ionic conduction, featuring dual transport pathways. (Reprinted with 

permission from ref.177 Copyright © 2024 Elsevier B.V. All rights reserved) 

In another study by Kmiec et al.178 employing a glass-fiber membrane as a matrix, they fabricated 

thin and mechanically robust CPE films by in situ UV-polymerizing poly(ethylene glycol) 

diacrylate (PEGDA) with PEG as plasticizer and NaFSI salt. The resulting ~50 μm mechanically 

robust membrane exhibited ionic conductivity with 50 wt.% of PEG content up to 10-3.8 S cm-1 at 

60 °C and stable sodium metal cycling (0.67 mA cm-2 at 60 °C) and retained 70% capacity 

following 50 cycles at C/5 in a full cell operation with a Na2/3Ni1/3Mn2/3O2 cathode and Na anode. 

Page 37 of 104 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
3:

09
 P

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

DOI: 10.1039/D5MA01290B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01290b


High PEG content improves chain flexibility and free volume, resulting in quicker Na⁺ transfer 

and higher conductivity. Meanwhile, the glass-fiber framework supports the membrane, reducing 

dendritic penetration and promoting long-term cycling and capacity retention. Here, the glass-fiber 

scaffold acts purely as mechanical reinforcement rather than participating in Lewis acid-base 

interactions or crystallinity suppression, illustrating that filler can be performance-relevant even 

without altering ion transport chemistry.

Metal-organic frameworks (MOFs) and Covalent organic frameworks (COFs) have drawn 

significant recognition for their capability to improve electrolyte efficiency by restricting anion 

transport, decreasing concentration polarization, and homogenizing electric field profile.179,180 To 

exploit these characteristics for improving electrochemical performance of CPEs for SIBs, Guo et 

al.181 introduced a boron-containing structured CPE (BSCPE) designed to selectively enhance Na⁺ 

transport by embedding an anion-trapping boron-based COF (B-COF) network within a PEO 

matrix. As depicted in Fig. 15a, the abundant boron Lewis-acid sites on the B-COF framework 

effectively immobilize TFSI⁻ anions, simultaneously promoting salt dissociation and increasing 

the Na+ transference number. Furthermore, the in-situ growth of well-ordered B-COF nanosheets 

on a glass fiber scaffold created continuous pathways for rapid and selective Na⁺ transport. This 

unique microstructure, combined with the enhanced amorphization of the PEO matrix, resulted in 

excellent ionic conductivity of 5.28 × 10-4 S cm-1 at 60 °C and a high tNa
+ value of 0.71. The 

improved ion transport and interfacial properties were substantiated by MD simulations and DFT 

calculations, which confirmed the strong anion-trapping effect and optimized Na⁺ coordination 

environment. Finite element simulations showed reduced concentration polarization and uniform 

electric field distribution, contributing to exceptional interfacial stability. As a result, the 

Na||BSCPE||Na symmetric cell displayed consistent plating/stripping for up to 8800 h (0.1 mA cm-

2) with minimal polarization. In all-solid-state SIBs, the BSCPE enabled outstanding cycling 

efficiency, maintaining 81.2% capacity following 1200 cycles at 1C (Fig. 15b-e). 
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Fig. 15: (a) Schematic depiction of the B-COF structure within the CPE, highlighting its role in 

enabling selective and rapid sodium-ion (Na⁺) transport. (b) Extended cycling durability of Na/Na 

symmetric cells having BSCPE and conventional CPE at 0.1 mA cm-2 (1 h/cycle, 60 °C); insets 

show detailed views of specific cycling stages. (c) Plating/stripping stability comparison of 

ASSMBs employing various electrolyte types. (d) Rate efficiency of Na/Na symmetric cells with 

BSCPE and CPE electrolytes, tested from 0.2 to 2 mA cm-2 (60 °C) of current densities. (e) EIS 

plot for Na/BSCPE/Na cell before and after 100 cycles at 0.1 mA cm-2 (60 °C). (Reprinted with 

permission from ref.181 Copyright © 2024 Wiley‐VCH GmbH)

Similarly, to evaluate the effect of MOFs, Guan et al.182 engineered a zirconium-based MOF 

functionalized with sodium sulphate and designed a CPE system through a solution-mediated 

process where PEO chains were infiltrated into the pores of the prepared sodium sulphate grafted 

MOF. The prepared sodium sulfate grafted-MOF framework provides a high surface area and 

precisely sized pores that restrict anion movement while permitting small Na+ and PEO segments 

to move through. The zirconium sites of framework act as Lewis acid centers, effectively 

anchoring anions.183 Furthermore, the restriction of PEO in the MOF pores suppresses polymer 

crystal regeneration, enhancing the amorphous regions conducive to ion conduction. The grafted 

-SO3Na groups additionally improve Na+ ion transport efficiency by improving transference 

number and Na+ conductivity. Thus, with this framework, the CPE, even with low filler content (5 

wt.%) displayed a high Na⁺ transference number of 0.67 and ionic conductivity of 6.62 × 10-4 

S·cm-1 at 60 °C, and ESW approaching ~5.0 V. The improved ESW is due to the inherent high 

potential resistance of the designed filler. All solid-state assembled cells with the designed CPE 

retained a capacity of 82.8% following 1000 cycles at 1 C, and offered a superior cycling stability. 

Still at increased rates of 4 C and 2 C, the cells maintain 95.86% and 91.1% capacity maintenance 

after 500 cycles, respectively. The corresponding pouch cell exhibited superior safety and stability, 

with capacity maintenance of 97.03% after following cycles at 1 C, outperforming most reported 

CPEs. 

Graphitic carbon nitride (g-C3N4), with its 2D structure and surface-terminating -NH2/-NH groups, 

is a promising nanofiller for polymer electrolytes due to its rich Lewis basic sites, intrinsic polarity, 

and negligible electronic conductivity.184 Its surface nitrogen atoms interact with metal salts, 
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enhancing salt dissociation, while inherent defects provide channels for vertical ion transport, 

boosting overall ionic conductivity.185 Furthermore, strong interactions between g-C3N4 

nanosheets and the polymer matrix inhibit chain slip, significantly improving mechanical 

strength.186 The efficacy of g-C3N4 was first demonstrated in LIBs.184,187 As an example, Sun et 

al.185 investigated a PEO/g-C3N4 Li+-CPE having a tensile modulus of 65.7 MPa and an ionic 

conductivity of 10-5 S cm-1 at 30 °C; a LiFePO4|Li cell exhibited 161 mAh g-1 at 0.2C (60 °C), 

retaining 155 mAh g-1 after 100 cycles. The addition of g-C3N4 introduces Lewis base sites that 

facilitate salt dissociation while restricting polymer crystallinity, explaining the increased 

conductivity and mechanical strength. Engineering the g-C3N4 structure itself, such as creating 

porous nanosheets, can regulate Li⁺ distribution to mitigate dendrites, yielding a CPE having a 

minimal capacity fading of 0.05% per cycle and conductivity up to 10-4 S cm-1.188 Focusing on the 

same aspects, Shu et al.189 pioneered the application of g-C3N4 nanosheets as a nanofiller in PVDF-

HFP/NaClO4 CPEs for SIBs. The g-C3N4 filler modifies the CPE by reducing polymer crystallinity 

and promoting sodium salt dissociation via surface nitrogen atom interactions.This results in 

simultaneously enhanced ionic conductivity, mechanical properties, and thermal stability. When 

applied in a Na|g-C3N4-CSPE|Na3V2(PO4)3 (NVP) cell, the system demonstrated rapid Na⁺ transfer 

and inhibited dendrite production. This yielded a minimal polarization voltage of 90 mV and a 

consistent reversible capacity of 93 mAh g-1 following 200 cycles at 1C, showcasing excellent 

cycling stability. The g-C3N4's homogeneous Na⁺ flux eliminates concentration gradients at the 

interface, suppressing dendritic development and ensuring long-term cycle stability. Reduced 

graphene oxide (rGO), another 2D nanomaterial, has also been explored as a nanofiller in CPEs 

for SIBs.190

A key strategy to improve ionic conductivity involves incorporating ceramic fillers with high 

dielectric constants, such as TiO2,191 SrBi4Ti4O15,192 and BaTiO3 (BTO),193 which facilitate salt 

dissociation and enhance ion mobility. Dielectric nanoparticles decrease the activation energy by 

establishing effective ion transport channels in the polymer matrix. Additionally, dielectric 

particles have been shown to facilitate Li+ transfer by functioning as Lewis acids and restricting 

the mobility of anions.192 Exploiting the high dielectric constant character, Jeya et al,194 

investigated the influence of strontium titanate (SrTiO3) on the Na+ ion conductivity of PVDF-

HFP/NaTF-based SPE. SrTiO3 is paraelectric at room temperature, offering a high dielectric 

constant alongside low dielectric loss. The room temperature ionic conductivity dramatically 
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increased by 103 times, from 4.19 × 10-7 S cm-1 for the SPE with no filler to a maximum of 1.83 × 

10-4 S cm-1 with the incorporation of 6 wt.% SrTiO3 (Fig. 16). This improvement is primarily 

ascribed to the high dielectric constant (ε ≈ 300) of SrTiO3, which, as dictated by Coulomb's law 

(F ∝ 1/ε), reduces the attractive forces between polymer chains and ions and between the ions 

themselves. This weakening of interactions promotes greater dissociation of salt, liberating a 

higher concentration of mobile Na⁺ cations.
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Fig. 16: Nyquist plots for the P(VdF-HFP)-NaTf polymer electrolyte with varying concentrations 

of SrTiO3 filler. (a) 0 wt.%, (b) 2 wt.%, (c) 4 wt.%, (d) 6 wt.%, (e) 8 wt.%, and (f) 10 wt.%. 

