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Lithium-ion solid electrolyte batteries have attracted great attention to replacing
liquid electrolytes due to their cycling electrochemical properties, durable stability
and safety. Numerous studies have been investigated to increase the performance
of ionic-conductivity and enhance the stability of solid-state electrolytes, and its
commercialization is broadly spread. This review article highlights the progress in
developing NASICON-type solid electrolytes, which are made by solid-state
reactions and wet-chemical procedures. Initially, researchers focused on the crystal
structure, strength, and electrochemical properties of LiZr»(PO4)3, but recent studies
have shifted towards investigating the electrical conductivity, crystal structure and
its compatibility with Li metal. Also, the indigenous research on LiTi>(PO4); was
pivoted on densification of the solid electrolyte to improve ionic conductivity by
partial substitution of Ti*" with AI** or B* now yields a promising ionic
conductivity. LiGe,(PO4); is yet another Li-based NASICON electrolyte that, from
the early stage, received extensive research majoring on the partial substitution of
A" with Ge*" with the formula Li;+AlyGea.x(PO4); to stabilize the crystal structure
following experimental and computational analysis. Improved ionic conductivity
currently increasing as a result of improved Li intensity affected by aliovalent A1*
substitution. Numerous research efforts have been explored to improve the ionic
conductivity and elevate the electrochemical and thermal stabilities of NASICON-
type electrolytes. It deems it fit to bring forth a cascade of promising results that so
far have been recorded in both the early and the current research efforts in
improving the suitability of NASICON-type electrolytes.

Keywords: Failure rate, Markov Model, States, Mean Time to Failure, Repairable
system.
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NASICON-type materials offer a promising path for safe, stable, and high-per-
formance solid-state lithium-ion batteries due to their structural ver-
satility and high lonic conductivity.

1.0 INTRODUCTION

In response to growing global concerns over the
environmental and sustainability impacts of fossil fuel
consumption, significant efforts have been directed
toward the development of clean and efficient energy
conversion and storage technologies [1-9]. Lithium-
ion batteries (LIBs) have emerged as the dominant
energy storage solution for a wide range of
applications, including portable electronic devices and
electric vehicles, owing to their high energy and power
densities [10—-12].

Despite their widespread use, conventional lithium-ion
batteries rely heavily on liquid electrolytes, which pose
several safety challenges. These include risks of fluid
leakage, flammability, and potential explosion.
Moreover, the presence of organic solvents in liquid
electrolytes contributes to degradation mechanisms
that compromise the long-term performance and
lifespan of the batteries [13—16].

Solid-state electrolytes (SSEs) offer a promising
alternative to liquid electrolytes, particularly for
applications demanding enhanced safety and
performance over a wide temperature range [17,18]. As
a core component of all-solid-state lithium batteries
(ASSLBs), solid electrolytes must meet stringent
requirements such as a wide electrochemical stability
window, chemical compatibility with electrode
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materials, high ionic conductivity with minimal
electronic conductivity, and cost-effective large-scale
production [19]. Various types of solid electrolytes
have been explored for lithium-ion systems, including
NASICON-type, perovskite, polymer-based, sulfide-
based, and garnet-type electrolytes [20]. Among these,
NASICON-type (Na Super Ionic Conductor) solid
electrolytes have shown particular promise due to their
relatively high ionic conductivity, along with superior
mechanical and thermal stability. These attributes
make NASICON-type materials attractive candidates
for next-generation solid-state battery technologies
[21].

The synthesis of NASICON-type electrolytes has been
accomplished using both solid-state reaction and wet-
chemical methods [12]. Although the solid-state
reaction method is well-established, it typically
requires high processing temperatures (approximately
1200 °C) [22], extended synthesis durations (up to 24
hours), and suffers from unavoidable lithium loss
during processing [23]. In contrast, wet-chemical
approaches—such as  co-precipitation,  sol-gel,
modified Pechini, and hydrothermal methods—enable
better control at the molecular level, offer reduced
synthesis temperatures, and produce uniformly
reactive polycrystalline materials [24]. Owing to these
advantages, wet-chemical methods are increasingly
regarded as the most promising routes for the
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preparation of high-performance NASICON-type solid
electrolytes [25]. This review focuses on recent
advances in NASICON-type solid electrolytes,
particularly in improving their ionic conductivity and
electrochemical stability, with an emphasis on
strategies to optimize their performance for use in
lithium-ion battery systems.

2.0 NASICON type Electrolyte

The foundational work by Goodenough and co-
workers in 1976 [26] introduced a novel class of
sodium superionic conductor (NASICON) materials
with the general formula Nai~Zr:Ps—SixO. More
broadly, the NASICON framework is commonly
represented as AMM'(PO4)s or AMM'PsO12, where the
structural versatility allows for extensive substitution
at multiple crystallographic sites. In this structure, the
A-site accommodates mobile cations, which may
include a wide range of monovalent and multivalent
ions such as alkali metals (Li*, Na*, K*, Rb*, Cs"),
alkaline earth metals (Mg?*, Ca?', Sr**, Ba?*), and other
cations like H*, H;O", NH4", Cu*, Cu*", Ag*, Pb*", Cd*,
Mn?*, Co?*, Ni**, Zn?**, AI**, rare earth cations (Ln3"),
Ge*, Zr*, and Hf*. In some cases, this site can also
remain vacant, offering a high degree of
configurational flexibility [10, 12, 27]. The M and M’
sites in the NASICON structure can be occupied by di-
, tri-, tetra-, and penta-valent transition metal cations to
maintain charge neutrality, including Zn?", Cd*", Ni*,
Mn?", Co?*, Fe*', Sc*, Ti3+’ V3t Cr¥, A13+’ In3*, Ga3*,
Y3+, Lu?, Ti4+, 7, Hfm, Sn*t, Si4+’ Ge*, V5+, Nb5+,
Ta**, Sb>*, and As**. Furthermore, the phosphorus (P)
position within the phosphate tetrahedra may be
partially substituted with silicon (Si), further enhancing
the tunability of the structure.

