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NASICON-type materials are promising electrolytes for all-solid-state sodium-ion batteries (ASSSBs);
however, the role of pentavalent dopants (V°*, Nb°" and Ta°") in NazZr.Si,POi, (NZSP) remains
insufficiently understood. Among pentavalent dopants, having the widest bandgap, Ta>* doped NZSP
shows tremendous promise as an ionic conductor with good electronic insulation. In this study, we
report a pentavalent Ta-substituted NASICON electrolyte, Naz32Zr192Tag.08Si24P0 6012 (8Ta-NZSP; 4),
which exhibits excellent room-temperature total and grain conductivities of 4.26 and 8.84 mS cm™,
respectively. First-principles calculations reveal that, despite the smaller ionic radius of Ta®* (~0.64 A)
relative to Zr** (~0.72 A), Ta substitution facilitates Na* vacancy formation, widens diffusion bottlenecks,
and promotes correlated ion migration, reducing the activation barrier to 0.155 eV. Symmetric Na|8Ta-
NZSP, 4|Na cells cycled stably for over 1000 cycles at 0.2 mA cm™2 while maintaining low overpotentials

. 411t A 2025 (<15 mV) and no soft shorting. The critical current density of NZSP, 4 also increased from 0.6 to 1.3 mA
eceive th August Y N . o . o .
Accepted 13th January 2026 cm™< upon Ta substitution. A Na|8Ta-NZSP, 4|NazV2(PO4)s full cell retained 89.5% of its specific capacity

when operated at 0.3C for 100 cycles at room temperature with no additional stack pressure applied.

DOI: 10.1035/d5ta06508a These results deepen the fundamental understanding of pentavalent-doped NASICON electrolytes and

rsc.li/materials-a position 8Ta-NZSP, 4 as a promising candidate for practical ASSSBs.

1. Introduction

Sodium-ion batteries (SIBs) are being considered as sustainable
alternatives to lithium-ion batteries owing largely to the abun-
dance and availability of sodium in the Earth's crust.**
However, like their Li-ion counterparts, current state-of-the-art
SIBs continue to use liquid electrolytes containing flammable
solvents that are susceptible to leakage, interfacial degradation,

“Department of Sustainable Energy Engineering, Indian Institute of Technology
Kanpur, Kanpur, 208016, India. E-mail: guptark@iitk.ac.in; sudarshan@iitk.ac.in
*Department of Chemistry, University of Alberta, Edmonton, AB, T6G 2G2, Canada.
E-mail: Isang@ualberta.ca

‘Department of Materials Science and Engineering, Indian Institute of Technology
Kanpur, Kanpur, 208016, India

“Department of Chemical Engineering, Indian Institute of Technology Kanpur, Kanpur,
208016, India

‘Chandrakanta Kesavan Centre for Energy Policy and Climate Solutions, Indian
Institute of Technology Kanpur, Kanpur, 208016, India

/Kotak School of Sustainability, Indian Institute of Technology Kanpur, Kanpur,
208016, India

#Center for Environmental Science and Engineering, Indian Institute of Technology
Kanpur, Kanpur, 208016, India

+ In remembrance of our dear friend and colleague, Prof. Kanwar S. Nalwa.
Deceased 13.06.2024.

This journal is © The Royal Society of Chemistry 2026

and thermal runaway events, thereby posing a significant safety
hazard.>® To address these concerns, all-solid-state sodium-ion
batteries (ASSSB) have been extensively studied.>” In particular,
NASICON-based electrolytes have attracted increasing attention
due to their air stability, wide electrochemical stability window,
and high mechanical strength.®® Despite the advantages, major
hurdles that limit the application of NASICON include the
relatively low room-temperature (RT) conductivity and the high
interfacial resistivity when NASICON electrolytes are assembled
into an ASSSB."**

In early studies, Hong and Goodenough'** demonstrated an
optimized NASICON structure in a Nay,,Zr,Si,P;_,01, (0 <y < 3)
(NZSP) solid solution consisting of corner-sharing PO,/SiO,
tetrahedral and ZrOg octahedral, which is considered to be
responsible for the interconnected three-dimensional Na*
diffusion. Specifically, three distinct sodium sites have been
identified in the crystal structure, including a sixfold oxygen-
coordinated Nal site (6a), an eightfold oxygen-coordinated
Na2 site (18e)," and a fivefold oxygen-coordinated Na3 site
(36f). This Na3 site, first reported by Boilot and co-workers,'*”
resides between Nal and Na2 and is often referred to as the
intermediate (or ‘mid’) Na site. The presence of the Na3 site,
however, has been a subject of debate in the NASICON research
community.">"">* Zhang et al.>® reported that the Na3 site has
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negligible occupancy, a finding that was later corroborated by
Deng et al”> The Nal-Na2 transport pathway, originally
proposed by Hong et al.*®* in 1976, remains one of the most
accepted.>®

Nay4,Zr,SiyP;_y01, shows two different crystal structures
depending on the exact stoichiometry, namely monoclinic (C2/
¢, 1.8 =y = 2.2) or rhombohedral (R3c,y < 1.8 and y > 2.2).*° The
phase pure NZSP, i.e. Na3Zr,Si,POq, (y = 2), synthesized via
solid-state methods typically shows an ionic conductivity of 0.2—
0.9 mS cm '¥3' Deng et al® observed that in
Na, ., Zr,Si,P;_,04,, for y <2, Na' conductivity increases with an
increased magnitude of y, and starts to decrease once y exceeds
2.5. Experimentally, the highest conductivity (~5.0 mS cm™*)
was obtained from Naz,Zr,Si, PosO12 (NZSP,,, y = 2.4)
synthesized by the solution-assisted solid-state method.?**

