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NaSICON-type Nay xZr.SixPz 4O, (0 = x = 3, NZSP) were synthesized via a solution-assisted solid-state
reaction method, and the effect of NazLaP,Og (NLP) addition on their microstructure, mechanical
properties, and electrical performance was systematically investigated. NLP incorporation refined the

grain structure, yielding a more uniform grain size distribution, reduced porosity, and suppressed

microcrack formation, which collectively enhanced densification and mechanical performance. The
optimized composition (2.5 mol% NLP) exhibited substantial increases in elastic modulus, hardness and
fracture toughness compared to original NZSP. However, excessive NLP addition hindered ionic
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transport due to the insulating nature of NLP, revealing a trade-off between mechanical robustness and

ionic conductivity. This work establishes a quantitative correlation between the mechanical and electrical
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1. Introduction

Secondary batteries, serving as a pivotal technology for clean
energy, enable efficient storage and release of electrical energy.
Their widespread application across various sectors plays a vital
role in advancing carbon neutrality objectives. Although
lithium-ion batteries (LIBs) dominate the markets of portable
electronics and electric vehicles due to their high energy density
and low self-discharge rate, the limited availability and esca-
lating costs of lithium constrain their further development. In
contrast, sodium-ion Dbatteries (SIBs), possessing electro-
chemical properties similar to LIBs along with advantages such
as resource abundance and stable cost development, have
emerged as a promising alternative.*

Conventional liquid electrolytes suffer from challenges such
as high flammability, poor thermal stability, and undesirable
side reactions. In response, all-solid-state batteries (ASSBs),
which employ solid-electrolytes (SEs), have attracted significant
interest due to their ability to mitigate these issues while their
excellent mechanical properties, effectively suppressing detri-
mental Li-dendrite growth, making them strong candidates for
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properties of NLP-modified NZSP and provides a design strategy for mechanically reinforced, high-
performance solid-electrolytes for all-solid-state sodium batteries.

next-generation clean energy storage.>* Among various SEs,
NaSICON (sodium superionic conductor)-type inorganic oxide
ceramics stand out as leading candidates for use in solid-state
SIBs, owing to their exceptional chemical and electrochemical
stability. NaSICON-structured Naj,Zr,Si,P; O, (0 =< x = 3,
NZSP) SEs exhibit remarkable ionic conductivity (10™* to
10 S ecm ™" at room temperature (RT)**) and demonstrate good
electrochemical compatibility with sodium metal anodes.® For
instance, Ma et al. synthesized Naj ,Zr,Si, 4Py 01, vVia a solu-
tion-assisted solid-state reaction, achieving a high total ionic
conductivity of 5 x 107> S em ' at 25 °C and furthermore
demonstrated good cycling performance in symmetric battery
cells at RT.”

Current research on SEs primarily emphasizes electro-
chemical properties, including ionic conductivity,® cycling
stability,” and interfacial ion transport.’® However, the number
of investigations of their mechanical properties is still limited,
despite their critical importance for practical applications.
Dendritic formation and growth in metal-based batteries,
a prevalent issue, lead to internal short circuits and hence
failure of the cell.*** Studies have demonstrated that the
mechanical properties of SEs are crucial in suppressing
dendrite propagation.'>** High fracture toughness avoids crack
propagation,**** thereby enhancing battery stability and cycle
life.*® Additionally, appropriate flexibility and mechanical
strength facilitate electrolyte processing into thin films,
reducing internal resistance and improving energy density."”
Despite its significance, characterization of the mechanical
properties of NaSICON-type SEs is available only for specific
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compositions. Nonemacher et al. systematically characterized
the fracture toughness, hardness and modulus of NZSP and Al/
Y-substituted NZSP.*® Gross et al. highlighted that insufficient
sodium content leads to increased bloating, glassy phase
formation, and the development of secondary phases, the latter
of which can induce microcracks within the NaSICON mate-
rial.* Hitesh et al. investigated the mechanical behavior of
NZSP sintered and annealed at different temperatures using
spark plasma sintering, revealing that samples annealed at
1100 °C for 20 hours exhibited improved hardness (from 5.4 to
6.7 GPa) and fracture toughness (from ~2.3 to 2.6 MPa m°?).2

The ionic conductivity of polycrystalline ceramics is gov-
erned by both bulk and grain boundary contributions, with
overall conductivity predominantly dictated by grain boundary
resistance. Theoretical calculations indicate that the energy
required to mechanically separate grain boundaries can be
significantly lower than that of the bulk material,** emphasizing
the importance to improve the mechanical strength of grain
boundaries. Thus, optimizing grain boundary properties
appears also to be one of the keys to enhance total ionic
conductivity. Zhang et al. demonstrated that introducing La**
into NZSP generates self-formed La-containing phosphate
phases that enhance densification and markedly improve both
bulk and grain-boundary ionic conductivities, while ionic-
liquid interfacial engineering further boosts full-cell perfor-
mance.”* More recently, direct addition of NLP into NZSP was
shown to reduce grain-boundary resistance and achieve a high
ionic conductivity of 7.1 x 1072 S em ™! at 25 °C, together with
improved electrochemical stability and dendrite tolerance.”
Although these studies clearly confirm the electrochemical
advantages of NLP and report the associated microstructural
changes, they do not include mechanical characterization;
consequently, the mechanical implications of NLP incorpora-
tion—and their relevance to grain-boundary-related ionic
transport—remain unaddressed.

