Open Access Article. Published on 16 January 2026. Downloaded on 3/13/2026 6:04:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2026, 19, 860

Received 3rd November 2025,
Accepted 14th January 2026

DOI: 10.1039/d5ee06594a

rsc.li/ees

Broader context

Machine learning-accelerated discovery of
multi-cation entropy-stabilized NASICON solid
electrolytes with 10 000 hours of stable

Na plating/stripping for all-solid-state

sodium batteries

Daxian Zuo, % Jiaming Tian,t® Yu Sun,® Xin Yu,? Bo Peng,® Tao Yu,?°
Chengrong Xu,? Xiangqun Xu,®® Yigang Wang,® Yiwen Liu,® Tianze Shi,?
Yinhui Feng,? Jie Yang,® Haoshen Zhou {2 ? and Shaohua Guo (2 *@®

The application of medium-/high-entropy materials has revolutionized the design of solid-state
electrolytes (SSEs) by stabilizing single-phase solutions from otherwise incompatible elements. However,
navigating the vast compositional space of entropy-stabilized materials remains a significant challenge.
To overcome this, we introduce a machine learning (ML)-accelerated approach to identify multi-cation
NASICON oxide SSEs. By training a Gaussian Naive Bayes model on four key descriptors (ionic radius,
electronegativity, valence state, and configurational entropy), we found four promising compositions
incorporating Zr, Ti, Hf, Lu, Ga, and Sc. These compositions exhibit notable entropy-driven stabilization,
demonstrated by the complete suppression of NazPO,/ZrO, impurity formation. Among them, the
medium-entropy phase NazsZr; oTig sLug sSi,PO1, achieved remarkable performance, delivering an ionic
conductivity of 1.3 mS cm™! at room temperature, a critical current density of 1.9 mA cm™2, and over
10 000 hours of stable Na plating/stripping. When integrated into all-solid-state sodium batteries with a
high-voltage NazV,(POy4),F3 cathode and a sodium anode, it further demonstrated exceptional battery
performance indicators, including high-rate capability (110 mAh g~ at 5C) and long-term cycling
stability (80% capacity retention after 700 cycles at 2C). This work establishes entropy engineering,
coupled with ML guidance, as a powerful paradigm for the rational design of next-generation SSEs.

The transition to renewable energy necessitates the development of safe, high-energy-density, and sustainable energy storage systems. All-solid-state sodium
batteries (ASSSBs) represent a promising alternative to conventional lithium-based technologies, owing to the abundance of sodium and enhanced safety.
However, the widespread adoption of ASSSBs is hindered by the limitations of existing solid-state electrolytes, particularly in terms of ionic conductivity, phase
stability, and interfacial compatibility. NASICON-type electrolytes, while advantageous, suffer from inherent issues such as impurity formation and restricted
Na' transport pathways. This work introduces a machine learning-accelerated strategy to design entropy-stabilized multi-cation NASICON materials, effectively
addressing these challenges. By combining computational intelligence with advanced synthesis and characterization, we demonstrate a novel electrolyte with
exceptional ionic conductivity and unprecedented cycling stability. Our approach not only advances the fundamental understanding of entropy regulation in
ion-conducting materials but also provides a scalable pathway toward next-generation, high-performance solid-state batteries, with implications extending to

Li*, K%, and multivalent-ion systems.

“College of Engineering and Applied Sciences, Jiangsu Key Laboratory of Artificial
Functional Materials, National Laboratory of Solid-State Microstructures,
Collaborative Innovation Centre of Advanced Microstructures, Nanjing University,
Nanjing 210093, China. E-mail: shguo@nju.edu.cn

b Lab of Power and Energy Storage Batteries, Shenzhen Research Institute of
Nanjing University, Shenzhen 518000, China

+ These authors contributed equally to this work.