(Reprinted with permission from ref.194 Copyright © 2023 Elsevier B.V. All rights reserved)
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Barium titanate (BaTiO3) is a ferroelectric material [A class of materials that exhibit spontaneous 

polarization, which can be reversed by applying an external electric field] renowned for its 

exceptionally high permittivity. These properties originate from its non-centrosymmetric 

perovskite crystal structure. In view of such properties, Sadiq et al.195 developed sodium-ion 

conducting PVA/PEG blend-based CPEs with sodium nitrate salt and BaTiO3 as nanofiller 

employing a solution casting method. These analyses confirmed that the BaTiO3 nanofiller 

engages with the Na ions and polymer chains. The optimized composite, containing 15 wt.% 

BaTiO3, exhibited a transference number of 0.96, an ESW of ~ 4.1 V, and a maximum ionic 

conductivity of ~1.035 × 10-4 S/cm at 30 °C. The practical applicability of this optimized 

electrolyte was evaluated in electric double-layer capacitors. The assembled cell exhibited a 

capacitive charge storage mechanism with a specific capacitance of nearly 4.4 F/g with a scan rate 

of 3 mV/s. The device demonstrated an energy density of 27.7 Wh kg-1 and a power density of 

9972 W kg-1 with stable performance sustained over 100 cycles. The same group developed CPEs 

by incorporating varying quantities of CaTiO3 as a nanofiller in an environmentally friendly 

PVA/cellulose polymer blend, where they achieved 9.76 × 10-5 S/cm of maximum conductivity 

for the optimized electrolyte composition (CaTiO3 of 2 wt.%) at 25 ℃. It is to be mentioned that, 

although CaTiO3 shares a similar bonding and composition with ferroelectric titanates like BaTiO3 

and PbTiO3, it does not undergo ferroelectric transitions. Instead, it is classified as an incipient 

ferroelectric, like KTaO3 and SrTiO3, meaning that it possesses a polar soft mode, but quantum 

fluctuations suppress the long-range ordering required for a ferroelectric phase transition (does not 

undergo a spontaneous ferroelectric phase transition at room temperature).

7 | Composite Polymer Electrolytes with Active Fillers 
The development of CPEs for SIBs has been significantly advanced by incorporating active fillers, 

which offer distinct advantages over traditional inert fillers. These fillers, characterized by inherent 

structural defects and low activation energies, facilitate ionic conductivity through the bulk 

structure via hopping mechanism, directly contributing to the ion transport process.196,197 

Furthermore, active fillers provide additional Na⁺ ions to the electrolyte, increasing the charge 

carrier concentration. This strategy, widely utilized in lithium-ion batteries to enhance polymer 

electrolytes, has also been applied to SIBs using NASICON-type materials, such as 

Na3Zr2Si2PO12
198 and Na3Zr1.8Mg0.2Si2PO12,199 along with other sodium-ion conductors like 
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Na2Zn2TeO6.200  By taking advantage of the unique properties of active fillers, this approach 

addresses key challenges in SIBs, including interfacial resistance and low ionic conductivity, while 

offering a pathway to develop high-performance energy storage systems.201,202 Senthilkumar et 

al.61 have recently published an excellent review on NASICON-type filler incorporated CPEs for 

SIBS. Active fillers play a direct role in Na⁺ migration, establishing distinct ion-transport channels 

compared to passive fillers that rely on crystallinity reduction, Lewis-acid interactions, and 

mechanical reinforcing.

7.1 NASICON Type Fillers

To investigate the effect of NASICON-type active fillers, Wang et al.203 fabricated (using 

electrospinning technique) NASICON-type nanofibers (NFs) (Na3.3La0.3Zr1.7Si2PO12 (NLZSP)). 

The prepared NFs were subjected to (i) ball milling (S-NFs) (Fig. 17a), which resulted in NFs with 

a smaller size (average length 1 μm) and lower aspect ratio, and (ii) ultrasonic treatment (L-NFs) 

(Fig. 17b) with lengths generally exceeding 3 μm. Three CPE systems based on PVDF-HFP with 

(i) ceramic powder (CP), (ii) S-NFs, (iii) L-NFs as nanofillers were prepared. It was demonstrated 

that NLZSP S-NFs-containing CPE exhibits markedly greater ionic conductivity as compared to 

the CPs-based CPEs. This enhancement was primarily attributed to the smaller size, more 

homogeneous dispersion capability, and higher aspect ratio of NLZSP S-NFs. This comparison 

demonstrates that as the filler geometry becomes more elongated, the percolation threshold is 

reached more efficiently, allowing the development of continuous ion-conducting networks that 

bulk particles cannot achieve at comparable loads. The highest performance was, however, 

exhibited by NLZSP L-NFs-based CPEs with ESW > 5 V, a superior ionic conductivity of 3.36 × 

10-4 S·cm-1 at ambient temperature, a Na+ ion transference number of 0.65, and a lower value of 

Ea (0.28 eV). The superior ionic conductivity of L-NFs having a maximum aspect fraction was 

attributed to the capability of NLZSP L-NFs to interconnect easily, creating a continuous 3D ion-

conductive structure, as depicted in Fig. 17d. NLZSP L-NFs displayed uniform distribution in the 

polymer matrix (Fig. 17c). The results reveal that high-aspect-ratio NASICON nanofibers have 

lower activation energies and greater tNa⁺ values than particle NASICON fillers, highlighting the 

importance of geometry-controlled percolation in determining total conductivity and transference 

number. Schematic depiction of the conduction pathways in the developed CPEs is depicted in 

Fig. 17e, f, and g for ceramic powder, S-NFs, L-NFs based CPEs, respectively. Further, CPE with 

L-NFs also displayed good stress-strain properties with break elongation of 104.4 % and tensile 
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strength ~ 10.66 MPa. To achieve the maximum potential of a CPE with wide ESW, high-voltage, 

high-energy-density cathodes are also essential. Na4MnCr(PO4)3@C (NMCP@C) cathode 

demonstrates the highest reported energy density among these cathodes.204 However, given its low 

ionic conductivity, coarse particles, and agglomeration issues, a high proportion of conductive 

additives (20 wt.%),205,206 is required in the electrode, which results in a significantly lower energy 

density of the battery. To overcome these drawbacks, the authors fabricated non-agglomerating 

NMCP@C NFs with reduced diameters via electrospinning, which demonstrated remarkable 

electrochemical performance, delivering 161 mAh·g-1 of maximum specific capacity and 534 

Wh·kg-1 of energy density at a rate of 0.1 C, attributed to their enhanced electronic conductivity 

and short Na+ ion migration path. The elongated NMCP@C skeleton improves ionic conductivity, 

while the reduced fiber diameter decreases ion diffusion distances. When integrated into 

NMCP@C/CPE//Na ASSSMB, the system showed superior rate efficiency and cycling stability, 

retaining 70.5% of its capacity at 0.5 C (1.4-4.6 V) and 78.8% of its capacity at 1C (1.4-4.3 V) 

after 200 cycles.
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Fig. 17: SEM micrographs of (A) NLZSP S-NFs, (B) NLZSP L-NFs, and (C) the exterior of 

(PVDF-HFP)-NaClO4-NLZSP S-NFs CPE (inset: image of the CPE). Schematics illustrate (D) 

(PVDF-HFP)-NaClO4-NLZSP L-NFs CPE and (E-G) Na-ion transport channels in CPEs. 

(Reprinted with permission from ref.203 Copyright © 2024 Elsevier B.V. All rights reserved)

The ionic conductivity of NASICON-type ceramic filler can be further enhanced through Mg 

substitution.207 For instance, Zhang et al.199 prepared NASICON structured Na3.4Zr1.8Mg0.2Si2PO12 

through a sol-gel process that was incorporated into PEO/Na(CF3SO2)2N (NaTFSI)-based 

electrolyte to achieve flexible CPE films via solution cast technique for solid-state SIBs. A 

proposed ion conduction pathways for these CPEs is depicted in Fig. 18a, depicting three possible 

pathways for Na+ ion transport. The CPE showed a maximum ionic conductivity of 6.0 × 10-5 S/cm 
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at ambient temperature and 2.8 mS cm-1 at 80 °C with 50 wt.% NASICON quantity (Fig. 18b). 

The conductivity enhancement was credited to the synergistic effect of the following four factors: 

First, NASICON ceramic fillers reduce crystallinity (confirmed by DSC analysis) and increase 

polymer chain mobility, expanding the ion-conducting regions while boosting carrier mobility. 

Second, the percolation effect contributes significantly to conductivity enhancement by creating 

extensive, interconnected transport pathways along NASICON particle surfaces (SEM analysis 

shows that at 50 wt.% NASICON content, the particles form continuous and interconnected 

junctions, creating an efficient ion transport pathway). Third, the concentration gradient between 

highly conductive NASICON particles and the polymer matrix promotes Na⁺ absorption by PEO 

(which strongly dilutes salt), increasing Na⁺ vacancies on NASICON surfaces and accelerating 

interfacial ion transport. Fourth, the high bulk conductivity of NASICON ceramics further elevates 

the overall CPE membrane conductivity. Further, the ESW improved to 4.3 V vs. Na+/Na, 

attributed to the stabilizing effect of NASICON fillers. With these characteristics, the fabricated 

all-solid-state sodium ion battery(Na3V2(PO4)3/CPE/Na) exhibited excellent reversible capacity, 

rate capability, and cycling efficiency, which the authors link to CPE’s superior electrochemical 

stability and its flexibility, which ensures optimal interfacial contact with the electrodes.
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Fig. 18: (a) Illustration showing the Na+ conduction mechanism in CPEs. (b) Impedance spectra 

for (i) NaTFSI-PEO14 SPE and (ii) 50 wt.% NASICON-CPE at 25°C, with fitting equivalent 

circuits; (iii) Composition-dependent ionic conductivity of NASICON-CPEs at 30°C; (iv) 
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Temperature-dependent conductivity (20-100°C) of NASICON-CPEs (Reprinted with permission 

from ref.199 Copyright © 2017 Elsevier B.V. All rights reserved)

Real-world use of CPEs remains hindered by the aggregation and deposition of inorganic ceramic 

fillers. Insufficient or unevenly distributed fillers prevent seamless Na⁺ transport paths and degrade 

mechanical properties.208 The inherently limited Na⁺ conductivity of the polymer matrix further 

limits overall CPE conductivity,209 particularly, near the percolation threshold, filler 

agglomeration creates tortuous ion pathways and inhomogeneous current distribution. Combined 

with a typically limited Na⁺ transference number (<0.5), this results in severe Na dendrite growth 

and concentration polarization.210,211 Thus, the design of ceramic filler morphology in CPE is 

playing a critical role in creating continuous, long-distance ion-conduction pathways in CPEs. 