Using NZSP as the parent structure, elemental substitution
has been performed in subsequent studies to obtain further
enhancement in Na" conductivity. For example, previous works
have demonstrated the substitution of Zr** by divalent (Cu*",
Mg>", Zn**, Ca*', etc.),*>** trivalent (AI*, Ga®*, Sc**, etc.),283%-40
tetravalent (Hf*", Ti*")***' and pentavalent (Nb>")* ions.
Presumably, divalent and trivalent substitutions increase Na"
interstitial sites while pentavalent substitutions create Na"
vacancies, and accordingly, possible origins of the increased
Na' conductivities were proposed. Guin and coauthors sug-
gested that replacing Zr with cations exhibiting an average ionic
radius of ~0.72 A widens the ion diffusion pathways and
thereby increases ionic conductivity.** However, this theory
collapsed in certain exceptions. NZSP substituted by with much
smaller cations such as AI** (0.53 A), Ru®" (0.68 A), Fe** (0.64 A),
and Nb®* (0.64 A) also exhibit increased Na'
conductivity.>”*$#>44-%¢ These observations suggest that alterna-
tive contributors of the enhanced Na* conductivity must be at
play. One possible origin is the altered ion transport mecha-
nism, i.e., elemental substitution potentially enables a coordi-
nated ion transport pathway. Herein, Na' ions occupying two or
more neighboring sites migrate simultaneously, in contrast to
the sequential Na* transport process in a single-ion hopping
mechanism.******  The single-ion hopping mechanism
requires substantially higher activation energy than the coor-
dinated migration mechanism.*® Collectively, a more compre-
hensive understanding of how substituents exhibiting different
oxidation states and ionic radii influence the Na® transport
mechanism, and ultimately alter the Na' conductivity in
NZSP, , and its derivatives, remains unclear.

In addition to the Na' conductivity, another remaining
obstacle for the application of NASICONs in ASSSB is the elec-
trochemically unstable electrode/electrolyte interface, specifi-
cally the low critical current density (CCD) and high interfacial
resistivity.*>*® Synthesized via the solid-state route, NZSP typi-
cally exhibits a CCD of <0.6 mA cm > at room temperature,
though reported values vary across studies due to differences in
synthesis and cell fabrications.> > Reasonable interfacial
contact for cells operating at higher C-rates (>1C) was only
achieved at elevated temperatures (e.g., 60 °C), additional
external stack pressure applied, after introducing wetting layers
to the electrode/electrolyte interface.”*****% For example,
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a recent study on Sb-substituted NZSP shows a less than 2-fold
increase in ionic conductivity (1.81 mS cm™") compared to the
unsubstituted sample. The material shows a CCD of 0.3 mA
em 2 at 60 °C, and substantial capacity degradation was
observed in full cells at a relatively low C-rate (0.1C).*”*® In this
study, we focus exclusively on performance improvements
achieved through cation substitution in NZSP; therefore,
studies involving interface modification,*** grain-boundary
engineering® and advance synthesis techniques are excluded,
as these approaches fall outside the scope of this work.

Pentavalent substitution has received limited attention since
being first reported in the 1980s, when Takahashi and
coworkers® substituted Nb>*, Ta>", and V** in a non-optimized
NZSP structure. However, the ionic conductivities of the
substituted materials were only obtained at 300 °C, and
comprehensive electrochemical characterization of these was
not reported.

Previous studies on solid electrolytes have reported both
single-ion hopping and correlated ion migration mecha-
nisms.?”## In the present study, Na* transport in pentavalent-
substituted NZSP,, is found to be more consistent with
vacancy-assisted correlated ion migration rather than the
slower single-ion hopping, as illustrated in Fig. 1. Moreover,
preliminary DFT calculations presented in this study suggest
that among the pentavalent dopants, Nb>" and V' significantly
reduce the electronic band gap (SI Fig. S1), thereby increasing
electronic conductivity. Recent studies on Nb-substituted
NZSP, 4 report a higher ionic conductivity of 5.5 mS cm™*, the
CCD obtained (0.05 mA cm ?) was lower than that of the
unsubstituted material (0.1 mA cm™?),” indicating partial
electronic behavior, consistent with DFT predictions of the
associated electronic band gaps. Therefore, in this study, we
conducted the substitution of the NZSP, , parent structure with
pentavalent Ta, and identified the optimal stoichiometry of the
resultant Ta-substituted NZSP, , (Naz 4Zr, ,Ta,Siy 4Py ¢012) to
further achieve high Na" conductivity. We have also observed
that Ta®" provides thermal and electrochemical stability,
promotes grain growth and densification, and enhances
dendrite suppression, making it a suitable dopant for NZSP, ,.
The crystal structure was analyzed in conjunction with potential
energy calculations using DFT in order to assess the Na'
transport mechanism and the effect of Ta-substitution. Finally,
we compared and contrasted the performance of NZSP, , with
its Ta-substituted analogue in a solid-state battery containing
a NazV,(PO,); cathode and a Na anode.

2. Experimental section
2.1 Synthesis of NASICON solid electrolytes

The solid electrolytes Naz 4 ,Zr, ,Ta,Sis 4Po6012, (x = 0, 0.04,
0.08, 0.12, and 0.16, all presented in nominal stoichiometries),
also rotationally represented throughout as X-NZSP, 4, (X = 4%,
8%, 12%, and 16% respectively, for x > 0), were synthesized
using a conventional solid-state reaction route. Starting mate-
rials Na,CO; (Sigma-Aldrich, 99.5%), ZrO, (Sigma-Aldrich,
99%), SiO, (Sigma-Aldrich, 99%), NH,H,PO; (Sigma-Aldrich,
99%), and Ta,Os (Sigma-Aldrich, 99%) were dried at 100 °C

This journal is © The Royal Society of Chemistry 2026
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he pentavalent dopants promote correlated ion
migration by creating vacancies, resulting in a
significantly lower activation energy.
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Fig.1 Novel features introduced by Ta>* doping in NZSP, 4 and their impact on material properties (theoretical and experimental perspective).

for 2 hours. The precursors were mixed in stoichiometric
proportions, with an additional 5% Na,CO; added to the
precursors to compensate for sodium loss during synthesis, and
ball milled in a zirconia jar (with a ball-to-mass ratio of 10: 1) at
800 rpm for 5 hours in the presence of 20 mL ethanol. The well-
mixed slurry was then dried at 80 °C in an oven for 12 hours
before calcination at 900 °C for 5 hours in air. A heating ramp of
5 °C min~ ' was used. The resulting powder was hand-ground
for 15 minutes followed by a second cycle of wet ball-milling
and drying procedure as described above. The fine powder ob-
tained was compressed into pellets using a stainless-steel die
with a 10 mm diameter, at an external pressure of 10 tons. To
minimize sodium loss due to material adhesion to alumina
crucible, the pellets were buried in a small amount of parent
powder for the final sintering at 1260 °C for 5 hours.