860 | Energy Environ. Sci., 2026, 19, 860-869

Introduction

The rapid development of renewable energy systems and the
growing demand for grid-scale energy storage have intensified
the search for next-generation battery technologies that combine
high energy density, intrinsic safety, and cost-effectiveness.'™
All-solid-state sodium batteries (ASSSBs) have emerged as
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particularly promising candidates to meet these requirements,
offering several advantages over conventional lithium-ion sys-
tems, including the abundance of sodium resources, reduced
flammability risks, and wider operational temperature ranges.®®
At the heart of ASSSB performance lies the solid-state electrolyte
(SSE),” ™" which must simultaneously satisfy stringent require-
ments for ionic conductivity, electrochemical stability, and
mechanical robustness. Among various SSE candidates,
NASICON-type oxides (Na super ionic conductors) have attracted
considerable attention due to their unique combination of high
Na" conductivity (107*-10"> S em™" at room temperature),
excellent chemical stability against sodium metal, and relatively
low synthesis costs compared to halide- and sulfide-based
alternatives.”>**

Despite these advantages, conventional NASICON electro-
lytes like NaZr,Si,PO;, (NZSP) face several fundamental chal-
lenges that limit their practical application.”®™” The high-
temperature solid-state synthesis (typically >1100 °C) often
leads to the formation of ZrO, impurities and sodium volatili-
zation, both of which significantly degrade ionic transport
properties.’®*?® Furthermore, the limited configurational flex-
ibility in single-cation frameworks restricts opportunities for
optimizing Na“ migration pathways.>"** Recent studies have
demonstrated that partial substitution of Zr** with aliovalent
cations (e.g., Zn>*, Pr’*, Eu®*") can enhance conductivity to some
extent, but these modifications often compromise phase stabi-
lity or introduce new impurity phases.”>** These challenges
highlight the need for innovative design strategies that can
simultaneously address multiple material limitations.

The emerging field of medium-/high-entropy materials
(characterized by configurational entropy values of 1.0-1.5R
for medium entropy and above 1.5R for high entropy, where R
is the gas constant) has revolutionized materials design by
demonstrating that configurational entropy stabilization can
suppress phase separation and enable novel functional
properties.>® >’ This principle has been successfully applied
to various material classes, including alloys,**° ceramics,*'"*?
and recently, lithium-ion conductors.**?** For sodium-ion con-
ductors, entropy stabilization strategies have shown significant
progress in NASICON-type cathodes (e.g,, multi-cation-
substituted Na;V,(PO,);),”>” where medium-/high-entropy
compositions enhance structural stability and electrochemical
performance. However, critical gaps remain in understanding
entropy effects in NASICON oxide SSEs. The concept of med-
ium-/high-entropy NASICON oxide SSEs presents an intriguing
opportunity to balance entropy stabilization effects with prac-
tical synthesis constraints, but the enormous compositional
space makes traditional experimental approaches prohibitively
time-consuming. This necessitates a paradigm shift toward
data-driven material discovery.

Machine learning (ML) has emerged as a powerful tool to
accelerate materials discovery by identifying composition-
property relationships in high-dimensional spaces. Recent suc-
cesses include the prediction of novel battery materials,>®3°
catalysts,*®™** and photovoltaic compounds.**** However, the
use of ML to design synthesizable medium-/high-entropy ionic
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conductors-particularly in NASICON-type sodium SSEs-
remains largely unexplored, with few studies addressing the
challenge of predicting phase-stable multi-cation composi-
tions. The lack of comprehensive datasets and appropriate
descriptor selection for medium-/high-entropy materials
further complicates this challenge.

This work presents a ML-guided strategy for designing synthe-
sizable medium-/high-entropy NASICON-type oxide SSEs. In con-
trast to traditional synthesis methods, our approach offers
rational design framework, a predictable design space, as well
as high efficiency and cost-effectiveness (Fig. 1). By employing
gaussian naive bayes algorithms, we identified four multi-cation
compositions that utilize entropy stabilization to improve both
phase purity and ionic conductivity. Key innovations include the
development of effective descriptors for predicting phase stabi-
lity, quantitative correlations between configurational entropy
and impurity suppression, and mechanistic insights into how
multi-cation substitution enhances Na® transport. Among the
candidates, the synthesized medium-entropy Naj 5Zr; ¢TigsLug s-
Si,PO;, exhibited a high room-temperature ionic conductivity of
1.3 mS em™ '-five times higher than that of conventional NZSP-
and demonstrated long-term Na plating/stripping stability in
symmetric cells (10000 hours at 0.1 mA cm 2). Moreover,
assembled ASSSBs demonstrated excellent electrochemical per-
formance when paired with a high-voltage NazV,(PO,4),F; (NVPF)
cathode and a sodium anode, delivering 110 mAh g~ * at 5C and
retaining 80% of capacity after 700 cycles at 2C. This study
demonstrates the successful application of ML in designing
entropy-stabilized ionic conductors, establishes fundamental
entropy-property relationships, and provides a generalizable fra-
mework for accelerating the discovery of advanced energy
materials.