Active fillers benefit particularly from topologies that allow for direct connectivity (nanofibers, 

3D frameworks), whereas passive fillers rely mostly on interfacial polarization and polymer 

structural change rather than bulk conduction. This distinction emphasizes that interface 

engineering in active fillers focuses on both polymer-filler and filler-filler interfaces, whereas 

passive fillers primarily affect the polymer-filler interface. To achieve this, considerable research 

effort has been directed towards developing CPEs possessing 3D interconnected porous 

architectures via approaches including electrospinning, 3D printing, and template-based methods 

(e.g., ice-templating, organic removal).212 Following the same concept, Wang et al.213 created a 

new CPE, a 3D interconnected NZSP structure having an asymmetric PVDF-HFP/PEO dual-layer 

(3D-PNZSPP) via a simple and sustainable approach using NaCl as a removable template. This 

design offers key advantages: environmentally friendly NaCl removal in comparison to 

conventional templates; a 3D-NZSP network enabling seamless Na⁺ routes (Fig. 19a), high 

mechanical resilience, and dendrite suppression. In the developed bilayer design, a 

thermally/mechanically stable, reduction-resistant PEO/NaClO4 layer protects the Na anode, while 

an oxidation-resistant PVDF-HFP/NaClO4 layer shields the cathode, collectively enhancing the 

interfacial compatibility and ESW. 
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Fig. 19: (a) Schematic depiction of Na+ ion movement in the PNZSPP (conventional ceramic 

powder-based CPE) based film, the interface of electrolyte/Na, and 3D-15PNZSPP. (b) All-solid-

state NLM/3D-15PNZSPP/Na battery: (i) Schematic depiction; (ii) Rate efficiency; (iii) GCD 

profiles at various rates; (iv) Cycling stability at 0.5C; (v) GCD profiles at selected cycles; (vi) 

Application efficiency; Flammability analysis of (vii) PNZSPP film and (viii) 3D-15PNZSPP. 

(Reprinted with permission from ref.213 Copyright © 2024 Elsevier B.V. All rights reserved)

The optimized 3D-15PNZSPP CPE achieves an outstanding transference number of 0.82 at 30 °C 

and a 7.6 × 10-4 S cm-1 of maximum Na⁺ ion conductivity. This enables Na/Na symmetric cells to 
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cycle stably for more than 700 h, maintaining minimal polarization and stable plating/stripping 

across current densities. In full solid-state Na0.67Li0.24Mn0.76O2(NLM)/3D-15PNZSPP/Na 

batteries, the electrolyte delivers a 96.17 mAh g-1 discharge capacity at 0.5 C at 30 °C with capacity 

maintenance of 96.07% after 100 cycles (Fig. 19b), demonstrating exceptional cycling stability 

and rate capability for the fabricated batteries.

The conventional solution-casting technique for SPEs/CPEs suffers from solvent evaporation–

induced bubbles and residual solvent decomposition at interfaces (increasing 

impedance/polarization, reducing Coulomb efficiency).214,215 Hot-pressing provides a solvent-free 

alternative with faster processing and lower cost.216 This technique eliminates organic solvents and 

shortens processing time versus solution casting. Therefore, Zhao et al.75 used a hot-pressing 

technique to fabricate CPE for SIBs that comprises a PEO matrix with sieved NZSP nanofiller, 

NaClO4 salt, and trace PEG plasticizer. Particle size control by sieving minimized segregation and 

agglomeration during mixing and enabled rapid, low-cost CPE production. The resulting CPE 

exhibited reduced PEO crystallinity and enhanced chain mobility that yielded a maximum ionic 

conductivity (4.42 × 10-4 S cm-1) and a reasonable ESW (4.5 V vs Na/Na+). Fig. 20a depicts 

schematic depiction of ion transport mechanism in (i) conventional SPE versus (ii) hot-pressed 

CPE illustrating how hot-pressing enhances electrolyte performance: it significantly improves 

mechanical strength to block dendrite penetration (preventing short circuits), while boosting 

interfacial compatibility for efficient Na⁺ transport and stability. The added NZSP/NaClO4 also 

increases PEO's amorphous phase, accelerating ion conduction. ASSSMBs show capacity 

maintenance of 97.1% following 100 cycles (60 °C, 0.5C) and exhibit excellent Coulombic 

efficiency (~100%). 
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Fig. 20: (a) Schematic depiction of ion transport and mechanism in (i) conventional SPE versus 

(ii) hot-pressed CPE (Reprinted with permission from ref.75 Copyright © 2024 Wiley‐VCH 

GmbH) (b) Schematic of the hetero-layered CPE design. (Reprinted with permission from ref.217 

Copyright © 2023 Wiley‐VCH GmbH)

Apart from SIBs, NZSP has also been investigated as a filler in CPEs. For instance, Ge et al.218 

developed PEO/NaTFSI/NZSP CPE for all-solid-state sodium battery using by solution casting 

technique. NaTFSI offers several advantages in comparison to NaClO4 (poses safety risks due to 

oxidative ClO4
⁻ decomposition), including improved ionic conductivity, lower toxicity, and 

thermal stability. The enhanced ionic conductivity is because its TFSI- anion facilitates 

dissociation of Na⁺ and TFSI- ions via a highly electronegative nitrogen atom and two sulfur atoms, 

each bonded to a strong electron-absorbing CF3 group, thereby enhancing ionic conductivity. 

Additionally, TFSI-'s larger size improves electrolyte transference number.219 By optimizing the 

ethylene oxide and Na⁺ ions molar ratio to 20:1 and incorporating 30 wt.% NZSP as a filler yields 

the optimal ionic conductivity of 3.14 × 10-4 S cm-1 was achieved at 60 °C, representing a threefold 

enhancement over the unfilled PEO electrolyte (1.08 × 10-4 S cm-1). This significant improvement 

was attributed to a dual mechanism: (1) NZSP disrupts PEO crystallinity, as confirmed by XRD, 

thereby increasing polymer chain segmental mobility, and (2) its intrinsic Na+-ion conductivity 

that provides additional pathways for Na⁺ transport within the composite. Further, the 𝑡Na+  for the 

optimized CPE composition reaches 0.66, which is significantly higher than the value of 0.21 for 

unfilled SPE at 60 °C. This enhancement stems from NZSP’s intrinsic Na+ conductivity (with ion 

mobility number approaching unity), which introduces supplementary Na⁺ migration pathways 

and increases the concentration of mobile sodium ions. Electrochemical performance of the 

developed CPE was assessed in an all-solid-state Na-S battery setup employing a polyaniline-

layered sulfur cathode paired with a sodium metal anode. The battery exhibited prominent initial 

discharge capacity, extended cycling performance, and better capacity maintenance. To enable 

high-energy-density batteries, a high-performance solid electrolyte must simultaneously withstand 

high-voltage oxidative cathode and mitigate reduction tendencies at sodium metal anode. To 

achieve this goal, Wang et al.217 proposed a nanocellulose reinforced hetero-layered CPE design 

to allow simultaneous interfacial compatibility with the high-potential cathode and Na metallic 

anode. To stabilize multi-scale interfacial dynamics, a PEO polymer layer in contact with the Na 
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metal anode is layered with a PAN coating oriented toward the high-voltage cathode. NZSP 

nanofillers (High-energy ball milling was used to reduce the heat-treated NZSP ceramics to the 

nanoscale, facilitating uniform nanofiller dispersion within the polymer) were incorporated into 

the polymer matrix, providing additional Na⁺ conduction pathways while enhancing PEO chain 

segmental motion as depicted in Fig. 20b. The hetero-layered CPE simultaneously stabilizes 

interfaces with a high-voltage cathode (up to 4.2 V) and sodium metal anode. NZSP nanofillers 

and mechanically stiff nanocellulose framework enabled the thin-layer fabrication (25 μm), 

ultralightweight (1.65 mg cm-2) CPE with significant enhancements in ionic conductivity (1.62 × 

10-4 S cm-1) and mechanical strength (13.84 MPa) versus pristine polymer electrolyte, plus 

dimensional stability to 180 °C. Further, the developed CPE paired with an iron hexacyanoferrate 

cathode and Na foil anode exhibited excellent cycling stability (93.73% capacity retention over 

200 cycles) at ambient-temperature and high-temperature operation reaching 80 °C in ASSMB. 

Kannadasan et al.220 synthesized NZSP by using sol-gel method and dispersed it in PEO matrix. 

They used sodium perborate (Na2H4B2O8) as a source of Na+ ions. Sodium perborate is a non-

toxic, non-carcinogenic, and biodegradable salt, offering enhanced safety over other oxidizing 

agents and exhibiting better performance compared to conventional electrolytes.221 Furthermore, 

the extended shelf life and ease of storage/use make sodium perborate particularly suitable for 

ASSSB applications. A Stokes' solution casting technique was employed to prepare polymer-

integrated solid electrolytes. EIS was performed on SS|CPE|SS cells to measure Na⁺ ion 

conductivities of both pure PEO and CPEs with varying NZSP filler content across 20-80 °C. The 

CPE achieved a maximum ionic conductivity (2.4 × 10-4 S cm-1) with 25 wt.% NZSP loading, 

beyond which conductivity decreased. Conductivity showed significant improvement between 30-

60 °C but plateaued at higher temperatures (60-75 °C). This enhancement was attributed to the 

NZSP's ability to reduce PEO crystallinity, thereby facilitating Na⁺ ion transport in addition to its 

intrinsic Na+ ion conductivity. LSV analysis revealed ESW limits of 3.7 V for PEO, 4.6 V for 

PEO/Na2H4B2O8/NZSP, and 4.1 V for PEO/Na2H4B2O8. The NZSP filler enhanced stability by 

0.5 V compared to the unfilled polymer electrolyte, demonstrating its effectiveness in suppressing 

PEO degradation (Fig. 21a-c). This study further quantifies the relationship between conductivity 

and geometry: nanofiber NASICON fillers achieve similar or higher conductivities (3.3 × 10-2 

S/cm),222 at lower effective volume fractions due to more efficient percolation resulting from their 

high-aspect-ratio morphology, while particulate NZSP requires ~25-30 wt.% to reach its optimal 
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conductivity. The distinction also highlights the different interface engineering approaches 

needed: nanofiber and 3D frameworks gain from filler-filler interconnections that establish 

continuous conduction highways, whereas active particle fillers primarily rely on polymer-filler 

interfacial resistance minimization.

Fig. 21: (a) PEO-Na2H4B2O8-Na3Zr2Si2PO12||NaFePO4 button cell assembly. (b) SEM 

micrographs of (i) Pure PEO, (ii) PEO-Na2H4B2O8, (iii) Na3Zr2Si2PO12, and (iv) PEO-Na2H4B2O8-

Na3Zr2Si2PO12 polymer-integrated solid electrolyte. (c) (i) Ionic conductivities of a solid 

electrolyte containing PEO-Na2H4B2O8-Na3Zr2Si2PO12||NaFePO4 polymer at varying 

temperatures and with varied concentrations of Na3Zr2Si2PO12. (ii) Changes in the impedance of 

the Na||electrolyte||NaFePO4 cell at various time intervals, and (iii) Nyquist plots across cycles. 