2.2 Material characterization and cell fabrication

The crystallographic phase of Na; 4 ,Zr, ,Ta,Si; 4Py 6012, (x = 0,
0.04, 0.08, 0.12, and 0.16) were determined using X-ray diffraction
(X'Pert Pro PANalytical diffractometer). The plane-view and cross-
sectional microstructure were examined through Field Emission
Scanning Electron Microscopy (FESEM) with an Advance Scien-
tific Tescan Mira-3 system, while elemental distribution was
analyzed using Energy Dispersive X-ray Spectroscopy (EDS). XPS
measurements were carried out using a PHI 5000 VersaProbe 1I
system with a monochromatic Al Ko X-ray source (1486.6 eV). An
energy step size of 1 eV was used for obtaining survey spectra,
while core-level elemental spectra were obtained at 0.05 eV steps,
with all measurements being performed under ultra-high

This journal is © The Royal Society of Chemistry 2026

vacuum conditions. The spectra were analyzed using XPSPEAK
software (Version 4.1), employing Gaussian line shapes and
a Shirley background for spectral deconvolution. All pellets with
varying compositions were polished using sandpaper to achieve
a largely flat surface morphology. Silver paste (Sigma-Aldrich) was
applied to pellet surfaces and cured at 150 °C. Ionic conductivity
of the materials was estimated by analyzing electrochemical
impedance spectroscopy (EIS) of pellets assembled inside
a Teflon-lined Swagelok cell. The EIS spectra were collected at RT
=~ 25 °C and from 30 °C to 90 °C in 10 °C increments. Electro-
chemical characterization was conducted using an AMETEK
PMC100 potentiostat over a frequency range of 1 MHz to 1 Hz,
with an applied sinusoidal voltage of amplitude +£10 mV. Ionic
conductivity was calculated by fitting the Nyquist plot to an
equivalent electrochemical circuit using Z-View software. To
measure the ionic transference number of the electrolyte, DC
polarization technique was used.****** A DC polarization voltage
of 0.1 V was applied for 3600 seconds to achieve a fully polarized
current. LSV, galvanostatic cycling, and critical current density
were evaluated in symmetric Na|NZSP,,|Na and Na|8Ta-
NZSP, 4|Na cell configurations.

ASSSB full cells were fabricated using Na;V,(PO,); (NVP) as
the cathode and sodium metal as the anode, and assembled in
2032-coin cell cases with the configurations NVP|NZSP, ,|Na
and NVP|8Ta-NZSP, 4|Na. The synthesis procedure for NVP is
provided in the SI (Section S1). The assembly was conducted in
an argon-filled glove box, with H,O and O, levels maintained
below 1 ppm. To wet the cathode, a small quantity (2 pL) of
liquid electrolyte (1.0 M NaClO, in EC:DMC) was applied
between the cathode and electrolyte. A sodium metal chip was

J. Mater. Chem. A, 2026, 14, 8243-8256 | 8245
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cold-pressed at 99.6 MPa (1 ton per cm?) to ensure optimal
contact with the solid electrolyte. Pellets with a thickness of 2.25
£ 0.05 mm and a diameter of 9.0 mm were prepared to inves-
tigate the effect of Ta-substitution. Cyclic voltammetry (CV) was
conducted at a sweep rate of 0.05 mV s * for both cells. The
electrochemical performance of the solid-state batteries was
evaluated at RT using a Biologic BT800 series battery tester,
without applying external pressure.

2.3 Computational method

Density Functional Theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP).** Simula-
tions were performed using the rhombohedral (R3c) crystal
structure and the monoclinic (C2/c) structure. Detailed informa-
tion on DFT calculations, crystal structure formation, system
design, and dopant site assignments is provided in the SI (Fig. S2
and S3). Wave functions were expanded using a plane-wave basis
set, and the projector-augmented wave (PAW) method was
employed to describe core-valence interactions.”® The pseudo-
potentials used in the calculations considered the following
valence electron configurations: Na (2p°3s"), Zr (4s*4p°5s°4d”), Si
(35%3p?), P (3s3p°®), O (252p*), and Ta (6s°5d%), Nb (5s5’4d*), V
(4s*3d%) while the core electrons were treated as frozen. The
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional was used to describe the
exchange—-correlation potential.®® A kinetic energy cutoff of 520 eV
was determined through convergence tests (as shown in Fig. S4)
and found to be consistent with previous literature.>® The total
energy convergence criterion was set to 10 ° eV, and the force
convergence criterion was 0.02 eV A", A 4 x 2 x 2 k-point mesh
was applied for the R3c structure, while a 2 x 4 x 2 mesh was used
for the C2/c structure.” To obtain accurate lattice parameters, the
unit cell volume was first optimized, followed by ionic relaxation
for further calculations. Due to the presence of localized d-orbitals
in Zr and Ta, the DFT + U (ref. 67 and 68) method was applied to
improve accuracy while maintaining computational feasibility. In
the DFT + U approach, the effective Hubbard parameter Ueg = U —
Jwas set as 3 eV for Zr,* 3.1 eV, 2.3 €V, and 2 eV for Ta, Nb and V,
respectively.”®* The Na" diffusion barrier in the NASICON
framework was determined using the Nudged Elastic Band (NEB)
method,”” which enables the identification of the minimum
energy pathway for ion migration. A spring constant of 3 eV A™*
was applied to ensure sufficient image spacing and maintain
a smooth transition along the migration path. The force conver-
gence criterion for NEB calculations was set to 0.02 eV A™",