Results and discussion

ML-driven composition design of medium-/high-entropy
NASICON oxide SSEs

The successful design of medium- and high-entropy NASICON
oxide SSEs was enabled by a carefully developed ML framework,
as illustrated in Fig. 2a. The dataset consisted of 58 distinct
NASICON-type compositions (Table S1), including both pre-
viously reported materials and newly proposed candidates.
Each composition was labeled as either “synthesizable” or
“non-synthesizable” based on experimental phase analysis.
To capture the key factors influencing phase stability, we
selected four critical descriptors (Table S2): (1) ionic radius
(ranging from 70.13 to 86.98 pm), (2) electronegativity (1.204 to
1.786), (3) valence state (3.20 to 4.00), and (4) configurational
entropy (ASmix = 0.199R to 1.609R). These features were chosen
due to their well-established impact on cation miscibility and
structural stability in oxide systems.*>*® Using these four
descriptors, ML-based predictions were generated and fed back
into the database, forming a closed-loop feedback mechanism
to iteratively improve the model. We assessed the performance
of five supervised ML algorithms-k-nearest neighbors (KNN),
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Fig. 1 Schematic of the discovery process for medium-/high-entropy oxides. Comparative advantages of ML-guided synthesis versus conventional
methods for developing medium-/high-entropy NASICON-type oxide SSEs.

decision tree (DT), support vector machine (SVM), Gaussian

naive Bayes (GNB), and multilayer perceptron (MLP) - via 10-
fold cross-validation (Fig. 2b). Among them, the GNB model
achieved the highest prediction accuracy of 92.3%, significantly
outperforming the other four algorithms (KNN: 61.5%; DT:

69.2%; SVM: 84.6%; MLP: 69.2%).

To further evaluate the predictive capability and robustness

of the models, comprehensive performance analyses were con-
ducted. As shown in Fig. S1, the confusion matrices provide a
detailed breakdown of the classification performance for each
model. Compared to the other models, the GNB model demon-

strates a superior balance with the highest number of true
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Fig. 2 Composition design of medium-/high-entropy NASICON oxide SSEs. (a) Schematic workflow of ML-assisted synthesis prediction for medium-/
high-entropy NASICON oxide SSEs. (b) Test accuracy of various machine learning models: KNN, DT, SVM, GNB, and MLP. (c) The ROC curves of GNB
model. (d) Types and selection criteria for medium-/high-entropy dopant elements. (e) Twelve designed medium- to high-entropy compositions for
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positives and true negatives, corroborating its top accuracy. The
ROC curves (Fig. 2c and Fig. S2) offer additional insight into the
models’ diagnostic ability across all classification thresholds.
The GNB classifier again excels, with its curve occupying the
uppermost left position and achieving the largest area under
the curve (AUC), indicative of excellent distinguishability
between synthesizable and non-synthesizable compositions.
The SVM model also shows a strong performance, though
slightly inferior to GNB, while the curves for KNN, DT, and
MLP are closer to the diagonal, reflecting a lower predictive power.
Furthermore, the feature importance was evaluated by measuring
the increase in model error when each individual descriptor was
removed from the training process. A larger increase in error
indicates a stronger contribution of that feature to the predictive
performance of the model (Fig. S3). The results identified config-
urational entropy and ionic radius as the two most influential
features, indicating their dominant role in determining the synthe-
sizability of medium- and high-entropy NASICON oxides. Other
descriptors, such as valence state and electronegativity, also con-
tributed meaningfully but to a lesser extent.