(Reprinted with permission from ref.220 Copyright © 2024 Wiley-VCH)
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Filler Type /

Morphology

Ionic 

Conductivity 

(S·cm-1)

Activation 

Energy 

(eV)

Na Transference 

no. (tNa
+)

Refs.

Conventional NZSP 

Powder (PEO/NaTFSI 

matrix)

1 × 10-5 - 1 × 

10-4 (RT)

Not 

reported

0.66 (at 60 °C) 218

Short NLZSP 

Nanofibers (S-NFs, ~1 

µm)

Not explicitly 

reported

Not 

reported

Not explicitly 

reported

203

Long NLZSP 

Nanofibers (L-NFs, >3 

µm)

3.36 × 10-4 

(RT)

0.28 0.65 203

Page 57 of 104 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
3:

09
 P

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

DOI: 10.1039/D5MA01290B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01290b


A 

comparative analysis of the performance metrics across different NASICON morphologies reveals 

a clear scaling relationship with filler geometry and connectivity. Conventional powder fillers, 

such as NZSP in a PEO/NaTFSI matrix, typically achieve optimized room-temperature 

conductivities on the order of 10-5 to 10-4 S cm-1, with transference numbers (tNₐ₊) around 0.66 at 

elevated temperatures (e.g., 60 °C).218 When the same chemistry is engineered into high-aspect-

ratio morphologies, performance is markedly enhanced. For instance, long NLZSP nanofibers (>3 

µm) within a PVDF-HFP matrix demonstrate one of the highest reported room-temperature 

conductivities for an active-filler CPE at 3.36 × 10-4 S cm-1, coupled with a low activation energy 

of 0.28 eV and a tNₐ+ of 0.65.203 This superior performance stems from the fibers' ability to form a 

continuous percolating network at a lower volumetric threshold, creating efficient long-range ion 

highways. This trend is further amplified in 3D-interconnected scaffolds, such as the 3D-NZSP 

structure, which achieves an exceptional tNₐ₊ of 0.82 and a conductivity of 7.6 × 10-4 S cm-1 at 30 

°C.213 The data consistently show that transitioning from isolated particles to elongated fibers and 

finally to pre-connected 3D networks systematically lowers activation barriers, enhances absolute 

conductivity, and increases the cationic transference number. This progression underscores that 

for active fillers, optimizing morphological connectivity is as critical as tuning chemical 

composition to maximize ion transport efficiency. As summarized in Table 3, the performance of 

NASICON-type fillers in CPEs depends strongly on their morphology and connectivity. 

Conventional powder fillers mainly enhance ion transport through polymer-filler interfacial 

effects, whereas high-aspect-ratio nanofibers form continuous percolating networks that improve 

Na+ mobility, reduce activation energy, and increase transference numbers. The 3D-interconnected 

scaffolds further amplify ion transport by providing seamless long-range pathways. These results 

highlight that, as shown in Table 3, optimizing filler geometry and network connectivity is as 

important as chemical composition for maximizing electrochemical performance.

Table 3: Effect of NASICON-type filler morphology on ionic conductivity, activation energy, and 

Na+ transference number in CPEs.

3D-Interconnected 

NZSP Scaffold (3D-

PNZSPP)

7.6 × 10-4 (30 

°C)

Not 

reported

0.82 213
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7.2 Other Complex Oxide-Type Fillers

Beyond NASICON-type ceramics, other types of nanostructured Na-ion conductive inorganic 

fillers are also emerging as promising alternatives as fillers for CPEs. The Na2Zn2TeO6 (NZTO) 

structure features a substantial 2-D grid Na⁺ transport route between adjoining honeycomb-like 

layers, enabling excellent ionic conductivity. Element incorporation (Ga, Ca, Mg, Ni) in the NZTO 

structure could further enhance ionic conductivity.223 Further, to achieve a highly conductive and 

impurity-free NZTO, the calcination temperature is close to ~850 °C, representing substantially 

lower energy input than NZSP production.224  Using the above concept, Wu et al.200 reported CPEs 

with Ga doped NZTO incorporated as an active filler in PEO/NaTFSI-based SPE. The fabricated 

CPE was paired with a nanostructured Na2V3(PO4)3 cathode in ASSSBs. The ionic conductivity 

of CPE with 50 wt.% filler content increased ~ 40 times to 4 × 10-5 S/cm at 30 °C and 1 × 10-3 

S/cm 80 °C. This was credited to the reduced crystallinity of PEO and maximum Na+ conduction 

of Ga-NZTO. Ga-doped NZTO's rapid Na⁺ routes and strong polymer-filler contacts reduce 

crystallinity and allow for continuous ion-transport networks, leading to a significant increase in 

conductivity. The conductivity of the CPE containing 50 wt.% doped-NZTO is similar to that of 

PEO/NZSP CPEs, yet clearly greater than those of the PEO/Al2O3, PEO/SiO2, or PEO/ZrO2 and 

other CPEs.131,207 The developed CPE offers decent thermal stability (no weight reduction up to 

140 oC in TGA analysis), a proper ESW (~ 4 V, symmetric cell with Na electrode and PEO/NZTO 

CPE), low Na/CPE interfacial resistance (47 Ω cm2 at 80 oC), and good stability against the 

metallic Na electrode. Using the nanostructured Na2V3(PO4)3 cathode and CPE, the ASSSB 

exhibited superior performance (discharge capacities of ~106 in the 1st and 99 mA h g-1 in the 100th 

cycles, at 0.2 C and 80 oC) than those of batteries employing the microcrystalline Na2V3(PO4)3 and 

PEO:NaTFSI electrolyte. The synergy between the highly conductive CPE and the nanostructured 

cathode allows for faster Na-ion transport and more efficient intercalation, explaining the increased 

capacity and stability.

In a similar study, Maurya et al.225 reported the development of Ca-doped NZTO 

(Na2Zn1.97Ca0.03TeO6 (NZCTO)) nanofiller-reinforced PVDF-HFP-containing electrospun hybrid 

polymer membrane (ESHPM) serving as both separator and electrolyte for Na+ ion capacitor. The 

physicochemical characteristics of ESHPMs and NZCTO were analyzed for porosity, morphology, 
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electrolyte uptake, thermal stability, crystallinity, operating potential window, ionic conductivity, 

and dimensional stability. The ionic conductivity of ESHPME incorporating 1 M sodium 

hexafluorophosphate (NaPF6) in dimethyl carbonate/ethylene carbonate (DMC/EC, 1:1 v/v) was 

assessed by EIS. For ESPME (with no filler incorporated) and ESHPME (5, 10, 15 wt.% NZCTO) 

sandwiched within stainless-steel blocking electrodes, revealed substantially higher ionic 

conductivity in ESHPMEs versus ESPME. ESHPME (10 wt.% NZCTO) exhibits peak 

conductivity (up to 1.47 × 10-3 S cm-1), credited to: (1) PVDF-HFP's C-F moieties lowering surface 

energy to enhance wettability and ion transport; (2) uniformly dispersed NZCTO fillers promoting 

Na⁺ migration via surface charge and intrinsic high conductivity; (3) NZCTO-induced free volume 

resulting from reduced melting temperature and Lewis acid-base interactions, accelerating 

polymer segmental motion.226,227 (4) Hierarchical nanofibrous structures increasing 

porosity/membrane gelation for enhanced ion transport.228 However, ESHPME (>10 wt.% 

NZCTO) shows conductivity decay, likely due to filler agglomeration beyond the percolation 

threshold that results in reducing membrane porosity, electrolyte uptake, and restricting polymer 

chain dynamics.

Sodium aluminate (NaAlO2) is another active filler for Na-ion conduction that is gaining interest 

for application in SIBs. As an example, in addition to an enhancement in ESW and ionic 

conductivity, Hashmi et al.229 found a significant enhancement in the tNa
+ from 0.27 to 0.42, when 

NaAlO2 was added as filler in a gel polymer electrolyte system, as compared to passive Al2O3 

fillers. In another report, NaAlO2 as a nanofiller was found to enhance the electrochemical 

characteristics of PVDF-HFP-containing porous gel polymer electrolyte.230 

Similarly, Chauhan et al.231 explored the influence of NaAlO2 as an active filler on the conductivity 

of an SPE comprising PEO, propylene carbonate, and NaClO4. Free-standing bendable solid 

electrolyte membrane prepared by solution casting method shows enhanced amorphicity (via 

SEM/XRD) upon NaAlO2 dispersion in PEO/NaClO4 SPE. Ionic conductivity increased from 1.6 

× 10-5 S cm-1 (SPE, 25 °C) to 7.4 × 10-5 S cm-1 (5 wt.% NaAlO2, 30 °C). Further increase in filler 

concentration results in a decline in ionic conductivity. The initial conductivity enhancement 

correlates with enhanced electrolyte amorphicity that facilitates faster ion transport through a 

disordered polymer matrix. The increase in amorphicity on the dispersion of the NaAlO2 is also 

evident with the temperature-dependent conductivity, which exhibits Vogel-Tammann-Fulcher 
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behavior across the entire temperature range. Additionally, polar NaAlO2 fillers (Na⁺-AlO2
⁻) 

liberate additional Na⁺ ions and provide low-resistance transport pathways.229,230 Beyond 5 wt.%, 

a decline in conductivity was assigned to filler aggregation that blocks Na⁺ migration, reducing 

ion mobility. The optimized CPE composition revealed a significantly enhanced electrochemical 

stability window (~4.5 V) and tNa
+ (~0.60). Sodium ′′-alumina (SBA) is another well-established 

Na+ ion solid electrolyte, known for its electrochemical stability, maximum ionic conductivity, 

and better compatibility with sodium metal, which allows its commercial use in Na-NiCl2 and Na-

S batteries.232 However, its application is constrained by an energy-intensive synthesis process 

requiring high-temperature sintering and stabilizing additives, along with a high sensitivity to 

humidity.233,234 Nevertheless, the integration of SBA into CPEs for SIBs has been explored by 

various groups. For instance, Fang et al.235 developed an ultra-thin single-particle-layer (UTSPL) 

CPE membrane, where a ceramic sodium -alumina (SBA) electrolyte particle (size ~20 mm) 

bridges across a flexible polymer matrix to form a membrane only ≈ 20 µm thick. This CPE design, 

with the optimized composition (35 wt.% SBA), synergistically combines the flexibility and 

mechanical strength of a polymer with a percolating pathway for rapid Na+ transport (Fig. 22a). 