Building on this context, the present work systematically
investigates the influence of NLP content on the mechanical
properties of Naz,Zr,Si, 4Py 601, (elastic modulus, hardness,
and fracture toughness), with fracture toughness quantified via
micro-pillar splitting and benchmarked against Vickers inden-
tation. Microstructural analysis identifies NLP-induced
strengthening effects, including grain refinement and reduced
microcracking, and establishes how these features correlate
with ionic conduction behavior. This study provides the first
experimental assessment of the mechanical properties associ-
ated with NLP incorporation in NZSP and clarifies how
mechanical stability interacts with grain-boundary ionic trans-
port, offering guidance for the design and optimization of
NaSICON-type solid electrolytes.
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2. Experimental details
2.1 Materials

The compositions and sintering parameters of the investigated
materials are listed in Table 1. All samples were synthesized in
the same batch under identical processing conditions. NZSP
and NZSP with NLP powders were prepared by the solution-
assisted solid-state reaction method. This method enables
better control of particle morphology and grain size, facilitating
an optimized sintered microstructure for NaSICON-type mate-
rials.”** La(NO3);-6H,O (Sigma-Aldrich, 99%), NaNO; (VWR
International, 99%), NH,H,PO, (Merck KGaA, 99%), Si(OCH,-
CH3), (Merck KGaA, 99%), and ZrO(NOj3), (Sigma-Aldrich, 99%)
were used as starting materials. All the chemicals used in this
work were of analytical grade. Stoichiometric amounts of
NaNOj; and ZrO(NOj), were first dissolved in deionized water to
form a clear solution. Under continuous stirring, tetraethyl
orthosilicate [Si(OCH,CHj;),] was gradually introduced. After
the hydrolysis of the silicon precursor, the calculated quantity
of NH,H,PO, was subsequently added while maintaining
agitation. The resulting uniform aqueous mixture rapidly
evolved into zirconium oxyphosphate complexes. The obtained
precursor solution was then dried at 85 °C to yield a solid
powder. This powder was subsequently calcined at 800 °C for
3 h to obtain a white powder. Following calcination, the mate-
rial underwent ball milling in 96% ethanol using zirconia balls
for a period of 48 h. After the milling process, the powder was
dried at 70 °C for 12 h, yielding the NZSP precursor powder. The
synthesis of NLP-modified NZSP followed an identical proce-
dure, except that additional stoichiometric amounts of NaNO3,
La(NOj3);-6H,0, and NH,H,PO, were introduced into the initial
NZSP precursor solution. The resulting powders were subse-
quently subjected to an additional ball-milling step in absolute
ethanol to ensure compositional homogeneity.

The powders were loaded into a cylindrical model with
a diameter of 13 mm and compacted by uniaxial pressing at RT
under a pressure of 113 MPa. After sintering, pellets with
a thickness of about 1 mm were obtained. The mechanical
properties were evaluated by multiple measurements taken at
different locations on a single representative pellet, a standard
approach that averages out local variations. Electrochemical
impedance was measured on three separately sintered pellets to
capture batch-to-batch differences and ensure reproducible
ionic conductivity.

2.2 Impedance spectroscopy

For conductivity measurements, gold electrodes were deposited
onto pellets by a sputter coater (Ted Pella Inc., Cressington 108

Table 1 The compositions and sintering parameters of the investigated materials

Material Label Sintering temperature Duration
Najg 4Zr,Sis 4P 6015 Original NZSP 1260 °C 5h
Nay 4Z1,Si; 4P0.O1 + 1 mol% NazLaP,04 NZSP-1NLP 1260 °C 5h
Nay 4Z1,Si5 4P 015 + 2.5 mol% Na,LaP,0q NZSP-2.5NLP 1260 °C 5h
Naj 471,81, 4Po 601z + 5 Mol% NasLaP,0y NZSP-5NLP 1260 °C 5h
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Auto) for Au|NZSP (-NLP)|Au symmetric cells. Electrochemical
impedance spectroscopy measurements were conducted using two
commercial analyzers, namely a Keysight E4991B and a Novocon-
trol Alpha-A. The impedance spectra were collected over frequency
ranges of 3 GHz-1 MHz and 3 MHz-1 Hz, respectively, using an
alternating current (AC) perturbation amplitude of 20 mV at RT.
The acquired impedance data were analyzed and fitted with Z-view
software (Scribner Associates Inc.), and the ionic conductivity was
determined from the pellet geometry.

2.3 Characterization

Before performing mechanical and microstructural character-
ization, the cross-section of each respective sample was polished.
For this, the sample was embedded in epoxy resin and then
ground sequentially using SiC sandpapers with grit sizes ranging
from 80 to 2500 and water-free lubricant. The ground cross
section was further refined by stepwise polishing using water-free
diamond suspensions with decreasing particle sizes from 3 um to
0.5 um. Since NZSP is moisture-sensitive, the use of a water-free
grinding and polishing mitigates possible influences of moisture
on the mechanical properties of the samples.