3. Results and discussion
3.1 Crystal structure and morphology

The powder diffraction patterns (PXRD) of Ta-substituted
NZSP, , are shown in Fig. 2(a). These patterns display all
major characteristic peaks of the rhombohedral phase R3c
(ICSD: 62386),”* indicating the formation of NASICON-type
NZSP crystal structures. Minor ZrO, (COD: 1010912) impurity
peaks of space group P12,/c1 were also observed,”” which can be
attributed to the thermal decomposition of the NASICON
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structure or volatilization of sodium and phosphorus species
during the solid-state synthesis process.****”*> Fig. 2(b) shows
a peak near 26 = 31° (116) shift toward lower 26 angles as the
tantalum content increases, indicating expansion of the crystal
structure. This observation was counterintuitive as Ta>" has
a smaller ionic radius (0.64 A) compared to Zr** (0.72 A), sug-
gesting the impact of other factors determining the crystal
lattice dimensions.” We provide a detailed DFT study to resolve
this observation later in Section 3.3. At 12% and 16% of Ta-
substitution, an impurity peak between 32-33° was seen to
appear, that could be assigned to NaTaO; (COD: 1521385),”
implying the formation of a secondary phase in these compo-
sitions. No such peaks were detected in the samples with XTa =
0%, 4%, and 8%, indicating that the solid solubility limit of Ta
in the NZSP, , crystal is likely to be X = 8%. Notably, the 8Ta-
NZSP, , sample exhibits the most significant peak shift toward
lower 26 angles before the secondary phase starts to emerge, as
seen in Fig. 2(b). Rietveld refinement with phase analysis was
performed for both NZSP,, and 8Ta-NZSP,, (Fig. S5). The
results indicate that the rhombohedral phase is dominant in
both samples, detail analysis provided in SI Tables S1 and S2. In
addition, the unit cell volume of 8Ta-NZSP,, increased by
0.36% compared to NZSP, ,. The quantified lattice parameters
and slight volume expansion are summarized in Table 1.

The results from XPS analyses are depicted in Fig. 2(c), where
core-level transitions for Ta 4f;/, and 4f,,, were observed only for
the samples of 8Ta-NZSP, 4,7 confirming the presence of Ta>"
in the substituted samples. Additionally, a definitive shift in the
Zr 3d;,, and 3ds,, peaks to higher binding energies following the
substitution of Zr** with Ta>" is evident from Fig. 2(d). This shift
indicates a decrease in local electron density due to the higher
oxidation state of Ta.**®* The structural analyses confirm the
incorporation of Ta®>" into the NASICON framework; based on
charge-balance considerations, this substitution is expected to be
accommodated by the formation of Na-ion vacancies. This
increased Na vacancy leads to an anisotropic volume expansion,
with the primary change occurring along the c-axis in the unit cell
(Fig. 2 and Table 1), which will be discussed in Section 3.3.
Notably, the change in unit cell volume is minimal. This obser-
vation suggesting that the enhancement in bulk ionic conduc-
tivity in such pentavalent-substituted NASICON systems is likely
governed by other factors. One plausible origin is the presence of
a correlated migration mechanism present in the Ta-substituted
structure. A similar correlated migration mechanism has been
previously observed in NASICON solid electrolyte systems.">>%%53
Another possible origin is the altered grain size and micro-
structure following Ta-substitution, as grain boundary resistance
has been demonstrated to determine the ionic conductivity of
NASICONS. Below, we investigate these two hypotheses using
DFT calculations and electron microscopy measurements.

The cross-sectional morphology of the sample pellets was
analysed using Field Emission Scanning Electron Microscopy
(FESEM). FESEM micrographs of the NZSP,, samples are
shown in Fig. 3(a) and (b), while those of the 8Ta-NZSP,,
sample are presented in Fig. 3(c) and (d). The NZSP, , sample
shows loosely packed crystal domains with visible pores and
smaller grain sizes (mean size ~2.18 pm). In contrast, 8Ta-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Powder diffraction patterns obtained from XTa-NZSP, 4 (X% = 0, 4, 8, 12, 16) samples, (b) enlarged view of XRD from 27°-35°; X-ray

photoelectron spectra of (c) Ta 4f and (d) Zr 3d for NZSP, 4 and 8Ta-NZSP, 4.

NZSP, , displays a denser and more fused microstructure with
noticeably larger grain sizes (mean size ~3.9 pm). The grain size
distribution analysis for NZSP, , and 8Ta-NZSP, , microstruc-
tures is provided in Fig. S6. EDS analysis shows uniform
elemental distribution of Na, Zr, Ta, Si, P, and O in the 8Ta-
NZSP, 4 sample (Fig. 3(e) and S7(a), (b)). At higher Ta concen-
trations (12% and 16%), the density decreases due to morpho-
logical disorder from Ta-rich secondary phases at the grain
boundaries, as seen in the FIB-SEM image and EDS mapping of
the 16Ta-NZSP,, (Fig. 3(f)). The density variation of the
unsubstituted and Ta-substituted samples is provided in SI
Fig. S8. In addition, to further support the densification effect
induced by Ta substitution, FIB-SEM cross-sectional images of
the unsubstituted and 8Ta-NZSP, 4 are provided in Fig. 3(g) and
(h), which also indicate improved microstructural compactness
and improved density for dendrite suppression.

The denser and more fused microstructure observed in the
Ta-substituted NZSP, 4 likely contributes to a reduction in grain
boundary resistance and may play a crucial role in physically
blocking Na dendrites’””® penetration during electrochemical
cycling.®*#* This hypothesis was tested below by comparing the
CCD of NZSP, , and 8Ta-NZSP, , solid electrolytes.