Fig. 22b depicts comparative illustration of Na⁺ ion conduction pathways with the bridged single-

particle-layer providing continuous percolation networks for Na+ ion conduction, unlike the 

isolated particles in the conventional CPE. This design also solves the problem of isolated 

inorganic particles within typical CPEs, which generally fail to form a continuous percolation 

network for efficient Na+ transport, where the overall conductivity remains restricted by the poor 

inherent ion conduction of the polymer matrix.
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Fig. 22: (a) Schematic of the synthesis protocol for the SBA CPE. (b) Comparative illustration of 

Na⁺ ion conduction pathways: the bridged single-particle-layer providing continuous percolation 

networks for Na+ ion conduction, unlike the isolated particles in the conventional CPE membrane, 

including the electrolyte/anode interface behavior. (Reprinted with permission from ref.235 

Copyright © 2022 Wiley‐VCH GmbH)

This architecture with optimized composition (35 wt.% filler content) delivered exceptional 

performance in terms of a very high room temperature ionic conductivity (0.19 mS cm-1) and Na⁺ 

transference number (0.92). The high transference number indicates that the bridged SBA layer 

effectively traps anions, thereby releasing more Na⁺ ions for transport, while its percolation 

network facilitates rapid cation conduction. This resulted in a significant reduction in concentration 

overpotential, enhanced rate capability, and improved the electrolyte's ability to suppress sodium 

dendrite growth, as evidenced by good plating/stripping behavior with a sodium metal anode. 

7.3 Mechanistic Insights into Filler Function in Composite Electrolytes

The diverse array of fillers discussed, ranging from passive oxides and high-κ dielectrics to active 

ceramics and framework materials, enhances CPE performance through distinct yet often 

synergistic mechanisms. A unified understanding emerges by categorizing fillers based on their 
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primary function and linking their intrinsic properties to the resulting electrochemical 

performance.

Fillers can be classified into three principal mechanistic groups:

1. Structural Disruptors (Crystallinity Modifiers): Inert, non-conductive fillers such as 

SiO2, Al2O3, and TiO2 primarily act as solid-state plasticizers. Their incorporation 

physically disrupts the ordered packing of polymer chains (e.g., PEO, PVDF-HFP), 

increasing the amorphous phase content. This expansion of the disordered regions 

facilitates greater segmental motion of polymer chains, which is the primary driver of 

cation mobility in solvent-free polymer electrolytes. The enhancement in ionic 

conductivity in these systems correlates directly with the degree of crystallinity 

suppression, as consistently confirmed by XRD and DSC analyses.

2. Interfacial Modifiers via Lewis Acid-Base Interactions: This group includes fillers 

whose surface chemistry actively modifies local ion coordination and transport. Materials 

such as hydroxyapatite (HAP), boron-based COFs (B-COF), and high-dielectric-constant 

particles (e.g., SrTiO3, BaTiO3) function as interfacial modifiers. Their surfaces provide 

Lewis acid or base sites that interact with electrolyte anions (e.g., TFSI⁻, PF6
⁻). For HAP 

and B-COF, this results in anion adsorption or trapping, which promotes salt dissociation 

and increases the cationic transference number (tNₐ₊). For high-κ fillers, the strong dielectric 

polarization weakens the Coulombic attraction between Na⁺ and its counter-anion, likewise 

enhancing dissociation and increasing the concentration of free charge carriers.

3. Active Ionic Conductors: Fillers with intrinsic sodium-ion conductivity, such as 

NASICON-type ceramics (NZSP), Na2Zn2TeO6 (NZTO), and NaAlO2, serve a dual 

purpose. First, like passive fillers, they can disrupt polymer crystallinity at their interfaces. 

Second, and more critically, their bulk provides fast ion-conduction pathways, contributing 

directly to overall conductivity. These fillers act as a source of additional mobile Na⁺ ions 

and can form percolating networks within the polymer matrix, creating highway-like 

channels for ion transport that bypass the slower polymer-mediated diffusion.

A critical and universal observation across all filler types is the existence of an optimum loading 

content (e.g., ~8 wt.% for TiO2, ~30 wt.% for NZSP), beyond which ionic conductivity declines. 

This optimum represents a balance between competing effects. At lower loadings, benefits 
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dominate interfacial area increases, promoting dissociation and amorphization, and percolation 

pathways begin to form for conductive fillers. Beyond the threshold, detrimental effects prevail 

nanoparticle aggregation severely impedes ion transport by blocking ion pathways and restricting 

polymer chain dynamics, and for conductive fillers, a dense packing may reduce the effective 

conductive interface with the polymer. The performance of a filler is ultimately governed by a 

combination of three key properties:

1. Surface Area and Morphology: High-surface-area fillers (nanoparticles, nanofibers, 2D 

sheets) maximize the polymer-filler interface. High-aspect-ratio morphologies (nanofibers, 

3D scaffolds) dramatically lower the percolation threshold, enabling the formation of 

continuous conductive networks at low volume fractions, as demonstrated by NASICON 

nanofibers.

2. Dielectric Constant (κ): A high κ is a primary property for fillers aimed at enhancing salt 

dissociation. The local electric field of a high-κ particle screens the ion-pair interaction, an 

effect quantitatively described by the reduction of the activation energy for dissociation.

3. Surface Chemistry: The chemical functionality (e.g., -OH groups on HAP, Zr Lewis acid 

sites in MOFs, -NH2 groups on g-C3N4) dictates the specific nature of the polymer-filler 

and ion-filler interaction. This chemistry determines whether the filler acts as an anion 

trapper, a dissociation promoter, or simply a physical crosslinker.

7.4 Key Performance Metrics of High-Performing CPE Systems

To distill the practical insights from the above broad survey, this section identifies the most 

promising systems, elucidates the mechanisms behind their superior performance, and comments 

on their potential for scalable manufacturing. Based on the comprehensive review, the highest-

performing CPEs are distinguished by their ability to combine high ionic conductivity with a high 

Na⁺ transference number, tNₐ₊, which minimizes polarization and enables long-term stability 

against sodium metal. The high-performing CPE designs integrate multiple enhancement 

mechanisms: 3D-interconnected or high-aspect-ratio active fillers (e.g., NASICON nanofibers) 

create percolating ion highways, while anion-trapping frameworks (e.g., B-COF, functionalized 

nanofibers) actively immobilize anions to boost tNₐ₊. The key metrics of these high-performing 

systems are consolidated in Table 4 below for direct comparison.
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Table 4: Key Performance Metrics of High-Performance CPEs

System (Filler/Matrix) Optimal Ionic Conductivity 

(Temperature)

Na⁺ 

Transference 

Number (tNa
+)

Reference

3D-NZSP Scaffold (PVDF-

HFP/PEO)

7.6 × 10-4 S cm-1 (30 °C) 0.82 213

B-COF Framework (PEO) 5.28 × 10-4 S cm-1 (60 °C) 0.71 181

Functionalized SiO2 

Nanofibers (PAAEM)

0.75 × 10-4 S cm-1 (-40 °C) 0.72 177

NASICON Nanofibers 

(PVDF-HFP)

3.36 × 10-4 S cm-1 (RT) 0.65 203

Bridged β-Alumina 

(Polymer Composite)

1.9 × 10-4 S cm-1 (RT) 0.92 235

NaAlO2 Active Filler 

(PEO/PC)

7.4 × 10-5 S cm-1 (30 °C) 0.60 231

Despite their outstanding metrics, the path to industrial adoption for these advanced CPEs is 

constrained by significant manufacturing challenges. The fabrication of tailored electrospun 

nanofibers and 3D-templated scaffolds is complex and low-throughput, while the synthesis of 

tailored frameworks (B-COF, MOFs) involves costly multi-step processes and precise structural 

control. Consequently, translating these laboratory benchmarks to commercial scale hinges on two 

key developments: the simplification of core material syntheses and their adaptation to scalable, 

continuous production platforms like roll-to-roll manufacturing.

8 | Electrode/Electrolyte Interfacial Engineering 
According to the Electrochemical Dictionary (by Allen Bard et al.236) “Interphase or interfacial 

region is an interfacial region between two contacting bulk phases, physically and chemically 

distinct from both bulk phases. It is a thin 3D transition zone where material properties gradually 

shift from one bulk phase to the other. The two-dimensional boundary that separates two distinct 

phases is termed the interface. The most prominent example of an interphase in literature is the 
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SEI by Birkl et al.237 (Fig. 23a). This is a passivating layer (insulating electrons) that forms on 

negative electrodes during initial battery cycling because of the reduction and degradation of 

organic liquid electrolyte, commonly 1 M LiPF6 in organic carbonates. For graphite as an anode, 

as an example, this layer typically forms below ~0.8 V vs. Li⁺/Li.238 The SEI production is critical 

for graphite electrodes as it prevents additional electrolyte reduction during cycling while 

maintaining Li⁺ ion transport to the electrode surface. An unstable SEI, however, directly 

contributes to battery degradation by increasing interfacial resistance, promoting polarization 

buildup, and inducing localized heating.239,240 Historically, researchers first observed protective 

solid film formation on a lithium metal anode in the 1960s, which enabled stable battery operation. 

Peled formally termed this layer the "Solid Electrolyte Interphase" (SEI) in 1979.241 Later, in 1997, 

Peled et al.242 proposed the first structural prototype depicting the SEI as a mosaic of inorganic 

and organic components. In addition to anode, the interfacial reactions occurring at cathode also 

generate an interphase between the cathode and electrolyte, which is named “Cathode Electrolyte 

Interphase (CEI)”, or “Solid Permeable Interphase (SPI)”. Regarding CEIs, significant 

development started when, in 2015, Mu et al.243 and Talaie et al.244 conducted research to improve 

cathode structural reversibility through CEI-focused studies. In 2017, Alvarado et al.245 used 

atomic layer deposition to investigate CEI in SIBs, where the CEI formed on electrodes was found 

to contain reduced carbonate species and increased inorganic content that was found to result in 

the rapid Na+ ions kinetics and enhanced Coulombic efficiency and decreased cathode impedance. 