X-ray diffraction (XRD) patterns were recorded with an
EMPYREAN diffractometer (PANalytical, Kassel, Germany) with
Cu-Ko radiation (time per step = 0.5 s, step size = 0.0131°) for
the qualitative phase analysis of the samples. Quantitative
phase analysis and lattice parameter determination were per-
formed using Rietveld refinement (software: TOPAS v.6, Bruker
AXS). The necessary crystal structure files were taken from the
Inorganic Crystal Structure Database (ICSD). To enhance the
accuracy of the analysis, each sample was ground into a fine
powder before conducting the XRD measurements.

Field emission scanning electron microscopy (FE-SEM,
MERLIN™,  Carl Zeiss Microscopy, Oberkochen, Germany)
was employed to capture scanning electron microscopy (SEM)
images. The sample surface was deposited by iridium before
SEM characterization to enhance surface conductivity with an
accelerating current of 10 mA for 25 s. Phase elemental
composition was analyzed using energy-dispersive X-ray spec-
troscopy (EDX) with an X-Max Extreme detector (Oxford
Instruments, High Wycombe, UK). Porosities were estimated by
analyzing SEM images using the Image]J software.*

Thermal etching was used to reveal the sample's grain size
distribution. The polished sample was heated to 1100 °C in
a furnace, held for 1 h, and cooled to RT within the furnace.
SEM analysis was then performed to characterize the grain size.

2.4 Mechanical methods

The elastic modulus E and hardness H of the samples were
determined by micro-indentation. These measurements were
performed using a FISCHERSCOPE® HC 100 instrument
equipped with a Vickers diamond tip (Helmut Fischer GmbH,
Sindelfingen, Germany). An “enhanced stiffness procedure”
method based on cyclic indentation was employed for the
measurements. For each measurement a number of 8 loading
and unloading cycles were performed whereby the maximum
load was increased by 50% with each cycle up to a maximum

This journal is © The Royal Society of Chemistry 2026
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target load of 1000 mN. A representative load-displacement
curve is shown in Fig. S1 in the SI. The E and H values were
determined in accordance with DIN ISO 14577-1:2015 (ref. 26)
using the unloading slope of the load-displacement curves,
assuming a Poisson's ratio of 0.27." A minimum of 20 inden-
tations were performed on each specimen, with a lateral
spacing of 50 pm between adjacent indents.

The conventional Vickers indentation fracture (VIF) method
was employed to evaluate the fracture toughness of the samples
using a Vickers hardness tester MV-IS (Buehler Ltd, Lake Bluff,
USA). Indentations were performed under three different loads
(0.5 N, 1 N, and 2 N) in order to induce cracks. For each load at
least 10 indentations were performed. The residual indentation
imprints were subsequently captured, and crack lengths were
quantified using a laser confocal microscope (LEXT OLS6000,
Olympus, Hamburg, Germany). Owing to the ratio between the
crack length (/) and half diagonal of the indent (a) falling within
the range of 0.25 = l/a = 2.5, the Palmqvist crack model was
adopted for the evaluation of fracture toughness.”””® The Kic
was determined according to the following equation:*

P

Kic = 0.0515 5 (1)

where, P is the applied load, C is the sum of the crack length and
the half diagonal.

Besides the VIF tests, fracture toughness was further evalu-
ated using the micro-pillar splitting technique. Plasma focused
ion beam scanning electron microscope (PFIB-SEM, Helios 5,
Thermo Fisher Scientific, US) was used to fabricate micro-
pillars. Hereby a two-step process was applied, where first
rough pillars with a slightly larger diameter were milled with an
ion beam accelerating voltage of 30 kV and a beam current of 1
nA, subsequently the pillars where polished to the target
diameter and height (5 pm) using a beam current of 0.1 nA. This
specific diameter to height aspect ratio of 1:1 was selected to
minimize the influence of potential residual stresses.*

An in situ nanoindenter (FT-NMT04, FemtoTools AG, a Swiss-
based company acquired by Oxford Instruments, UK) equipped
with a Berkovich tip was used for splitting the pillars. Load-
displacement data were collected and analyzed to extract the
critical load. The fracture toughness was calculated using the
following equation:*

P,
= @)

Kic =7 x
where, P. represents the critical load for pillar splitting, R
denotes the pillar radius, and v is a dimensionless coefficient
that accounts for the material's elastic-plastic properties, crack
propagation behavior, and the geometry of the indenter. The
coefficient vy can be determined based on the following
relationship:**-*

v = 0.0149 (g) +0.057 3)

To ensure consistency with the critical load used in the
micro-pillar splitting method, the E and H were determined at

J. Mater. Chem. A
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the corresponding load. A 5 x 5 array of nanoindentations was
performed near the micro-pillars by a nano indenter (G200X,
KLA Instruments, Milpitas, CA, USA) equipped with a diamond
Berkovich tip) to obtain accurate measurements of £ and H
required for fracture toughness calculations. Continuous Stiff-
ness Measurement (CSM) mode was employed, which applies
a small high-frequency oscillatory load superimposed on the
primary load to continuously measure changes in hardness and
elastic modulus as a function of indentation depth.