The selection of dopant elements for medium- and high-
entropy NASICON materials was guided by three key criteria
(Fig. 2d): (1) ionic radius matching with Zr*" to maintain
structural stability, (2) incorporation of elements with stable
valence states ranging from +2 to +6 to enable precise control of
sodium concentration, and (3) inclusion of multi-functional
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cations (e.g., Nb, Ta) to enhance sintering and electrochemical
properties. Using GNB algorithm, we predicted twelve medium-
and high-entropy oxide compositions (Fig. 2e). As summarized
in Table S3, the predictions showed good agreement with
experimental results for eleven of the twelve compositions.
The only exception was NajsZr; oSngsLUug sSi,PO;1,, Which was
not successfully predicted. As shown in Fig. S4, the ML model
identified four synthesizable SSEs: NajsZr; TigsLug5S1,PO1,
(ME1-NZSP), Naj 5Zr, 5Tio sHfo 5LUg 551,PO;, (ME2-NZSP), Na 6Z10 5.
Tig sHfo 4Luo5Gag1Si,PO1,  (HE1-NZSP), and NajeZrysTigsH-
£ 4L s8¢0 1Si,PO,, (HE2-NZSP).

Solid-state synthesis and structural characterization

The four medium- and high-entropy NASICON oxide SSEs were
synthesized via a two-stage solid-state reaction using high-purity
precursors. The process involved ball-milling, calcination at
900 °C, and sintering at 1100 °C under controlled conditions
to ensure phase purity and dense pellet formation. (see Methods
for details, SI). Structural characterization by X-ray diffrac-
tion (XRD) with Rietveld refinement revealed that all composi-
tions crystallized in a well-defined monoclinic structure with
space group C2/c (Fig. 3a). The refinement patterns showed
excellent agreement between observed and calculated intensities
(Rwp < 6%, R, < 4% for all samples). Notably, the6absence of
any detectable secondary phases (particularly ZrO,, which com-
monly forms in conventional NASICON synthesis'® >°) validated

Fig. 3 Solid-state synthesis of medium- and high-entropy NASICON oxide SSEs. (a) XRD Rietveld refinement patterns of four medium-/high-entropy
NASICON oxide SSEs. All refined samples have a monoclinic pure phase structure with space group C2/c. Structural models based on cation substitutions
for representing (b) ME1-NZSP, (c) ME2-NZSP, (d) HE1-NZSP, and (e) HE2-NZSP. Elemental mappings of (f) MEL-NZSP, (g) ME2-NZSP, and (h) HE1-NZSP,
and (i) HE2-NZSP, showing that the elements are homogeneously distributed. Scale bars are 50 nm.

This journal is © The Royal Society of Chemistry 2026
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the effectiveness of the entropy stabilization approach. The
Rietveld-refined structural parameters (Tables S4-S7) reveal sys-
tematic variations in lattice dimensions and cation distributions
across the four NASICON compositions. ME1-NZSP exhibits the largest
unit cell volume (a = 15.61382 A, b = 9.04419 A, ¢ = 9.19836 A),
attributed to the combined effects of Zr*" and larger Lu** (0.86 A)
occupancy at the 8f site. In contrast, HE1-NZSP (with Ga®*
substitution) shows significant b-axis contraction (9.01500 A)
due to the smaller ionic radius of Ga®* (0.62 A), while maintaining
phase purity through entropy stabilization (ASyx = 1.51R). All
compositions display statistically disordered cation mixing at 8f
sites (Fig. 3b-e), with radius mismatch (A7) tolerances up to 0.21 A
in HE1-NZSP (Ga** vs. Hf''), demonstrating the critical role of
configurational entropy in stabilizing these multi-cation frame-
works. The total Na* content per unit cell remains near stoichio-
metric values (3.48-3.62), with ME2-NZSP (3.48) and HE2-NZSP
(3.62) bracketing the designed compositions. Elemental mapping
via energy-dispersive X-ray spectroscopy (EDS) confirmed uniform
elemental distribution (Fig. 3f-i), with no evidence of cation
segregation or secondary phase formation.