3.2 Electrochemical properties of solid electrolyte

The Nyquist plots for NZSP, , and Ta-substituted NZSP, 4 at RT,
shown in Fig. 4(a), provide key insights into the electrochemical

behavior of these materials. These plots were fitted using an
electrochemical equivalent circuit (inset of Fig. 4(a)).*”*** The
detailed information on the equivalent circuit fitting is provided
in the SI (Fig. S9). Fig. 4(a) presents the EIS results of XTa-
NZSP, , samples with different Ta substitution percentages
(X%) (X = 0, 4, 8, 12, 16). We extracted the resistance within
crystal grains (R,) and across the grain boundary (Ry,) for
NZSP, , and its Ta-substituted analogue (Table 2). In NZSP, ,, an
R, = 63 Q and Ry, = 201 Q were obtained; Ry, and Ry, both
decreased in Ta-substituted samples. Lowest resistances were
obtained at 8% of Ta-substitution (8Ta-NZSP, ,), when Ry, = 40
Q and Ry, = 43 Q. Below and above this substitution percentage
Ry, and Ry, were both higher (Table 2). The total conductivities
as a function of X% are shown in Fig. 4(b). Consistent with the
Ry, and Rgy, analysis, 8Ta-NZSP, 4 shows maximized total ionic
conductivity; and this result is supported by the observed crystal
lattice expansion (Fig. 2(b)) and increase in grain size (Fig. 3)
following the 8% Ta substitution. At higher Ta% (X = 12-16%),
the decreased total Na® conductivity is consistent with the
formation of impurity phases beyond the solid solubility of Ta
and the decreased lattice volume (Fig. 2(a) and (b)). To test our
hypothesis that excess Ta segregates at grain boundaries at
higher substitution levels, FIB-SEM analysis was performed on
the 16% Ta-doped sample (Fig. 3(f)). EDS mapping shows that
Ta is primarily distributed within the grains, while excess Ta
segregates at the grain boundaries, accompanied by local Zr
depletion. Some Ta-rich regions were also observed between

Table 1 Structural parameters and volume of NZSP, 4 and 8Ta-NZSP, 4 in the rhombohedral phase

Unit cell parameters

Nominal composition a(d) b (A c(A) Volume (A%)
NZSP,_, (Naz 4Zr,Siz 4Py c012) 9.101 9.101 22.685 1627.292
8Ta-NZSP, , (Na 3,711 .6, Ta,05S15.4P0.6012) 9.092 9.092 22.796 1632.167

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 FESEM images of (a) and (b) pristine NZSP, 4, (c) and (d) 8Ta-NZSP, 4, and (e) the elemental distribution map of 8Ta-NZSP, 4, (f) FIB-SEM
image showing Ta-rich impurity segregation along the grain boundaries of 16Ta-NZSP, 4; Densification comparison showing FIB-SEM cross-

sectional images of (g) undoped NZSP, 4 and (h) 8Ta-NZSP, 4.

fused grains, likely formed during sintering. This grain-
boundary segregation and local chemical inhomogeneity are
expected to impede Na' transport, resulting in the increased
grain-boundary resistance (Rgp).

Collectively, the highest total ionic conductivity of Ta-
NZSP,, was observed in samples containing 8% of Ta-
substitution, where the ionic conductivity of the grain reached
8.84 + 0.19 mS cm ' and the total conductivity peaked at 4.26
mS cm . In comparison, pristine NZSP, 4 (Si/P ratio of 2.4 : 0.6)
exhibited a grain conductivity of 5.62 4+ 0.12 mS cm™ " and
a total conductivity of 1.34 mS cm ™. Notably, both materials
show substantially higher conductivity compared to their
parent structure Na;Zr,Si,PO;,, since a sub-optimal before a Si/

8248 | J Mater. Chem. A, 2026, 14, 8243-8256

P ratio delivers a much lower total ionic conductivity of 0.2
mS ecm ™~ '.>” The 8Ta-NZSP, , with optimized Si/P stoichiometry
composition shows a marked 21-fold enhancement in total
ionic conductivity to its parent structure without elemental
substitution. We note that the main contributor of the Na*
conductivity enhancement in Ta-substituted sample is the
improved grain-boundary transport in 8Ta-NZSP, ,. Combined
EIS and FIB-SEM analyses indicate that Ta substitution leads to
improvements in both grain-boundary and bulk (in-grain) Na*
transport. Ta substitution appears to exert multiple concurrent
effects on the microstructure and transport pathways, which
together reduce grain-boundary resistance and are expected to
reduce intergranular polarization.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Electrochemical properties of XTa-NZSP, 4 (X% = 0, 4, 8, 12,
16), (a) Nyquist plot at RT, (b) ionic conductivity variation with
composition, (c) temperature dependent ionic conductivity, and (d)
linear sweep voltammetry for NZSP, 4 and 8Ta-NZSP5 4.

The temperature-dependent ionic conductivity of solid
electrolyte was analyzed to obtain the activation energy for ionic
transport within the materials. Fig. 4(c) shows the variation of
ionic conductivities for NZSP, , and Ta-substituted NZSP, , with
1/T, demonstrating an Arrhenius-type behavior. The corre-
sponding activation energies (E,) for Na® transportation,
determined using the Arrhenius equation,*”*® were found to
be 0.30 eV in NZSP, 4, and reduced to 0.23 eV in 8Ta-NZSP, ,.

DC polarization analysis was performed to examine the
transference numbers (Fig. S10), and NZSP, 4, and 8Ta-NZSP, ,
both exhibit ionic transference numbers ~1, suggesting that
Na' is the dominating charge carrier responsible for the high
ionic conductivity. Fig. 4(d) shows the Linear sweep voltam-
metry (LSV) results obtained from Na|NZSP, ,|Na and Na|8Ta-
NZSP, 4|Na symmetric cells. Although NZSP, , remains stable
up to 5.2 V, which is wider than the 4.6 V electrochemical
stability window estimated for 8Ta-NZSP, ,, both systems are
capable of supporting the pairing with high voltage cathodes
which exhibit a redox potential of 4.2 V vs. Na/Na"® The
decreased activation energy and electrochemical window in
8Ta-NZSP, , were further interrogated through NEB calcula-
tions and density of states (DOS) analysis in Section 3.3.