3. Results

3.1 Ionic conductivity

Impedance spectra of the original and modified NZSP (where
NZSP-INLP, NZSP-2.5NLP and NZSP-5NLP are collectively
referred to as modified NZSP), measured at RT, are shown in
Fig. 1. This study combines the frequency ranges of both
impedance analyzers. The reason of applying a special high
frequency system is the very small time constant (t) of the bulk
response of NZSP-NLP materials corresponding to very high
frequencies. At RT, the impedance spectra often display only
a single, or in some cases partial, semicircular feature associ-
ated with the grain-boundary contribution, which can be
attributed to the restricted upper frequency limit (up to several
MHz) of conventional impedance spectroscopy equipment with
normal frequency range (NF). It is therefore challenging to
precisely distinguish between the contributions from bulk and
grain-boundary. To make up for this deficiency, a high
frequency (HF) impedance spectroscopy system with frequency
limit up to 3 GHz was applied. As shown in Fig. 1, two complete
semicircles are clearly exhibited, guaranteeing the clarity in
distinguishing the bulk (HF semi-circle) from the grain-
boundary contribution (NF semi-circle). The results of original
NZSP and NZSP-2.5NLP were taken from previously published
reports ref. 7 and 23, respectively. Additional electrochemical
results are provided in the SI (Fig. S2-S5).

Table 2 summarizes the resistances and ionic conductivities
of original and modified NZSP derived from equivalent-circuit

400
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o © —m». >—
[ ]
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[ ]
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E )
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ee 2 e NZSP-2.5NLP NF
NZSP-5NLP HF
e NZSP-5NLP NF
0 , 1 1 1
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Fig. 1 Impedance spectra of original and modified NZSP with fitted
equivalent circuits. The grain-boundary semicircle is smaller in NZSP-
2.5NLP, indicating reduced grain-boundary resistance.
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Table 2 Resistances and ionic conductivities of the original and
modified NZSP at RT

Original NZSP NZSP-INLP NZSP-2.5NLP NZSP-5NLP

Rpuik (R cm) 67 86 78 88

Rgp (Q cm) 125 68 62 112

Reoal (@ cm) 192 154 140 200

Opuik (Sem™) 1.5 x 1072 1.2 x 1072 1.3 x 1072 1.1 x 1072
Grotal (Sem™) 5.2 x 1077 6.4x10° 71x10° 50x10°

fitting. The bulk resistances are similar, whereas the grain-
boundary resistance first decreases with NLP addition and
then increases at higher contents. This trend suggests that
a moderate amount of NLP alleviates grain-boundary blocking
and facilitates Na' transport. Notably, NZSP-2.5NLP reveals
a high total conductivity of 7.1 x 107> S em ™", surpassing that
of reported polycrystalline oxide SEs.* Zhang et al. attempted La
substitution for Zr in NZSP, but La did not incorporate into the
lattice and an NLP phase formed. The highest o achieved
was 3.4 mS cm ™' at RT, much lower than that of the present
work.”?

3.2 Phase composition

As shown in Fig. 2, the major crystalline phase in original NZSP
and modified NZSP has NaSICON structure. ZrO, is observed in
all samples, which is a common secondary phase in NaSICON
SEs.®

Rietveld refinement was employed to determine the crystal-
lographic characteristics, and the fitting results are shown in
Fig. S6 and Table 3. In this study, the original NZSP exhibited
a monoclinic phase. In the modified samples, severe overlap of
Bragg reflections arising from coexisting NaSICON-type phases
with similar lattice parameters prevents reliable differentiation
between monoclinic and rhombohedral symmetry. As the

¢ NazLalPOyg)2 vZrO3
NZSP+5%NLP
-~
=
S NZSP+2.5%NLP
A \%
,‘E’ . ®
)
g
- NZSP+1%NLP
= A J Ve v /le
Original NZSP
| v v
10 20 30 40 50 60 70
20 (degree)

Fig.2 XRD patterns of original and modified NZSP. All samples exhibit
the NaSICON primary phase and the ZrO, secondary phase. With NLP
addition, it emerged as an additional secondary phase, whose peak
intensities increased with its content.

This journal is © The Royal Society of Chemistry 2026
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Table 3 Rietveld analysis results. The 8 angle is applicable only to monoclinic phases and is therefore marked as "not applicable (NA)" for

rhombohedral and orthorhombic structures

Sample Phase Space group wt% a [A] b [A] c[A] B [°]
Original NZSP Nag 4Z1,Si5 4P cO12 c2/c 99.7 15.742 9.100 9.193 124.33
710, P2,/c 0.3 5.144 5.210 5.311 99.22
NZSP-1NLP Nag 4Z1,Sis 4P cO12 R3¢ 98.7 9.095 9.095 22.928 NA
710, P2,/c 0.6 5.144 5.210 5.311 99.22
NazLa(PO,), Pca2, 0.7 14.160 5.360 18.714 NA
NZSP-2.5NLP Naj 4Zr,Si, 4P 6012 R3¢ 97.9 9.096 9.096 22.927 NA
ZrO, P24/c 0.5 5.144 5.210 5.311 99.22
Na,La(PO,), Pca2, 1.6 14.160 5.360 18.714 NA
NZSP-5NLP Nag 4Z1,Si 4Po ¢O12 R3¢ 97 9.076 9.076 22.785 NA
ZrO, P2,/c 0.3 5.144 5.210 5.311 99.22
NazLa(PO,), Pca2, 2.7 14.160 5.360 18.714 NA