Recent studies continue to develop improved CEI through:246 (i) Electrolyte composition control 

(salts, solvents, additives), (ii) Direct cathode surface modification, and (iii) Indirect synthesis 

optimization of cathode materials.
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Fig. 23: (a) Schematic illustrating aging mechanisms in traditional LIBs, with focus on interfacial 

reactions. (Reprinted from ref.237 under CC BY 4.0 Copyright 2017, The Authors. Published by 

Elsevier. (b) Schematic showing initial SEI formation on graphite, SEI structural changes from 
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acid-mediated thermal decomposition, and electrolyte reduction-induced SEI thickening (LEDC: 

lithium ethylene dicarbonate). (Reprinted with permission from ref.247 Copyright © 2019 Elsevier 

Inc.) (c) Schematic depiction: CEI and SEI formation mechanisms and their electrochemical roles 

in SIBs (Reprinted from ref.246 2024 Wiley-VCH GmbH. Licensed under CC BY-NC 4.0) 

Fundamentally, for LIBs and SIBs, interphase chemistry differs due to differences in charge 

density and Lewis acidity of Li+ and Na+ ions.248 These differences primarily arise from different 

solvation/desolvation dynamics for the respective cations, which dictate interphase nucleation and 

initial cation diffusion activation through the interphase layer. As a result, Na-based interphases 

often deviate from established Li-based principles.249 This departure also means that interfacial 

engineering tactics that work in LIBs cannot be readily applied to SIBs, making microstructure 

control even more critical for long-term cycling stability. Since electrolytes chemically govern 

interphase generation, manipulating their constituents, including solvents, salts, additives, and 

concentration, directly dictates interphase composition and structure.250,251 The production of 

electrode/electrolyte interphase happens as the battery operates beyond the ESW of the electrolyte. 

The harsh conditions trigger electrolyte decomposition, which is accompanied by the formation of 

an interphase on the electrodes, as schematically shown by Heiskanen et al.247 (Fig. 23b). The 

stable and well-functioning electrode/electrolyte interphase is critical for preserving reversible 

capacity and enabling long-term stable battery operation.252 As depicted in Fig. 23c by Han et 

al,246 the anode serves as the reductant and the cathode as the oxidant, while the intrinsic stability 

window is governed by the energy gap (Eg) within the electrolyte's LUMO and HOMO levels. SEI 

compounds on the anode raise the LUMO energy, while CEI compounds lower the HOMO energy. 

This synergistic effect widens Eg and enhances long-term operational stability at both electrodes.253

A critical challenge in developing high-efficiency SIBs with solid electrolytes is the large 

interfacial impedance caused by weak bonding within electrolyte and electrode materials. The 

critical distinction for solid electrolytes contacting electrodes stems from wetting challenges, 

unlike liquid electrolytes that readily penetrate electrode pores to ensure optimal ionic transport.254 

Solid electrolyte wettability requires intimate contact with electrodes. Consequently, 

voids/cracks/porosity severely degrade solid-state battery performance by creating "dead ends" for 

the transport of ions and electrons.255,256 These voids further accelerate dendrite formation and 

serve as nucleation sites for interfacial decomposition.257 Thus, key interfacial engineering for 
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solid-state SIBs includes solid electrolyte shaping/design and electrode design to ensure complete 

component wetting and efficient ion and electron transport pathways. Thus, in SSBs compared to 

conventional liquid electrolyte-based batteries, several more interface/interphases issues need to 

be addressed (Fig. 24a and b).258 Addressing this issue requires increasing the mechanical, thermal 

and electrochemical stability at the electrode/electrolyte interface to facilitate fast ion migration 

and to prevent sluggish reactions. 

Fig. 24: (a) Schematic depicting interfacial occurrence in sulfide-based ASSBs: (1) Unmodified 

cathode/electrolyte; (2,8) modified cathode/electrolyte (contact/voids); (3,9) Conducting 

additive/electrolyte (contact/voids); (4,7) Electrolyte/electrolyte (voids/contact); (5,6) Li 
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metal/electrolyte (voids and contact); (10,13) Cathode current collector/coated cathode 

(voids/contact); (11) Coated cathode/conducting additive; (12) Cathode fissures. (Reprinted with 

permission from ref.258 Copyright © 2020, American Chemical Society). (b) Schematic depiction 

of an overview of the stability and compatibility challenges with ASSBs, along with the 

experimental techniques used to evaluate them. (Reprinted from ref.259 2017. Licensed under CC 

BY 3.0, The Royal Society of Chemistry)

In CPEs that incorporate both inorganic fillers and polymer electrolytes, the rigidity of inorganic 

fillers often results in poor electrode affinity, increasing interfacial resistance. Polymer, on the 

other hand, offers better interfacial compatibility and assists in the fabrication of stable SEI. This 

interface supports efficient sodium-ion transport while effectively preventing electron 

migration.260 To address the issue of high interfacial resistivity and interfacial compatibility in 

CPEs, innovative approaches are required in the design of ASSBs. This involves tailored 

engineering of electrode/electrolyte interfacial layers to promote facile interactions between 

components, thereby enhancing the overall battery performance.261,262 Fig. 25a and b 

schematically show the interface engineering for SIBs by combining electrolyte engineering and 

electrode effect.263,264
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Fig. 25: (a) Schematic illustration of dendrite-free SIBs design through electrolyte interface 

engineering (Reprinted with permission from ref.264, Copyright © 2024 Wiley-VCH GmbH). (b) 

Schematic representation of fabricating new advanced SIBs electrode-electrolyte surface 

engineering (Reprinted with permission from ref.263, Copyright © 2021, American Chemical 

Society)
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The approach to electrode/electrolyte interfacial engineering diverges significantly depending on 

whether the CPE incorporates inert or active fillers. For CPEs with inert fillers (e.g., SiO2, Al2O3), 

whose ionic conductivity is inherently limited by the polymer matrix, the paramount goal is 

minimizing interfacial resistance through maximized electrolyte/electrode contact. Strategies, 

therefore, emphasize enhanced wettability and intimacy, such as in-situ polymerization within 

electrode pores to create cohesive, void-free interfaces, as demonstrated in PVC-based and boron-

containing CPE systems.79,265 In contrast, CPEs with active fillers (e.g., NASICON-type NZSP) 

present a dual challenge: the composite must maintain a rigid, percolating ceramic network for 

high bulk conductivity, while simultaneously presenting a compliant interface to the electrode. 

This necessitates decoupled structural engineering. Advanced designs address this by creating 

asymmetric or gradient architectures, where a ceramic-rich, high-conductivity core is flanked by 

polymer-rich, compliant surface layers that ensure stable interfacial contact, a principle 

successfully applied in five-layer gradient composite electrolytes (GCEs).266 Alternatively, 

functional coatings (e.g., ferroelectric layers) on the ceramic scaffold can be employed to mitigate 

space-charge effects and improve adhesion without sacrificing ceramic connectivity, as shown in 

ferroelectric-engineered 3D-NZSP frameworks.267 Thus, while inert-filler CPE engineering 

focuses on perfecting interfacial intimacy through polymer contact, active-filler CPE engineering 

requires innovative designs to reconcile the opposing demands of a rigid, conductive bulk and a 

dynamically stable, soft interface with the electrodes. The following sections detail these strategies 

through specific examples from the literature, illustrating how the fundamental filler type dictates 

the choice of interfacial engineering approach.

Symmetric cells with NASICON-type Na3V2(PO4)3 (NVP) electrodes and NaClO4 dissolved in 

organic carbonates have been found to lose their discharge capacity quite quickly; the capacity 

decay rate of these cells reaches up to 3.94% per cycle. The sluggish kinetics of the anode and the 

development of unwanted SEI on the anode are thought to cause this behavior.268,269 Wang et al.267 

resolved this issue by designing a ferroelectric-designed composite electrolyte, created by 

infiltrating NaClO4/PEO into a 3D-porous ferroelectric-NZSP framework [Thin ferroelectric 

layers of K0.5Na0.5NbO3 were coated on the surface of NZSP framework without affecting its 

NASICON crystalline structure] that achieved both high flexibility and excellent ionic 

conductivity. Compared to non-engineered (no ferroelectric coating) counterparts, this design 

improved the electrochemical stability window. In addition, it enhanced interfacial ion conduction 
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and reduced electrode/electrolyte interfacial resistance. The authors argued that in non-engineered 

electrolyte cells, the electrode/electrolyte potential difference induces space-charge accumulation 

at the interface, elevating the ion migration energy barrier and resulting in high charge-transfer 

resistance.270 Conversely, in ferroelectric-engineered CPEs, interfacial potential polarizes 

ferroelectric domains via dipole rotation, generating a counter-electric field that redistributes 

interfacial ions, suppresses space-charge accumulation, and consequently reduces charge-transfer 

resistance (Fig. 26a). Thus, the symmetric solid-state SIBs (NVP//NVP) with this electrolyte 

demonstrated exceptional stability: 86.4% capacity retention after 650 cycles (0.021% fade/cycle); 

outperforming liquid electrolyte (0.086% fade/cycle (4× faster degradation) and non-engineered 

composite (75.8% retention (0.037% fade/cycle)). With a Prussian-blue cathode (NaxFeyFe(CN)6-

z·nH2O, NFFCN), the all-solid-state NVP//NFFCN cell achieved ultra-stable cycling at 500 mA 

g-1, retaining 53.3% discharge capacity after 9,000 cycles; representing a minimal fade rate of 

~0.005% per cycle (Fig. 26b).  
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Fig. 26: (a) Schematic depiction of ion distribution at interfaces in NVP//NVP symmetric all-

solid-state cells employing non-engineered and ferroelectric-engineered composite electrolytes. 

(b) NVP//NFFCN asymmetric cells cycling performance with A2 (all-solid-state ferroelectric-

engineered composite) and A1 (commercial liquid) electrolytes at 50 mA g-1 (RT); Extended 

cycling of NFFCN||Ferro-(NaClO4/PEO-Na3Zr2Si2PO12)||NVP cells at 500 mA g-1 (RT). Inset: 10 

min charge/discharge cycles. (Reprinted from ref.267 Licensed under CC BY 4.0)

Kannadasan et al.271 developed PEO/SPC/NZSP CPEs using sodium percarbonate (SPC) to 

achieve improved interfacial compatibility, wide electrochemical windows, prevent dendrite 
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growth, and electrode/electrolyte contact and stability. For interfacial stability evaluation, the post-

cycling EIS data showed progressively rising interface resistance (672 Ω/10cyc→789 

Ω/20cyc→824 Ω/35cyc→1449 Ω/50cyc) for PEO/SPC SPE, while PEO/SPC/NZSP stabilized at 

~422 Ω after 25 cycles, confirming superior interfacial compatibility with Na anodes. Further, 

PEO/SPC resistance rose from 405 Ω to 560 Ω over seven days in Na||PEO/SPC/NZSP||NaFePO4 

cells (60 °C), whereas PEO/SPC/NZSP stabilized at 364 Ω (initial 310 Ω) with no significant 

change after 7 days. The better interfacial compatibility and stability of the CPEs were assigned to 

reduced Na-electrode/PEO contact area due to the inclusion of NZSP filler that prevents Na⁺/PEO 

interactions.