Entropy-driven stabilization of NASICON oxide SSEs

The phase purity of NASICON-type SSEs is critical for achieving
high ionic conductivity, as secondary phases (e.g., ZrO,) can
block Na' transport pathways and impair electrochemical
performance."®>° Conventional single-cation NZSP often suffers
from ZrO, impurity formation during high-temperature synth-
esis (particularly above 1100 °C) due to the thermodynamic
instability of the Zr*"-dominated framework.”"*> To overcome
this issue, we employed an entropy stabilization strategy by
introducing multiple cations (Ti**, Hf*", Lu**, Ga®", Sc*") into

a b
Na,PO, +ZrO, 1 i
| -
NZSP | g
A g
L._J v.,u_../\,uL,J\_J ’ 1
5 1150
g
LE-NZSP ; £
Lk L | e
AL u\._/\_/\_/\. 1100
m
| ‘ ME1-NZSP ‘i s d
- \ | ) 1200
= R
= | ME2-NZSP 3 3 i
c [ | | | 2 I 1150 NASICON
g _qu‘,_uv_w_,‘w'u;_/‘;‘ 2 2 |
E S g
wernzse | | E R .
‘ | B 1100
1 1 ‘ 26 28
f © NapO,
\ HE2-NZSP

NASICON phase \ *Q/

| II ‘.J Y
10 20 30 40 50 60

26 (degree)

Impure phase
(Pristine)

Increase
elements

View Article Online

Paper

the Zr*" sites, thereby increasing the configurational entropy and
suppressing phase segregation.

The role of configurational entropy in stabilizing the NASI-
CON phase was systematically investigated by tracking phase
evolution as a function of ASn. As shown in Fig. 4a, the
pristine NZSP sample exhibits two secondary phases-Na;PO,
and ZrO,-alongside the main NASICON phase. With the incor-
poration of dopants, the Na;PO, phase diminishes, and the
XRD pattern of low-entropy composition Naj sZr; sLug 5Si,PO1,
(LE-NZSP, ASpix = 0.56R) shows only the presence of ZrO, as a
secondary phase. Notably, when the number of dopants is
increased such that AS,,;x exceeds 1.00R, the diffraction peaks
associated with ZrO, disappear entirely, indicating the for-
mation of a single-phase NASICON. This observation is consis-
tent with the Rietveld refinement results presented in Fig. 3,
where all synthesized medium-/high-entropy NASICON compo-
sitions crystallize in a pure monoclinic C2/c phase with no
detectable secondary phases.

To further verify this trend, we conducted phase evolution
studies at different synthesis temperatures for samples with
varying entropy values. As shown in Fig. 4b, the pristine NZSP
sample exhibits typical NASICON and ZrO, phases between
1100 °C and 1200 °C. In the low-entropy LE-NZSP sample, both
phases are still observed over the same temperature range, but
the intensity of ZrO, peaks is notably reduced (Fig. 4c). With
further increase in ASpx to above 1.00R, corresponding to
medium-/high-entropy NZSP compositions, the ZrO, phase is
entirely suppressed, and only a pure NASICON phase is
observed across 1100-1200 °C (Fig. 4d and e). This trend aligns
with the classical high-entropy stabilization principle,*® where
higher configurational entropy lowers the Gibbs free energy of a
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Fig. 4 Entropy-stability effect of NASICON oxide SSEs. (a) XRD patterns of NASICON phase with an increase in configurational entropy. (b)—(e) Phase
evolution at different temperatures for (b) pristine NZSP, (c) low-entropy LE-NZSP, (d) medium-entropy ME1-NZSP, and (e) high-entropy HE1-NZSP.
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single-phase solid solution, making it thermodynamically more
favorable than phase-separated systems (Fig. 4f). Therefore,
increasing configurational entropy effectively suppresses the
formation of secondary phases and promotes the stabilization
of the NASICON structure.