monoclinic model did not significantly improve the refinement
quality and introduces additional lattice parameters, the
rhombohedral structure was adopted as a simplified and stable
refinement model (see detailed discussion under Fig. S6). After
elucidating the crystal structure, the lattice parameters were
determined, and the phase fractions were quantitatively
analyzed. Rietveld refinement indicates the presence of a small
amount of monoclinic ZrO, (0.3-0.6 wt%) in all samples,
without a clear systematic dependence on NLP content.

3.3 Microstructure

In Fig. 3 the polished cross-sections of original NZSP and the
modified NZSP are shown as SEM micrographs at low magni-
fication. In all samples voids can be observed in an irregular
shape, predominantly located at the junctions between grains.
Compared to the original NZSP sample shown in Fig. 3(a), the
number and size of voids in the NZSP-2.5NLP and NZSP-5NLP
samples, as illustrated in Fig. 3(c and d), are significantly
reduced. Porosity analysis conducted using Image] software
reveals that the porosity values for the original NZSP, NZSP-
1NLP, NZSP-2.5NLP, and NZSP-5NLP are 7.1%, 4.2%, 2.5%,
and 1.1%, respectively.

Fig. 3 Porosity of (a) original NZSP; (b) NZSP-1INLP; (c) NZSP-2.5NLP
and (d) NZSP-5NLP. With the increase of NLP content, the porosity of
NZSP gradually decreases.

This journal is © The Royal Society of Chemistry 2026

In Fig. 4 the polished cross-section of the original and
modified NZSP samples are shown as high-magnification SEM
micrographs. The corresponding larger-scale images in Fig. S7
reveals the presence of ZrO, in each sample. Notably, a signifi-
cant number of cracks is evident in the original NZSP and NZSP-
1NLP; however, as the NLP content increases, these cracks are
progressively reduced and eventually eliminated, as shown in
Fig. 4(c and d). In the modified NZSP, the NLP occurs as allo-
triomorphs concentrated along grain boundaries. EDX line-
scanning in Fig. S8 reveals a pronounced peak-type La
concentration at the interface, forming a continuous and stable
enrichment zone.

Thermal etching was used to reveal the grain-boundaries
and thus enable the measurements of the grain sizes of orig-
inal NZSP and modified NZSP (see corresponding SEM micro-
graphs and grain size distributions obtained by Image analysis
in Fig. 5). The original NZSP shows a wide grain size distribu-
tion, with large grains (~3-6 pm) and small grains (<1.5 um)
randomly distributed. A similar pattern is observed in NZSP-
INLP. In contrast, NZSP-2.5NLP and NZSP-5NLP exhibit
a more uniform grain distribution, with the majority of grains
concentrated in the 1-3 pm range.

3.4 Mechanical characterization

3.4.1 Elastic modulus E and hardness H. The results of
elastic modulus and hardness are presented in Fig. 6 and Table
4. The original NZSP exhibits the lowest elastic modulus 69.4 +
7.2 GPa, while NZSP-2.5NLP and NZSP-5NLP show significantly
higher values of 79.9 + 4.3 GPa and 80.2 + 1.2 GPa, respectively.
Notably, the elastic modulus of NZSP-5NLP remains stable with
increasing displacement depth, whereas other electrolyte
materials exhibit a decreasing trend. This phenomenon may be
attributed to porosity. In general, as the applied load
(displacement) increases, the effective deformation area of the
indentation expands. Pores in this area are prone to deforma-
tion or collapse under load, leading to a reduction in the elastic
modulus with increasing displacement depth. In contrast, the
exceptionally low porosity of NZSP-5NLP minimizes this effect,
allowing its elastic modulus to remain nearly unchanged. In
addition, the hardness values measured at 400 mN and 1000
mN agree within experimental uncertainty for all samples,

J. Mater. Chem. A
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Fig. 4 Backscattered electron SEM images of (a) original NZSP; (b) NZSP-1NLP; (c) NZSP-2.5NLP; (d) NZSP-5NLP and (e) EDS mapping of
secondary phase. Significantly reduced microcracks can be found in NZSP-2.5NLP and NZSP-5NLP. The secondary phase is enriched in La, P,
and Na at the interface, while Si and Zr show weak signals, confirming-together with XRD-that this phase is the NLP.

0.8
—=— Original NZSP
—o— NZSP-1INLP
0.6+ —=+—NZSP-2.5NLP

—v— NZSP-5NLP

Area fraction

1 10
Grain size (um)

Fig.5 SEM images after thermal etching: (a) original NZSP; (b) NZSP-1NLP; (c) NZSP-2.5NLP, (d) NZSP-5NLP and (e) grain size distributions. With
the increase of NLP content, the grain size decreases and the distribution becomes more uniform.

suggesting that indentation size effects are not significant
within the investigated load range.