In situ polymerization is another approach to enhance interfacial behavior, for instance, Chen et 

al.265 developed flexible and transparent PVC (polyvinylene carbonate)-based CPE films via in 

situ polymerization of VC+TEGDME (vinylene carbonate and tetraethylene glycol dimethyl ether) 

within a phase-transfer-fabricated PVDF-HFP porous support (with acetone solvent/water non-

solvent) (Fig. 27a). In addition to excellent ion conductivity, ESW, and Na-ion transference 

number, the developed CPE exhibited enhanced interfacial compatibility (Fig. 27b (i) and (ii)) the 

electrochemical stability and Na metal of the CPE were assessed in symmetric Na||PVC-CPE||Na 

cells. Following 400 h polarization at 1 mA cm-2, the cell maintained stable plating/stripping with 

minimal polarization Fig. 27b (iii and iv). In contrast, Na||liquid electrolyte||Na cells showed 

continuously increasing overpotential, indicating nonuniform plating/stripping from poor 

compatibility. The CPE's superior compatibility resulted in suppressing dendrite growth and short 

circuits. EIS analysis, Fig. 27b (v and vi), further confirmed compatibility, i.e., bulk resistance 

remained stable during aging, while interfacial resistance increased slightly over 15 days and then 

stabilized, showing good interfacial stability with Na metal.
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Fig. 27: (a) Schematic comparing Na⁺ transfer response and electrode/electrolyte interfaces in: 

conventionally assembled ex situ NFM/PVC/Na and in situ solidified c-NFM/PVC-CPE/Na 

battery. (b) (i) Temperature-dependent ion conductivity of PEO-SPE vs. PVC-CPE. (ii) LSV 

(Na/PVC-CPE/SS, RT). Chronopotentiometry of symmetric Na cells: (iii) PVC-CPE and (iv) 

liquid electrolyte (1M NaClO4/PC) at 1.0 mA cm-2. (v) EIS evolution of Na/PVC-CPE/Na cell 

during RT aging. (vi) Chronoamperometry of Na/PVC-CPE/Na at 10 mV polarization (inset: 

pre/post-EIS)." (Reprinted with permission from ref.265 Copyright © 2019, American Chemical 

Society)

To overcome poor ion transfer between electrodes and at electrode/electrolyte interfaces, which is 

a crucial factor for SSB performance, the authors fabricated the c-NFM (NaNi1/3Fe1/3Mn1/3O2) 

cathode via in situ electrolyte growth within the electrode. SEM confirmed c-NFM's smooth, 

homogeneous surface with polymer-filled pores, enabling omnidirectional Na⁺ transport through 

both point contacts and nano cracks, analogous to liquid electrolytes. This significantly enhances 

Na⁺ transfer efficiency as compared to conventional NFM cathodes. Beyond electrode design, high 

interfacial resistance from inadequate electrode/electrolyte contact is still a critical issue for SSBs. 

Addressing this issue, the authors fabricated c-NFM/CPE/Na cell via a single-step in situ 

polymerization, ensuring close electrode/electrolyte contact. For comparison, an ex situ assembled 

cell was fabricated with pre-synthesized CPE electrolyte sandwiched between an ex situ NFM 

cathode and Na anode. Fig. 27b confirms superior interfacial contact in the in situ cell that enabled 

higher stability and lower interfacial resistance.

Capitalizing on the Lewis acidic nature of sp²-hybridized boron to trap basic anions from sodium 

salts facilitating salt dissociation and increasing Na⁺ ion transference number,181 the same group, 

Chen et al,79 developed a novel anion-trapping boron-based CPE (B-CPE) by a BHEMA 

crosslinker and in situ polymerization of PEGMA inside a mechanically strong matrix, using 

tetraethylene glycol dimethyl ether (TEGDME) as a plasticizer and sodium 

trifluoromethanesulfonate (NaTf) as the salt for achieving enhanced interfacial stability, Na+ 

transference number, and ionic conductivity against sodium electrode and reduced charge transfer 

resistance within electrode and solid electrolyte (Fig. 28a). The developed nanostructured 

electrolyte design offered high ionic conductivity (2.57 × 10-4 S cm-1 at 40 °C), excellent interfacial 

stability, and a superior Na⁺ transference number (0.66). The interfacial stability of the B-CPE and 
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Na metal anode was assessed by a Na||B-CPE||Na symmetrical cell. The interfacial resistance 

stabilized at ~1680 Ω after a minor initial increase, demonstrating excellent long-term 

compatibility that is critical for advanced solid-state SIBs.
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Fig. 28: (a) Schematic overview of the boron-containing composite polymer electrolyte (B-CPE) 

synthesis and its ion-conduction mechanism. The step-by-step fabrication process of the B-CPE 

and molecular-level view of the chemical structure, illustrating the distinct existential states of 

mobile Na⁺ ions and anions trapped by Lewis-acidic boron sites. (b) Morphological and structural 

characterization of cathodes and solid-state SIB assembly. (A-C) Original NFM cathode: (A) 

surface, (B) high-resolution surface, and (C) cross-sectional SEM micrographs. (D-F) Composite 

NFM (c-NFM) cathode: (D) surface, (E) high-magnification surface, and (F) cross-sectional SEM 

micrographs. (G) Schematic comparing the architectures of (a) a conventional SSB and (b) the c-

NFM/B-CPE/Na battery fabricated via single-step in situ solidification. (H) Cross-sectional SEM 

micrographs of the c-NFM/B-CPE/Na interface, demonstrating integrated electrolyte-electrode 

cohesion. (Reprinted with permission from ref.79 Copyright © 2020 Elsevier B.V. All rights 

reserved)

As in their previous study,265 to achieve enhanced Na⁺ ion transfer at the electrode/electrolyte 

interface and reduce the interfacial resistance in solid-state SIBs, an NFM cathode (c-NFM) 

composite was developed by synthesizing a polymer electrolyte directly within the cathode 

structure through an in situ heat-induced polymerization process. Full solid-state cells as c-

NFM/B-CPE/Na were fabricated using a single-step in situ solidification technique (the CPE was 

formed directly within the cell via an in situ polymerization approach; the monomer precursor 

solution was initially introduced to the coin cell and allowed to stand at ambient temperature for 

two hours to confirm entire infiltration into the NFM electrode nanopores). Subsequently, the 

closed cell was transferred to an argon-filled oven and sustained at 70 °C for 10 h to facilitate the 

polymerization reaction to ensure flawless and tight integration between the polymer electrolyte 

and the electrodes. Structural analysis (Fig. 28b) revealed a significant morphological difference 

between the conventional and composite cathodes. The traditional cathode displayed a fractured, 

porous architecture with poor interparticle connectivity, whereas the c-NFM cathode exhibited an 

even, continuous surface fully encapsulated by a polymer electrolyte coating. Cross-sectional 

inspection further confirmed that a continuous and dense polymer phase permeates the entire 

composite cathode, forming an interconnected ion-conducting network that facilitates efficient and 

uniform Na⁺ ion transport throughout the electrode, eliminating non-conductive ‘dead’ zones. 

Moreover, the interface between the composite cathode and solid electrolyte is exceptionally 

cohesive, with no discernible boundary, indicating close interfacial contact. This unique design 
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not only established continuous ion-diffusion routes but also provided a mechanically compliant 

buffer layer that could accommodate volume changes during electrochemical cycling.

CPEs combining a ceramic filler within a polymer matrix enhance battery safety; however, a 

fundamental trade-off exists in CPEs: increasing ceramic filler content enhances ionic conductivity 

but at the expense of flexibility, leading to higher interfacial resistance and poorer battery 

performance. Addressing this issue, Ran et al.266 designed a flexible, five-layer Gradient 

Composite Electrolyte (GCE) employing a Sc, Ge-doped NZSP (NASICON) ceramic filler and 

PEO matrix. The stiffer, high-conductivity middle layer (40 wt.% NZSP-PEO) was selected to 

provide strong ionic conduction and inhibit dendrite penetration, and the softer, ceramic-poor outer 

layers ensure intimate interfacial contact with the electrodes that minimizes interfacial resistance. 

The fabricated GCE cell exhibited a small polarization gap (~0.25 V) and low interfacial resistance 

(~572 Ω), attributable to the softer outer electrolyte layers. In comparison, a cell with a uniform 

PEO/NZSP 40 wt.% CPE, though possessing higher intrinsic conductivity (6.5 × 10-5 S cm-1 vs. 

the GCE's 4.0 × 10-5 S cm-1), suffered from a high polarization gap (~0.79 V) and high interfacial 

resistance (~1173 Ω) due to poor electrode contact (Fig. 29). Thus, the high filler-loaded GCE 

mid-layer electrolyte enhances reliability and conduction, while the delicate outer film reduces the 

interfacial resistance, enabling better overall cell performance.
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Fig. 29: Characterization of the all-solid-state SIB: (a) Schematic of the all-solid-state SIB. (b) 

Digital photograph of the integrated composite cathode and gradient composite electrolyte (GCE) 

during fabrication. (c) First-cycle voltage profiles and (d) EIS spectra for SIBs employing the GCE 

versus a uniform 40 wt.% NZSP-PEO electrolyte. (e) Corresponding cycling performance. 

(Reprinted with permission from ref.266, Copyright © 2021, American Chemical Society).

In another strategy to enhance interfacial contact and cycling efficiency in solid-state SIBs, Cheng 

et al.272 developed a hybrid solid electrolyte (HSE), comprising PVDF-HFP polymer matrix with 
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NZSP ceramic particles as nanofiller with a trace of PEG to improve the ability of the electrolyte 

to form films. The solid composite film (PVDF-HFP/NZSP) was then briefly soaked in a 1 M 

NaClO4/(EC+DMC) liquid electrolyte and pressurized (5.0 kPa) to achieve HSE films. EIS 

revealed the critical advantage of the HSE, which exhibited significantly lower interfacial 

resistance (152 Ω), as compared to 792 Ω for the pure NZSP-based battery and approaching the 

benchmark of 118 Ω for a liquid electrolyte system. This low interfacial resistance was attributed 

to the HSE's flexibility, which enables a 'softer contact' and a larger electrode/electrolyte contact 

area, thereby facilitating Na+ ion transfer and depolarizing the charge transfer process at the 

interfaces. In comparison to CPE with pure NZSP as filler, the HSE displayed excellent reversible 

capacity of 98 mAh g-1 (80.5% of theoretical) at 0.2 C and superior capacity maintenance of 85% 

following 175 cycles at 0.5C in a solid-state SIB cell with Na3V2(PO4)3/C cathode. Unlike rigid 

NZSP ceramics that cannot accommodate the volume variation of the cathode (leading to void 

formation and skyrocketing interfacial resistance), the flexible HSE maintained intimate contact 

throughout cycling, providing continuous, interconnected channels for Na+ migration through the 

electrode/electrolyte interface. Consequently, the Na3V2(PO4)3/C|HSE|Na cell configuration 

exhibited low polarization and stable cycle performance due to the superior interfacial stability 

and mechanical integrity of the HSE. The embedded NASICON particles served a dual role: acting 

as a mechanical obstruction to dendrite formation and providing efficient channels for Na+ 

conduction.