For the use of 8Ta-NZSP, , in ASSSB, the CCD was examined
at RT with no external pressure applied. Fig. 5(a) shows the

View Article Online

Journal of Materials Chemistry A

cyclic electrochemical plating-stripping results of Na|NZSP, ,-
|[Na and Na|8Ta-NZSP, 4|Na symmetric cells. Both cells were
cycled at a constant current density of 0.2 mA cm™> (with an
areal plating/stripping capacity of 0.1 mAh cm ?). NZSP,,
symmetric cell fully soft-shorted® before 360 cycles, while the
8Ta-NZSP, , cell completed 1100 cycles without any shorting.
The NZSP, , cell shows a relatively higher overpotential (~35
mV) which increases drastically before fully soft-short. In
contrast, 8Ta-NZSP, , cell maintained an overpotential below
15 mV throughout cycling. The reduced overpotential in 8Ta-
NZSP, , is attributed to the potentially more intimate Na/8Ta-
NZSP, 4, contact due to the fused grains and increased grain size
(Fig. 3). In contrast, the coarse morphology of a NZSP, 4, pellet
likely result in voids at the interface, forming space-charge
layers during the plating-stripping experiment, which results
in the high overpotential and facilitate dendrite “break-
through”. The CCD of the two symmetric cells were determined
by examining the response of the cells to step-wise increases in
the applied current density during cyclic plating-stripping
(Fig. 5(b)). Here, the capacity of plating/stripping for each cycle
was kept constant of 0.4 mAh cm 2 The 8Ta-NZSP,, cell
showed a CCD of 1.3 mA cm ™%, which was substantially higher
than a CCD of 0.6 mA cm ™2 obtained from the NZSP, , cell.

The observed increase in CCD following Ta-substitution is
supported by the less porous morphology seen in the 8Ta-
NZSP, 4 pellet compared to NZSP, 4 pellet (Fig. 3(a), (b), (g) and
(h)). Presumably, reduced porosity decreases the possibility of
Na filament penetration through the voids. Aside from the
morphology, the relatively lower Na“ conductivity in NZSP, 4
likely results in electrically polarization interface to form
a space charge layer, which is evidenced by the high over-
potential observed in the NZSP, 4 cell. Collectively, 8Ta-NZSP, ,
lowers interfacial resistance, enables prolonged cycling without
soft-shorting, and presumably suppresses Na filament forma-
tion attributed to its reduced porosity and improved Na'
conductivity.

The comparison of cation substitution induced enhance-
ments in ionic conductivity and CCD is shown in Fig. 5(c).
Notably, this comparison does not include results from inter-
layer or grain boundary modifications, high-pressure/
temperature treatments, or other advanced techniques.
Detailed information is provided in SI Table S3.

3.3 DFT simulation

In the rhombohedral (R3c) phase of NZSP, the structure features
a three-dimensional network composed of ZrOg octahedra and

Table 2 In-grain (Rp) and grain boundary (Rgp) resistances, corresponding ionic conductivities (ay,, oqp), and activation energies (E,) of NZSP; 4
and Ta-substituted samples ({ =2.2-2.3 mm, d = 9 mm)

Composition Ry, (Q) Ry (Q) o, (mS em™) ogp (MS cm™) o¢ (mS em™) E, (eV)
Naj 4Zr5Si5 4Po.6012 63 201 5.62 4 0.12 1.75 + 0.04 1.34 + 0.06 0.30
Naj3 36ZT1.06T20.04S12 4P 6015 56 76 6.32 + 0.14 4.65 + 0.10 2.68 &+ 0.11 0.27
Nas 3,711 95T0.08512.4P0 6012 40 43 8.84 + 0.19 8.23 4+ 0.17 4.26 + 0.18 0.23
Naj »5711 55T0.12512.4P0 6012 55 59 6.43 + 0.13 5.99 4+ 0.12 3.10 + 0.13 0.26
Naj 54711 84T20.165i2.4P0.6012 85 155 4.16 + 0.09 2.28 + 0.05 1.47 £ 0.07 0.29

This journal is © The Royal Society of Chemistry 2026
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analysis of both symmetric cells (c) cation substitution induced enhancements in ionic conductivity and CCD compared with literature.

PO,/SiO, tetrahedra, as illustrated in Fig. 6(a). Within this
framework, Na“ migrate through interconnected channels,
following specific diffusion pathways. In particular, the Na1-
Na3-Na2-Na3-Nal and Nal-Na2-Nal pathways have recently
been considered the most plausible ones.?*?*2¢3%% We per-
formed DFT simulations aiming to address the Na* transport
mechanism in a NZSP, 4 unit cell (R3c¢) structure and investigate
the impact of tantalum pentavalent substitutions on the Na*
transport pathways.

Fig. 6(b) shows the single ion hopping mechanism within
a rhombohedral NZSP structure. This mechanism involves two
sequential steps: (initial state) the formation of a vacancy at the

'\: 7 Na2 vac (18e)

O na1-2/na3

( "‘. Nal vac (6b)

o Na2’-1/Na3

(b)

Step: i O

s 3 QO

18e site as a Na' hops to its neighboring site, (step i) the 18e site
vacancy filled by a Na* from the 6b site, and (step ii) the
migration of another Na* from the 18¢’ site to the vacant 6b site.
The typical NEB energy profile for Na' migration occurring via
this single-ion hopping mechanism in the NASICON framework
is also depicted.*>**

The correlated migration, as illustrated in Fig. 6(c), is also
referred to as occupancy-conserved hopping or concerted
migration. In this mechanism, multiple ions move simulta-
neously in a coordinated manner during the diffusion
process.'*?*%8 One step are involved, including (initial state)
a vacancy forming at the 18e site as a Na' begins to migrate to

|Sing|e ion hopping‘

.