3.4.2 Fracture toughness

3.4.2.1 VIF method. Fracture toughness is a key metric for
evaluating the resistance of solid electrolyte to crack propaga-
tion, crucial for assessing the mechanical stability of solid-state
batteries. As illustrated in Fig. 7, the fracture toughness values
determined using the VIF approach under loads of 0.5, 1, and
2 N remain within the same range of 0.6-0.9 MPa m®°. The
differences among the loads fall within the experimental scatter
indicated by the error bars, and no statistically significant
dependence of the fracture toughness on load is observed. The
original NZSP value at 0.5 N was excluded due to extensive

J. Mater. Chem. A

crushing around the indentation, making crack length
measurement impossible, as shown in Fig. S9 of the SI.
Typical indentation imprints under the load of 1 N are
shown in Fig. 8. The ratio of crack lengths to half-diagonals (//a)
for all samples ranges from 0.9 to 1.8, which complies with the
Palmgqyist crack system requirement of 0.25 = [/a = 2.5. The
original NZSP and NZSP-1NLP exhibited multiple fine cracks at
the indentation tips, propagating along the grain boundaries,
indicating an intergranular fracture mode. In contrast, NZSP-
2.5NLP and NZSP-5NLP exhibited distinct cracks with
tortuous paths emanating from the indentation tips, suggesting
a mixed fracture mode involving both transgranular and inter-
granular fracture. As shown in the inset of Fig. 8(c), the cracks in
NZSP-2.5NLP exhibited slight deflection upon encountering

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Elastic modulus of original NZSP and modified NZSP. NZSP-
2.5NLP and NZSP-5NLP exhibit higher elastic modulus.

Table 4 The hardness of original NZSP and modified NZSP under
different loads

Hardness Hardness
Sample (400 mN)/(GPa) (1000 mN)/(GPa)
Original NZSP 49+ 1.2 4.6 + 1.0
NZSP-1NLP 6.7 + 0.3 6.2 + 0.3
NZSP-2.5NLP 8.1+ 1.0 7.5+ 0.6
NZSP-5NLP 7.9 + 0.2 7.6 £ 0.2
1.4
—#— QOriginal-NZSP
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Fig. 7 Fracture toughness of original NZSP and modified NZSP. The
fracture toughness of NZSP-2.5NLP and NZSP-5NLP is relatively
higher.

ZrO,, particles, attributed to the high modulus of ZrO,, which
exceeds 200 GPa.*

Under a load of 0.5 N, the fracture toughness of NZSP-2.5NLP
is slightly lower than those under other load conditions, likely
due to measurement errors in crack length. As shown in Fig. S9,
the cracks at 0.5 N are short and curved, with a complex
nonlinear morphology increasing measurement uncertainty.

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Backscattered electron SEM imprint images after application
a force of 1 N: (a) original NZSP; (b) NZSP-1NLP; (c) NZSP-2.5NLP and
(d) NZSP-5NLP. Both transgranular and intergranular fractures occur in
NZSP-2.5NLP and NZSP-5NLP.

3.4.2.2 Micro-pillar splitting method. The original NZSP and
the ionically superior NZSP-2.5NLP were utilized to investigate
fracture toughness by the micro-pillar splitting method for
comparison with the results of the VIF method. Fig. 9 displays
the FIB-milled micro-pillars, the SEM images after indentation
splitting, and the typical load-displacement curves obtained
during testing. When selecting the locations for the micro-
pillars, areas with high porosity were deliberately avoided to
minimize the influence of pores on the pillars. However, as
mentioned above, the original NZSP exhibited a higher porosity,
and as depicted in Fig. 9(a), the milling positions inevitably
included porous regions, albeit ensuring that the surfaces of the
micro-pillars were free from obvious pores. According to
Fig. 5(e), most grains are =5 um, and the 5 pm micropillars
interacted with multiple grains rather than a single grain. Each
pillar is estimated to involve several grains (~4-8 in original
NZSP and ~6-10 in NZSP-2.5NLP), indicating that crack prop-
agation occurs across multiple grain boundaries and represents
an effective polycrystalline response. Therefore, the measured
fracture toughness is more likely to reflect intrinsic micro-
structural differences rather than the number of grains
involved.

As can be observed from Fig. 9(c and f), the first peak in the
load-displacement curve corresponds to the critical load value,
indicating the initial damage in the pillar at this stage. As
displacement progresses, the load exhibits a fluctuating upward
trend until the sample undergoes ultimate compressive failure.
Significantly, during the transition from critical load to struc-
tural failure, sudden localized load drops observed in the curve
correspond to the initiation and propagation of new cracks. As
the pillar splitting technique considers only the load and energy
associated with the initiation and propagation of the dominant
crack, the development of secondary cracking after reaching the
critical load has no effect on the evaluated fracture toughness.
The critical load at which cracking occurs in both original NZSP
and NZSP-2.5NLP micro-pillars was measured to be below 15
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(a) and (d) SEM images of micro-pillars of original NZSP and NZSP-2.5NLP produced by FIB milling; (b) and (e) top view of micro-pillars of

original NZSP and NZSP-2.5NLP after indentation splitting test; (c) and (f) typical load—displacement curves of original NZSP and NZSP-2.5NLP.

mN. The calculated fracture toughness values are compiled in
Table 5.