8.1 Comparative Analysis of Interfacial Strategies for the Sodium Metal Anode 

Collectively, the evidence from these case studies allows for a comparative analysis of the primary 

strategies for stabilizing the sodium metal anode interface, highlighting their distinct mechanisms 

and the critical link between microstructure control and long-term stability. A critical design 

requirement for stable solid-state SIBs is interfacial engineering at Na/electrolyte interface to 

minimize resistance and prevent degradation. The primary strategies include polymer-rich layers, 

ceramic-rich layers, artificial interphases, and polymer-coated ceramics, each functions through 

distinct mechanisms but presents defined limitations. Polymer-rich layers (e.g., the outer layers in 

gradient electrolytes in contact with Na metal) minimize interfacial resistance through intimate 

electrode wetting and suppress void formation.266 However, their relatively low elastic modulus 

may limit their ability to mechanically block sodium dendrite propagation at elevated current 

densities, representing a key limitation for high-rate cycling. In contrast, ceramic-rich layers offer 

Page 83 of 104 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
3:

09
 P

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

DOI: 10.1039/D5MA01290B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01290b


the necessary stiffness for dendrite suppression but suffer from intrinsically poor wettability with 

Na metal, which results in high interfacial resistance unless intimate contact is actively engineered, 

as evidenced by the significantly higher interfacial resistance of a pure NZSP ceramic electrolyte 

(792 Ω) compared to a flexible, polymer-hybridized counterpart (152 Ω).272 Artificial interphases, 

such as ferroelectric coatings applied to ceramic scaffolds, operate by electrostatically modifying 

the interfacial environment. By mitigating space-charge layer buildup, they lower the charge-

transfer energy barrier at the Na metal interface. This mechanism is proven by the exceptional 

long-term stability of symmetric Na||Na cells employing ferroelectric-engineered composite 

electrolytes, which retain 86.4% capacity after 650 cycles.267 The success of this approach depends 

on ensuring the mechanical homogeneity and adhesion of the applied coating. Finally, polymer-

coated ceramics create a hybrid microstructure where a continuous polymer phase encapsulates 

ceramic surfaces, eliminating sharp boundaries and improving compatibility with sodium metal. 

This approach, exemplified by in-situ polymerization within composite cathodes, establishes 

seamless ion-diffusion routes and accommodates volume change.79,265 A fundamental challenge 

for this strategy is ensuring the uniformity and integrity of the polymer coating to maintain stable 

interfacial properties. Ultimately, the most effective solutions for durable sodium metal cycling 

involve microstructures that synthetically combine these strategies. For instance, gradient 

architectures decouple functions by pairing a stiff, ceramic-rich conductive core with soft, 

polymer-rich interfacial layers, achieving both low bulk resistance (~572 Ω) and stable 

plating/stripping.266 This comparative analysis demonstrates that microstructural control, whether 

through gradient layers, artificial ferroelectric interphases, or hybrid polymer-ceramic coatings, is 

directly correlated with the suppression of interfacial resistance growth and dendrite propagation. 

The inclusion of specific examples, such as the 86.4% capacity retention after 650 cycles achieved 

via ferroelectric engineering267 and the fivefold reduction in interfacial resistance realized through 

polymer-ceramic hybridization,272 establishes microstructural design as a fundamental prerequisite 

for achieving long-term cycling stability in solid-state sodium batteries.

9 | Conclusion and Future Perspective

The journey of CPEs for SIBs represents a pivotal shift in the pursuit of safer, sustainable, and 

additional robust energy storage. Merging the processability and flexibility of polymer matrices 

with the mechanical strength and ionic transport capabilities of inorganic fillers, CPEs have 
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successfully addressed critical bottlenecks that plagued earlier solid electrolytes. We have seen 

how passive fillers like SiO2 and Al2O3 disrupt polymer crystallinity and create conductive 

interfacial pathways, while active NASICON-type fillers contribute their own innate sodium-ion 

conductivity, leading to a synergistic enhancement in overall performance. This material-level 

innovation is complemented by advanced fabrication techniques, from electrospinning to hot-

pressing, which enable the development of tailored microstructures. Furthermore, the critical 

challenge of interfacial resistance has been met with sophisticated solutions, including in situ 

polymerization to ensure perfect electrode contact and the design of hetero-layered or ferroelectric-

engineered electrolytes to actively modulate ion transport and stabilize the interphase. The result 

is a class of electrolytes that simultaneously delivers a wide voltage window, superior ionic 

conductivity, high Na+ transference number, and exceptional durability, effectively preventing 

dendrite formation and enabling long-term cycling stability in all-solid-state cells. 

Sustainable solid-state CPEs provide significant environmental benefits for SIBs over traditional 

liquid electrolytes. They are solid and free of volatile organic solvents, which reduces the risk of 

leakage, flammability, and harmful emissions. Life-cycle assessment studies suggest that PEO-

based CPEs for SIBs can minimize greenhouse-gas emissions and overall energy demand during 

manufacture due to simplified fabrication techniques that avoid high-temperature sintering and 

hazardous solvents. Furthermore, the solid form of these electrolytes improves battery safety, 

hence lowering environmental and operational risks. Sodium is more abundant with broad 

geographical distribution than lithium, making it a more sustainable resource for polymer 

electrolyte-based SIBs. CPEs also increase sustainability through potential recyclability; recent 

research shows that solid-state SIBs utilizing polymer electrolytes can be mechanically or 

chemically processed to recover polymer and inorganic components, reducing waste and 

facilitating reuse.273,274 However, issues persist since some polymer matrices are still petroleum-

based, and fillers may necessitate energy-intensive manufacturing. Future research should 

concentrate on bio-derived polymers, low-energy filler manufacture, and integrated recycling 

methods to maximize sustainability in SIB applications. As we look to the future, the path forward 

requires a concerted effort on several fronts. The next generation of fillers must be multi-

functional; we need materials that not only conduct ions but also actively trap anions; like 

advanced boron-based COFs or possess ferroelectric properties to create built-in electric fields that 

guide sodium-ion flux and suppress dendrites. A deeper, atomistic grasp of the complex ion 
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transfer mechanisms within the composite matrix and across its interfaces, guided by 

computational modelling and in situ characterization techniques, will be essential for rational 

design. From a manufacturing perspective, the transition from lab-scale coin cells to practical 

applications demands a focus on scalable, solvent-free production of ultra-thin, mechanically 

robust CPE membranes. Another significant trend is the increased use of machine 

learning/artificial intelligence (ML/Al) to influence electrolyte formulation. Data-driven models 

can screen multiple polymer-filler combinations, predict optimal loading levels, and identify 

interactions that improve Na⁺ mobility before materials are formulated. This method narrows 

down promising candidates more effectively than trial-and-error testing, particularly for multi-

functional fillers where composition, morphology, and surface chemistry all influence transport. 

As datasets grow, ML-assisted optimization is expected to become a key tool for designing next-

generation composite polymer electrolytes for SIBs. Future electrolyte innovation may benefit 

from principles in supramolecular chemistry. One promising direction is the use of low-molecular-

weight gelators (LMWGs). A growing body of research demonstrates that LMWGs can create 

supramolecular networks capable of immobilizing liquid electrolytes without the use of lengthy 

polymer chains. These systems use a distinct self-assembly mechanism and frequently maintain 

higher solvent mobility than traditional GPE matrices. Typically, small organic molecules self-

assemble through non-covalent interactions, such as hydrogen bonding and π-π stacking, to form 

a three-dimensional nanofibrous network. This dynamic and reversible process physically 

immobilizes a liquid electrolyte phase. This self-assembly mechanism provides a fundamental 

alternative to the polymer chain entanglement that characterizes traditional solid polymer 

electrolytes. Consequently, exploring LMWG-based electrolytes could unlock novel strategies for 

engineering more adaptive ion-transport pathways and stable electrode interfaces.

The pathway from promising CPEs to commercially viable solid-state SIBs requires prioritizing 

solutions for industrial adoption. Near-term engineering challenges include achieving uniform 

filler dispersion, minimizing interfacial resistance, and fabricating mechanically robust yet thin 

CPE membranes. More fundamental challenges persist in decoupling the trade-off between 

mechanical stiffness and ionic conductivity, as well as in understanding ion transport and 

interfacial stability under high-loading, high-rate conditions. While the fundamental trade-off 

between ionic conductivity and mechanical strength is being successfully decoupled by designs 

like 3D ceramic scaffolds and anion-trapping frameworks, the manufacturing scalability of high-
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performance architectures such as electrospun nanofibers and tailored COFs remains a primary 

constraint, demanding a shift from complex lab-scale batch synthesis to simplified continuous 

processes like roll-to-roll production. Second and more paramount challenge for commercializing 

CPE-based SIBs is ensuring sodium metal interface stability under high areal capacity. While 

strategies like anion-trapping frameworks and functionalized ceramic nanofibers have achieved 

stable plating/stripping for thousands of hours at low current densities, their performance under 

high deposition capacity remains largely unproven. Promising solutions from this review, such as 

the hetero-layered CPE design with a mechanically reinforced, sodium-compatible layer, and 3D 

interconnected ceramic scaffolds that provide robust mechanical support, offer pathways to 

address this. However, their efficacy must be validated in full cells with high-loading cathodes, 

where the cumulative interfacial stress is significantly greater than in symmetric cell tests. While 

stable plating/stripping has been demonstrated at low current densities and moderate capacities, 

the behavior under high areal loading or fast-charging conditions is less certain. Quantitative 

evaluation of dendrite suppression, interfacial resistance growth, and capacity retention under 

these realistic conditions remains a key research need, highlighting the gap between laboratory 

tests and full-cell performance.
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