Energy (eV)

s
2
Step:iiO o Fen §
: 5
step: iii{ ¢ ,E ]
18¢’ 6b 18e
(c) |Correlated migration ‘
Energy (eV)
CM,, CM,, __cnergy \ev),

Migration path

dyy di,

18¢’ 6b 18e

Fig. 6 (a) R3c rhombohedral crystal structure and the demonstration of Na* transport pathways, and diagrams illustrating mechanism and
energy profiles associated!**”4® with (b) Single ion migration, (c) correlated migration in a NASICON crystal structure.
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a next-neighboring site. Na* from 6b and 18¢’ moving simul-
taneously toward the 18e site to fill the vacancy. However,
despite their movement, the vacancy at 18e remains unfilled. As
a result, the Na* from 6b does not fully reach 18e but instead
occupies an intermediate position between 6b and 18e. We refer
this intermediate Na" metastable state as Nal-2 or Na3. The
existence of this Na3 site has been a subject of debate since it
was first reported.”>** Our NEB and ionic relaxation calcula-
tions, even without explicitly including a Na3 site, reveal that
once a vacancy forms at 18e, Na" from 18¢’ and 6b tend to
occupy intermediate positions, which we designate as inter-
mediate Na1-2 (mid Na between 6b and 18e) and intermediate
Na2’-1 (mid Na between 18¢’ and 6b). In (step i), these meta-
stable Na' ions residing in Na1-2 and Na2’-1 complete their
migration by overcoming a much lower energy barrier
compared to the single-ion-hopping mechanism, ultimately
occupying the 6b and 18e sites, respectively.

While examining NZSP, , and 8Ta-NZSP, 4, we extracted the
displacement of the intermediate Na" sites from the Nal and
Na2 main sites in both systems and used this parameter to
describe the degree of Na* migration. Using eqn (1) and (2), the
relative displacements (CM) of Nal-2 (d;-,) and Na2'-1 (dy_,)
from the 6b and 18¢’ sites were quantified based on the simu-
lation results. D;_, and D,_; represent the distance between 6b
and 18e, and between 18e’ and 6b respectively.

di_»
CM,_, = x 100 1
2= p (1)

_ dZ'—I
CM, , = x 100 (2)

2 -1

For the NZSP, , system, the observed values of CM;_, and
CM,/_; were 46.84% and 19.01%. In contrast, the Ta-substituted
NZSP, 4, system exhibited substantially higher CM;_, and CM,_4
values, measured at 51.33% and 49.89%, respectively. These
results indicate that Ta-substitution induced increased
displacement of Na' metastable sites, which, consequently
promoted correlated migration. This observed phenomenon is
likely resulting reduction in energy barrier for Na* transport.

Full structural optimization was performed using DFT to
assess the effect of Ta-substitution on the Na-ion bottleneck in
NZSP, , (i.e., the narrowest channel in the NZSP crystal struc-
ture for Na' transport). As shown in Fig. 7(a). The bottleneck
(Lpn) in the NZSP, 4, system can be characterized as the distance
between the centers of ZrOg octahedra and SiO,/PO, tetra-
hedra.*® Within this framework, the smallest cross-sectional
area is referred to as the areal bottleneck (Agy).*>**°° To main-
tain charge neutrality in the crystal structure, the Na* content is
expected to reduce proportionally with the increased Ta"
substitution at Zr'" sites. The structural optimization results
revealed that the introduction of a Na vacancy in the Ta-
substituted system led to the reordering of Na atoms and the
formation of intermediate (or mid) Na sites, as shown in
Fig. 7(b). These intermediate Na' sites increased electrostatic
repulsion between the Ta>" (top) and Zr** (bottom) atoms, this
repulsion noticeable increase in the lattice parameter c. As

This journal is © The Royal Society of Chemistry 2026
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a result, an anisotropic volume change was observed, with the
major contribution along the c-axis, leading to an increase in
unit cell volume in the Ta-substituted system compared to the
unsubstituted NZSP,, (Table 3). The anisotropic response
implies the formation of mid Na sites, enhanced correlated ion
migration, and a reduction in activation energy. Despite Ta>"
(0.64 A) being smaller than Zr** (0.72 A), the increase in volume
and enlargement of the bottleneck in the Ta-substituted NZSP, ,
(Lpn = 6.38 A; Ay = 6.27 AZ) over the unsubstituted system (Lgy
= 6.151 A; Ay = 5.52 A?) is attributed to these structural
changes, supporting the experimentally observed trend in Table
1.

The density of states (DOS) was calculated for NZSP, , and
Ta-substituted NZSP, 4, as shown in Fig. 7(c) and (d). In the Ta-
substituted system, delocalized d-orbital states appeared
(Fig. 7(d)), leading to a reduced bandgap of 3.41 eV compared to
3.77 eV in the pristine structure. This result supports the
slightly narrower electrochemical window observed in 8Ta-
NZSP, , compared to NZSP, , (Fig. 3(d)).

To evaluate the energy barrier in both systems, the NEB
method was employed. Fig. 8(a) and (b) illustrate the energy
barrier profiles for NZSP, , and Ta-substituted NZSP, ,. The NEB
calculations reveal that the NZSP,, system exhibits a lowest
energy barrier of 0.33 eV, while Ta-substitution significantly
reduces this barrier to 0.155 eV. As discussed above, both
systems exhibit correlated Na“ migration; however, the Ta-
substituted system demonstrates a higher degree of correlated
migration. Consequently, the intermediate Na' ions in the Ta-
substitute structure require lower energy to overcome the
energy barrier. Moreover, Ta-substitution slightly enlarges the
migration bottleneck, further facilitating ion movement. These
computational findings are consistent with experimental
results, which show nearly a threefold enhancement in ionic
conductivity and a corresponding decrease in activation energy
upon Ta-substitution (Fig. 4(b) and (c)). All the calculations di-
scussed above were primarily performed for the predominant
rhombohedral phase, although Ta can also substitute in the
monoclinic structure. The monoclinic phase represents a di-
storted form of the rhombohedral structure; nevertheless, the
vacancy-driven correlated migration mechanism described
above is also observed in the monoclinic phase (Fig. S11).
Detailed information on the monoclinic structure DFT calcu-
lations is provided in the SI (Fig. S12-S14).

3.4 Electrochemical performance of full cells

The electrochemical performance of Na|NZSP, 4|NazV,(PO,);
and Na|8Ta-NZSP, 4|Na;V,(PO,); was evaluated in coin cells
configurations at RT. Cyclic voltammetry was performed at
a sweep rate of 0.05 mV s '. The 8Ta-NZSP, 4 cells exhibited
a higher magnitude of redox peak current, indicating faster
electrochemical kinetics and a reduced overpotential compared
to the NZSP, , cell, as shown in Fig. 9(a). Redox peaks corre-
sponding to the V**/V** redox transition within the NASICON-
type framework of Na;V,(PO,); were observed between 3.0 and
3.5V, reflecting the typical voltage plateaus associated with the
reversible intercalation/deintercalation of Na'. Both cells show

J. Mater. Chem. A, 2026, 14, 8243-8256 | 8251
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and(d) Ta-substituted NZSP; 4.