Ionic transport properties of NASICON oxide SSEs

The ionic transport properties of entropy-stabilized NASICON
oxide SSEs were systematically investigated to elucidate the
effects of entropy engineering on Na' conduction. As shown in
Fig. 5a and b, the medium-entropy compositions ME1-NZSP
and ME2-NZSP exhibit the highest ionic conductivities, reach-
ing 1.30 mS cm ™" and 0.94 mS cm ™' at room temperature,
respectively. These values significantly outperform those of the
high-entropy compositions HE1-NZSP (0.48 mS cm ') and HE2-
NZSP (0.42 mS cm '), as well as the low-entropy LE-NZSP
(0.67 mS cm™') and the pristine NZSP (0.26 mS cm™'). This
demonstrates that entropy engineering can enhance Na'
transport, with medium-entropy configurations being particu-
larly effective. Additionally, we analyzed the bulk and grain-
boundary ionic conductivities of the ME1-NZSP and NZSP
samples. As shown in Table S8, both samples exhibit compar-
able bulk ionic conductivities (~2.95-2.98 mS cm ™). The most
notable improvement is observed in the grain-boundary con-
ductivity. The grain-boundary ionic conductivity for ME1-NZSP
(2.16 mS cm ') is ~7.4 times higher than that of the undoped
NZSP (0.29 mS cm ™). This dramatic increase is the primary
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reason for the superior total ionic conductivity of ME1-NZSP.
Therefore, although the bulk conductivities are similar, the
vastly improved grain-boundary conductivity directly results in
ME1-NZSP achieving a total ionic conductivity (1.30 mS cm ™)
that is approximately 5 times higher than that of baseline NZSP
(0.26 mS cm™ ).

To isolate the effect of multi-cation substitution, we further
compared ME1-NZSP with singly doped Ti*'- and Lu*'-
containing samples (Fig. 5c), which all showed lower conduc-
tivities than ME1-NZSP, confirming the synergistic benefits of
multi-element doping. Additionally, a comparison with
literature-reported entropy-stabilized NASICON compositions
(Fig. 5d) shows that ME1-NZSP achieves the highest ionic
conductivity among all reported systems employing an entropy
engineering strategy. A primary factor underlying the enhanced
conductivity is the reduced activation energy for Na* migration.
As shown by the Arrhenius plots (Fig. S5), ME1-NZSP exhibits
an activation energy of 0.29 eV-significantly lower than that of
pristine NZSP (0.35 eV)-indicating that configurational disor-
der introduced by multi-cation substitution facilitates Na"
hopping by lowering the migration energy barriers. To further
understand the structural origins of this effect, density func-
tional theory (DFT) calculations were performed to optimize the
crystal structures of four representative compositions: LE-
NZSP, ME1-NZSP, ME2-NZSP, and HE1-NZSP (Fig. S6). Subse-
quent bond valence site energy (BVSE) analyses were performed
on the DFT-optimized structures to visualize Na® diffusion
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Fig. 5

lonic conductivity properties of synthesized NASICON oxide SSEs. (a) Room-temperature impedance spectra of the synthesized NASICON oxide

SSEs. (b) Comparison of room-temperature ionic conductivity for all synthesized NASICON oxide SSEs. (c) lonic conductivities of NassZry oTipsLugs-
Si;PO1; and its single-metal counterparts measured at room temperature. (d) Comparison of ionic conductivity for ME1-NZSP and other medium-to-
high entropy NASICON oxide SSEs reported in the literature. (e)—-(h) BVSE maps of Na-ion migration pathways in (e) LE-NZSP, (f) ME1-NZSP, (g) ME2-
NZSP, and (h) HE1-NZSP: Na* probability density isosurfaces of the supercell and different cross-sectional maps.
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pathways. As illustrated in Fig. 5e-h, the resulting energy when the configurational entropy increases further, the high-
landscapes demonstrate a strong correlation between the mor- entropy composition HE1-NZSP (Fig. 5h) exhibits relatively
phology of diffusion channels and the experimentally mea- narrow channels accompanied by irregular discontinuities
sured ionic conductivities. around several key sites, including Na4, Na9, and Na10. These