The micro-pillar splitting-based fracture toughness values
are in general alignment with the VIF results. For the NZSP-
2.5NLP sample, the Kic obtained by micro-pillar splitting (0.68
+ 0.12 MPa m®®) was slightly lower than that measured by VIF
(0.76 & 0.11 MPa m®”®). This minor discrepancy may be attrib-
uted to the complex crack propagation behavior during Vickers
indentation: in addition to the primary Palmgqvist cracks,
secondary annular cracks form on the indentation surface. The
formation of these secondary cracks consumes part of the
fracture energy, thereby reducing the driving force for primary
crack (Palmqvist crack) propagation and resulting in a slightly
smaller measured crack length ¢ (the sum of the crack length
and the half diagonal). According to eqn (1), this reduction in ¢
leads to a marginally overestimated K;c. Unlike the VIF, micro-
pillar approach overcomes the limitations in measuring cracks
in porous and defect-rich samples under low loads, where
empirical formulas may be inaccurate. By focusing on a small
region, it also minimizes the impact of porosity on fracture
toughness measurements.

4. Discussion
4.1 The effect of NLP on the microstructure of NZSP

Experimental results presented in Section 3 show that the
modified NZSP samples exhibit lower porosity (Fig. 3) and

Table 5 Experimental results of pillar splitting tests

a finer, more homogeneous grain-size distribution (Fig. 5)
compared with the original NZSP. To clarify the underlying
microstructural evolution, a schematic illustration is provided
in Fig. 10.

During sintering, NLP tends to segregate to grain bound-
aries, particularly at grain boundary junctions (as shown in
Fig. S10), in agreement with previous reports.?** The accumu-
lated NLP at these sites exerts interfacial drag on migrating
grain boundaries, kinetically suppressing excessive grain
growth at high temperatures. The local driving pressure for
grain-boundary migration can be expressed as:

P= KY gb

where « is the grain-boundary curvature and vy, is the grain-
boundary energy. Compared with the original NZSP, the
modified NZSP samples show a considerably narrower grain-
size distribution without abnormally grown grains. According
to classical grain-growth theory,®*® a finer microstructure
possesses a higher average curvature and would normally
exhibit a larger driving force for grain-boundary migration if vy,
remained unchanged. However, such accelerated coarsening is
not observed experimentally. This behavior suggests that the
effective driving force for grain-boundary migration is reduced
in the modified samples. Such an effect may arise from NLP
segregation at grain boundaries, which could decrease vy, and/
or reduce grain-boundary mobility through interfacial drag.

Number Pillar radius, Critical load of Fracture toughness,
Sample E/H of pillars R (um) failure, P, (mN) Kic (MPa m®®)
Original NZSP 14.1 £ 0.2 9 2.58 + 0.08 8.6 + 1.3 0.58 + 0.11
NZSP-2.5NLP 13.2 £ 0.2 8 2.64 + 0.02 10.5 + 1.8 0.68 + 0.12

J. Mater. Chem. A
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Fig. 10 Schematic diagram of the role of NLP in (a) original NZSP; (b) NZSP-2.5NLP and (c) NZSP-5NLP. NLP addition refines and homogenizes
the grains while suppressing crack formation. An optimal NLP content facilitates ion migration, whereas excessive amounts may obstruct

transport pathways.

Similar segregation-induced reductions in grain-boundary
energy have been reported by Dey et al,*” who showed that
La®>" segregation significantly lowered the grain-boundary
energy in nanocrystalline yttria-stabilized zirconia, resulting
in enhanced grain-growth resistance.

Therefore, NLP contributes through dual mechanisms: (i)
kinetically, by providing interfacial drag that inhibits boundary
migration; and (ii) thermodynamically, by potentially lowering
the local grain-boundary energy. These combined effects enable
the modified NZSP to maintain a refined and homogeneous
microstructure, promoting pore elimination and leading to
higher densification.

This refined microstructure also contributes to crack
suppression. In NaSICON ceramics, coarse grains can accu-
mulate significant internal stress during cooling due to aniso-
tropic thermal contraction, leading to grain-boundary
microcracks, particularly when boundaries are weak.*® As
observed in the original NZSP and NZSP-1NLP samples (Fig. 4(a
and b)), larger grains and grain-size mismatch promote
microcrack formation, which links intergranular voids and
reduces densification (Fig. 10(a)). In contrast, the NZSP-2.5NLP
and NZSP-5NLP samples exhibit refined and homogeneous
grains, mitigating stress buildup and significantly suppressing
grain-boundary microcracks.