Table 3 Unit cell parameters and volumes of NZSP,, and Ta-
substituted NZSP, 4 in the rhombohedral phase extracted from
simulated results

Composition a(A) b (A) c(A) Volume (A%)
NZSP, 4 9.2658 9.2710 22.6282 1683.5097
Ta-NZSP, 4 9.2246 9.2255 22.9191 1689.4559

a stable electrochemical window ranging from 2 to 4.2 V, with
no noticeable decomposition peaks observed. Electrochemical
impedance spectroscopy shown in Fig. 9(b) further demon-
strated that the interfacial resistance of the 8Ta-NZSP, , cell
(~210 Q) was substantially lower than that of the NZSP, , cell
(~1550 Q), suggesting a significantly improved electrode-

(a) ¢.35]
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2
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Fig. 8 NEB profiles for (a) NZSP, 4 and (b) Ta-substituted NZSP; 4.
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electrolyte interface due to Ta-substitution in the solid electro-
Iyte. Long-term cycling stability was tested by cycling the
Na|NZSP, 4|Na;V,(PO,); and Na|8Ta-NZSP, 4|Na;V,(PO,); cells
at 0.3C for 100 cycles. As illustrated in Fig. 9(c) and (d), the
initial overpotential of the NZSP, , cell was 148 mV, compared
to 72 mV for the 8Ta-NZSP, 4 cell. After 100 cycles, the over-
potential increased to 250 mV in the NZSP, , cell and only 82 mV
in the 8Ta-NZSP, , cell.

The rate performance was assessed by initially cycling both
cells at a formation rate of 0.1C, followed by subsequent cycling
at 0.2C, 0.3C, 0.5C, and 1C as shown in Fig. 9(e). The 8Ta-
NZSP, , cell achieved a maximum specific capacity of 110 mAh
gf1 at 0.1C, surpassing the NZSP, , cell, which delivered 90 mAh
g '. At all tested C-rates, the 8Ta-NZSP,, cell exhibited
enhanced performance, attributed to its enhanced ionic

(b) .35 Ta-NZSP,,
0.30 ]
0.25 1
0.20 1
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-0.05

Energy (eV)
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Fig.9 Electrochemical performance of the NVP|NZSP, 4|Na, and NVP|8Ta-NZSP, 4|Na cells: (a) cyclic voltammetry scans 2 to 4.2 V obtained at
0.05 mV s~ (b) electrochemical impedance spectroscopy of full cells; charging—discharging profile for 1st and 100th cycle for (c) NZSP, 4 and
(d) 8Ta-NZSP, 4 cells; (e) C-rate performance (0.1C, 0.2C, 0.3C, 0.5C) of the cells; (f) cycling performance.

conductivity and improved rate capability. The full-cell perfor-
mance reveals that the NZSP, , cell retains 67.1% of its initial
capacity after 100 cycles (45 mAh g~ "). In contrast, the 8Ta-
NZSP, 4 cell exhibits enhanced cyclability, maintaining 89.5%
capacity retention after 100 cycles (85.5 mAh g~"), along with
improved stability and reduced overpotential, as shown in
Fig. 9(f). Both cells exhibited a coulombic efficiency of 100%,
indicating highly reversible electrochemical reactions with
minimal capacity loss during cycling. These findings under-
score the role of Ta-substitution in enhancing the electro-
chemical performance and stability of the solid-state electrolyte
in ASSSB.

4. Conclusions

In this study, we investigated the pentavalent Ta-substitution in
optimized NZSP,, and showed that 8Ta-NZSP,, exhibits
a marked enhancement in the sodium-ion transport properties
compared to its parent structure. XRD patterns reveal a slight
lattice expansion, and SEM analysis shows enlarged, fused
grains in 8Ta-NZSP,,, indicating improved microstructural
cohesion. 8Ta-NZSP, , delivers a total ionic conductivity of 4.26

This journal is © The Royal Society of Chemistry 2026

mS ecm ' and a bulk conductivity of 8.84 mS cm ' at RT, and
a low activation energy of 0.23 eV. Although the electrochemical
window narrowed slightly upon Ta-substitution, it remained
well above 4.2 V, ensuring compatibility with high-voltage
sodium cathodes. Theoretical calculations conducted in this
work also support the experimental findings and provided
additional insights into the Na* transport mechanism. Despite
a smaller ionic radius of Ta®* (0.64 A) compared to Zr** (0.72 A),
a crystal lattice expansion was observed in the optimized 8Ta-
NZSP, , structure. We note that the enhanced ionic conductivity
originates from the formation of Na" vacancies, promoted
correlated ion migration, and the emergence of intermediate Na
sites; all three factors contributed to the reduced the energy
barrier for Na" transport. Electrochemical characterizations
underscore the practical advantages: Na|8Ta-NZSP, 4Na
symmetric cells exhibited stable cycling for 1100 cycles at 0.2
mA cm > with low overpotential (<15 mV) and no shorting,
owing to the denser grain structure. In contrast, NZSP, , failed
within 360 cycles. The critical current density was enhanced
from 0.6 to 1.3 mA cm™2, and full cells using Na|8Ta-NZSP, 4
[Na,V,(PO,); retained a capacity of 85.5 mAh g~ * (89.5% of their
initial capacity) after 100 cycles at 0.3C, under ambient
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conditions without external pressure or thermal assistance.
Collectively, these results highlight the effect of Ta>" substitu-
tion in tailoring the ionic conductivity, morphology, and
electrochemical performances of NASICON electrolytes for the
application of ASSSB. This finding paves the way of the
discovering other super-valent substitutions, such as V>*, Nb>*,
W®, and Mo®", which may enhance the performance of NASI-
CON by similar mechanisms.
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