In the low-entropy LE-NZSP (Fig. 5e), the Na' diffusion structural disruptions are likely induced by Ga**-driven local
channels are narrow and discontinuous, particularly between lattice distortions, which interrupt the continuity of Na" migra-
Na3 and Na4 sites, resulting in fragmented conduction path- tion pathways and limit ionic conductivity despite the high
ways that hinder long-range ion transport. This structural entropy. This phenomenon is consistent with computational
limitation aligns well with its modest ionic conductivity of insights reported by Ceder’s group,®® where entropy-induced
0.67 mS cm™'. In contrast, ME1-NZSP (Fig. 5f) exhibits the local distortions were shown to modulate the site energy
most favorable characteristics, including wide and continuous distribution of alkali metal ions. Specifically, moderate local
Na' diffusion channels that form a well-connected three- distortions enhance Na* transport by increasing overlap among
dimensional conduction network linking Na3-Na4-Na9-Nal0, energetically similar sites, thereby forming an efficient percola-
directly contributing to its superior conductivity of 1.30 mS em™*.  tion network and lowering the activation energy for diffusion.
ME2-NZSP (Fig. 5g) displays moderately continuous pathways In contrast, excessive distortions disrupt the energy landscape
with minor constrictions near the Na9 site, consistent with its and impair pathway continuity, ultimately reducing ionic
intermediate ionic conductivity of 0.94 mS ¢m™'. However, mobility.
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Fig. 6 Electrochemical properties of entropy-stabilized NASICON oxide SSEs. (a) and (b) Galvanostatic cycling of Na symmetric batteries with (a) NZSP
and (b) ME1-NZSP SSEs at step-increased current densities. (c) Prolonged galvanostatic cycling of Na symmetric batteries with NZSP and ME1-NZSP SSEs
at a current density of 0.1 mA cm™2. (d) Comparison of the critical current density and cycle time of NZSP-based Na symmetrical cells with various
modification strategies from recent literature.*>*=>° (e) Schematic diagram of the ASSSBs assembly. (f) Capacity and Coulombic efficiency at different
rates for Na|ME1-NZSP|NVPF ASSSBs at room temperature. (g) Charge and discharge curves of Na|ME1-NZSP|NVPF ASSSBs at different rates at room
temperature. (h) Cycling performance of Na|MEL-NZSP|NVPF ASSSBs at 2C and room temperature. (i) Comparison of various properties for NZSP and
ME1-NZSP SSEs.
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Furthermore, the linear shrinkage rates and relative densi-
ties of both ME1-NZSP and NZSP pellets were measured sub-
sequent to sintering (Table S9). The pristine NZSP pellet
exhibited a low linear shrinkage of 0.9% and a correspondingly
low relative density of 85.6%, indicating insufficient densifica-
tion during sintering. In contrast, the ME1-NZSP pellet showed
a significantly higher linear shrinkage of 14.4%, which con-
tributed to its achieving a near-fully dense structure with a
relative density of 97.8%. The high relative density and effective
densification of ME1-NZSP explain its enhanced ionic conduc-
tivity by minimizing grain boundary resistance and ensuring
better percolation of ion migration pathways, which aligns with
and substantiates the trends observed in our BVSE analysis of
the Na-ion migration landscape.