4.2 The effect of NLP on the mechanical properties of NZSP

The improved microstructure induced by NLP addition results
in noticeable changes in the mechanical response of NZSP.
Reduced porosity increases the effective load-bearing area,
contributing to a higher elastic modulus. Grain refinement and
improved microstructural uniformity lower stress concentra-
tions, enabling more efficient elastic load transfer. The
enhanced hardness of the modified samples can be attributed
to their higher densification and the reduced microcrack pop-
ulation, which together improve resistance to indentation-
induced localized damage. Fracture toughness is also
improved relative to the original NZSP due to the more homo-
geneous grain-size distribution, which provides a more uniform
internal stress field and minimizes potential crack-initiation
sites.

Compared with the previously reported NZSP,'* the NZSP-
2.5NLP sample shows distinct differences in mechanical prop-
erties. Its elastic modulus is 8.2% higher, likely due to its lower
porosity. The hardness increases by 72.6%, reflecting the

This journal is © The Royal Society of Chemistry 2026

enhanced densification and reduced microcracking. In
contrast, the fracture toughness value obtained in this work is
lower than the previously reported value, which was determined
using the VIF method. The present measurements show
reductions of approximately 65% (VIF) and 69% (micropillar
splitting). The close agreement between the two independent
methods suggests that the discrepancy is not primarily caused
by testing methodology. The NZSP reported in the literature
exhibits a finer average grain size of 1.0 £ 0.3 um in the liter-
ature, whereas the present material shows the majority of grains
in the 1-3 pm range, indicating a comparatively coarser
microstructure. Grain refinement is often associated with
improved fracture toughness in ceramic electrolytes.***° Despite
the lower fracture toughness, NZSP-2.5NLP achieves a total
ionic conductivity 162.9% higher than the literature value,
indicating that its mechanical characteristics do not hinder
ionic transport.

4.3 Microstructure-mechanics-electrical coupling

Microstructural optimization induced by NLP addition
contributes to both mechanical stability and ionic transport,
giving rise to a coupled microstructure-mechanics—electrical
response. As discussed in Section 4.1, NLP addition reduces
porosity and improves grain-boundary contact, resulting in
a more continuous microstructural framework. As shown in
Table 2, NZSP-2.5NLP exhibits the highest total ionic conduc-
tivity (7.1 x 107® S em™'). The reduced porosity and fewer
intergranular defects help maintain Na' migration pathways
(Fig. 10(b)), preventing transport interruption by gaps such as
pores or microcracks. Meanwhile, the improved mechanical
robustness helps suppress the formation and propagation of
mechanically induced defects, further maintaining the conti-
nuity of ion-transport pathways.

However, the ionic conductivity does not vary monotonically
with increasing densification. Although NZSP-5NLP shows the
lowest porosity, its conductivity is lower than that of NZSP-
2.5NLP. This suggests that the conductivity enhancement
cannot be attributed solely to densification and may also be
related to the spatial distribution of NLP at grain boundaries
and grain boundary junctions. In the original NZSP, grain-size
mismatch and thermal stress during cooling tend to generate
microcracks and voids at grain boundary junctions, which
originate from local mechanical stress concentration and can
act as transport-limiting regions by interrupting Na* migration

J. Mater. Chem. A
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pathways. A moderate amount of NLP helps suppress such
defects, improves grain-boundary contact, and enhances the
mechanical integrity of the microstructure, resisting crack
formation during cooling and preserving continuous ion-
transport pathways. Excessive NLP may introduce local trans-
port hindrance due to its insulating nature (g in the range of
~107"* S em ! at RT, reported in ref. 22) and the increased
grain-boundary fraction caused by further grain refinement,
partially offsetting the benefit of densification (Fig. 10(c)).

Overall, these results highlight the importance of optimizing
the NLP content, providing useful guidance for the composi-
tional design and processing of NaSICON-type solid electrolytes
for improved mechanical stability and ionic transport.

5. Conclusion

This study systematically investigated the effect of NazLaP,0g
(NLP) incorporation on the microstructure, mechanical prop-
erties, and ionic conductivity of Na; 4Zr,Si, 4P 601, (NZSP) solid
electrolytes. The results demonstrate that controlled NLP
addition effectively tailors the grain boundary structure and
mechanical integrity of NaSICON ceramics. Specifically, NLP
promotes grain refinement, enhances grain size uniformity,
suppresses microcrack formation, reduces porosity, and
improves overall densification. As a result, the elastic modulus
increased by 15.6% (from 69.4 + 7.2 GPa to 80.2 + 1.2 GPa),
hardness by 61.2% (from 4.9 + 1.2 GPa to 8.11 £ 0.96 GPa), and
fracture toughness by 17.2% (from 0.58 + 0.11 MPa m®” to 0.68
+ 0.12 MPa m®®). These results, verified by both Vickers
indentation and micro-pillar splitting methods, confirm that
NLP enhances the mechanical resilience of NZSP through
densification and grain boundary strengthening.

At moderate NLP contents (up to 2.5 mol%), the increase in
overall ionic conductivity indicates that mechanical reinforce-
ment and efficient ion transport can coexist. However, higher
NLP concentrations (5 mol%) reduce conductivity due to the
insulating nature of NLP and excessive grain boundary fraction,
revealing a compositional trade-off between mechanical and
electrical performance.
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