Electrochemical performance of entropy-stabilized NASICON
oxide SSE

To demonstrate the practical effectiveness of the synthesized
materials, we evaluated the electrochemical performance of
ME1-NZSP as a representative entropy-stabilized NASICON
oxide SSE. As shown in Fig. S7, DC polarization measurements
revealed that ME1-NZSP possesses a significantly lower electro-
nic conductivity (6.45 x 107° S cm™') compared to pristine
NZSP (8.49 x 10~® S ecm ™), confirming its excellent insulating
nature and suitability for solid-state battery applications. Gal-
vanostatic cycling tests further highlighted the superior inter-
facial stability and higher critical current density (CCD)
of ME1-NZSP. Under stepwise increased current densities
(0.1 — 0.8 mA cm™?), ME1-NZSP maintained stable polariza-
tion voltages below 200 mV (Fig. 6b), whereas NZSP exhibited
severe voltage fluctuations exceeding 400 mV (Fig. 6a). Long-
term cycling at 0.1 mA cm > demonstrated that ME1-NZSP
enabled ultra-stable Na plating/stripping for over 10 000 hours
without short-circuiting, while NZSP failed after 2400 hours
(Fig. 6¢). This remarkable stability is attributed to the entropy-
driven homogeneous and dense microstructure (Fig. S8 and
Table S9), which effectively suppresses Na dendrite formation
by ensuring uniform Na" flux and current distribution. Notably,
ME1-NZSP achieved a CCD of 1.9 mA ¢cm >-more than double
that of pristine NZSP (0.8 mA cm ™ ?). As summarized in Fig. 6d,
ME1-NZSP outperforms most reported NZSP-based SSEs,**7>°
including those modified by bulk or interface engineering,
demonstrating one of the highest combinations of CCD and
cycle life at 0.1 mA cm™> to date.

To further evaluate its practical applicability, we assembled
ASSSBs using NVPF as the cathode and Na metal as the anode
(Fig. 6e), tested at room temperature. To enhance interfacial
contact, a small amount of plastic-crystal electrolyte (PCE) was
incorporated into the NVPF cathode composite, while the solid
electrolyte surface on the anode side was modified with a Sn
coating to form a Na-Sn alloy during cycling, thereby improving
Na wettability. As shown in Fig. 6f, the resulting Na|ME1-
NZSP|NVPF cells delivered a high discharge specific capacity
of 125 mAh ¢~ at 0.1C with minimal polarization (Fig. 6g). Rate
capability measurements further confirmed excellent kinetics,
with 88% of the initial capacity retained at 5C. Moreover, as

This journal is © The Royal Society of Chemistry 2026

View Article Online

Energy & Environmental Science

depicted in Fig. 6h, the ASSSBs maintained 80% of their initial
capacity after 700 cycles at 2C, significantly outperforming
most NZSP-based systems (Table S10). The Coulombic effi-
ciency remained consistently high (~99.6%) throughout the
cycling process, indicating minimal parasitic reactions at the
electrode—-electrolyte interfaces. A direct comparison between
ME1-NZSP and pristine NZSP (Fig. 6i) highlights the multi-
faceted benefits enabled by entropy engineering, including
improved suppression of Na dendrite growth, enhanced phase
stability, increased ionic conductivity, reduced electronic con-
ductivity, and overall superior battery performance. These
findings collectively emphasize the pivotal role of configura-
tional entropy in optimizing the electrochemical properties of
oxide SSEs, positioning ME1-NZSP as a highly promising can-
didate for next-generation high-energy-density ASSSBs.

Conclusions

In summary, we report a ML-guided strategy for the design of
entropy-stabilized NASICON oxide SSEs, overcoming key limita-
tions of phase instability and low ionic conductivity in conven-
tional single-cation systems. By training a GNB model on
four descriptors-ionic radius, electronegativity, valence state,
and configurational entropy-we efficiently identified four
phase-stable multi-cation compositions. Among the synthe-
sized samples, the medium-entropy composition ME1-NZSP
demonstrated a high room-temperature Na® conductivity of
1.3 mS cm ', ultra-long-term Na plating/stripping stability
(>10000 h), and a critical current density of 1.9 mA cm >-
outperforming most NASICON-type SSEs. The improved perfor-
mance is attributed to entropy-induced phase stabilization,
which suppresses ZrO, impurity formation and enables for-
mation of a pure, conductive NASICON phase. Combined DFT
and bond valence analyses reveal that moderate entropy levels
create well-connected Na' diffusion networks via controlled
lattice distortions. Practical applicability was validated in
Na|NVPF ASSSBs, which delivered remarkable rate perfor-
mance (110 mAh g~' at 5C) and impressive cycling stability
(80% retention over 700 cycles). This work not only advances
NASICON SSE development but also establishes a generalizable
ML-entropy co-design framework, paving the way for next-
generation SSEs in Na', Li", K', and multivalent-ion batteries.
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