This inherent flexibility allows for systematic
manipulation of the A, M, M’, and P sites to engineer
materials with tailored electrochemical properties,
while preserving the fundamental topological identity
of the NASICON framework. Despite the variety in
elemental composition and mobile ions, all
NASICON-based materials retain a common
architectural motif that supports high ionic mobility
[28]. These materials are crystalline and exhibit a rigid
yet adaptable structure ideal for fast-ion conduction.
For a crystalline solid electrolyte to function
effectively, several key factors must be considered: the
existence of continuous diffusion pathways within the
lattice, a suitable match between the mobile ion radius
and the channel size, sufficient sublattice disorder to
facilitate ion hopping, and polarizable mobile cations
in conjunction with a stable anionic substructure.
Enhancing ionic conductivity hinges on the deliberate
design and optimization of these structural attributes.
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NASICON-type solid electrolytes are typically
categorized into three primary families based on the
choice of M-site cations: LiZr2(PO4)s (LZP),
LiTi2(PO4)s (LTP), and LiGe2(PO4)s (LGP) [16].
Among various dopants explored, aluminum has
emerged as the most effective substituent for
significantly improving ionic conductivity, particularly
in LTP and LGP systems, which show superior
conductivities compared to LZP. With partial
aluminum substitution, ionic conductivities exceeding
107! Sem™ at room temperature have been reported.
Nevertheless, grain boundary resistance remains a
critical bottleneck that dictates the overall impedance
of these materials, emphasizing the need for precise
control over grain structure and morphology during
synthesis and sintering [21].

Structurally, NASICON compounds most commonly
crystallize in a rhombohedral lattice, corresponding to
the space group R3c. The structure comprises a three-
dimensional network formed by corner-sharing PO«
tetrahedra and MOs octahedra, creating interconnected
channels that support lithium-ion diffusion. This
arrangement  offers  structural robustness and
compositional flexibility, which are vital for tuning the
electrochemical properties of the material. Within the
NASICON framework, lithium ions predominantly
migrate through two distinct sites: M1 and M2. The M1
site, located at the Wyckoff position 6b (0, 0, 0) with
site symmetry 3, lies between two MOs octahedra
along the c-axis and is coordinated by six oxygen
atoms. This site is energetically favored and typically
exhibits the highest occupancy by lithium ions. The M2
site, positioned at Wyckoff 18e (x, 0, Y4) with site
symmetry 2, is eightfold coordinated and situated
between adjacent M1 sites. Each M1 site is flanked by
six M2 sites, resulting in the M2 site having a
multiplicity three times that of M1.

In stoichiometric LiM2(PO4)s compositions, lithium
ions are generally confined to the M1 site. However, in
LiZr2(POs)s, the introduction of trivalent metal dopants
induces a structural distortion that shifts lithium
occupancy from a simple octahedral site to a more
distorted coordination environment. When trivalent
cations are introduced according to the formula
LirM AT M2 MV (PO4)s, excess lithium tends to
occupy additional interstitial sites beyond M1, initially
presumed to correspond to the M2 position at Wyckoff
18e. However, given that the M2 cavity is larger than
the ionic radius of Li*, recent experimental and
computational studies have revealed that lithium ions
preferentially occupy newly identified positions. These
findings suggest that the M2 site undergoes a spatial
splitting, leading to the formation of the so-called M3
site, located at Wyckoff position 36f. The M3 site is
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embedded within the original M2 cavity and offers a
more energetically favorable environment for lithium
ions, aligning with observed conductivity and
structural behavior in many doped NASICON
compositions [15].

2.1 LiZr2(PO4)3

Prior to the year 2000, extensive foundational research
had already been conducted on the crystal structure,
thermal stability, and electrochemical behavior of
LiZr2(POa)s, one of the earliest explored NASICON-
type solid electrolytes [10]. It was observed that
sintering LiZr2(PO4); at elevated temperatures—
typically around 1423 K—yielded a highly conductive
rhombohedral phase with R3¢ symmetry, supporting
ionic conductivities on the order of ~10~° Scm™. In
contrast, when sintered at lower temperatures, the
material tended to crystallize into a mixture of
monoclinic and triclinic phases. This phase coexistence
markedly diminished the ionic conductivity, often to
values around ~107¢ to 10~ Scm™. Similar behavior
was observed under low-temperature calcination
conditions, where conductivity could drop even
further—to as low as ~10® S cm '—indicating the
critical role of high-temperature thermal treatment in
achieving the desired crystalline phase and
electrochemical performance [10].

To overcome these limitations and enhance the
properties of LiZr2(PO4)s, various substitution
strategies have been explored. Partial replacement of
Zr** with dopant cations has proven particularly
effective. For example, Ca?*-substituted LiZr2(PO4)s,
maintaining the rhombohedral NASICON structure,
demonstrated a significant improvement in bulk ionic
conductivity, reaching up to 1.2 x 10™* S cm™ at room
temperature [29]. Additional studies investigating the
effect of composite formation—such as incorporating
ZrO: or zirconium acetate (Zr(CHs:COO)s)—on the
electrical behavior of both pristine LiZr2(POa)s; and Ca-
doped analogs (e.g., Lii.4Cao.2Zr1.8(POa)3) revealed that
Ca?" incorporation helped stabilize the rhombohedral
symmetry without significantly altering the bulk
composition of the material. Furthermore, grain
boundary conductivity was notably improved, likely
due to a reduction in interfacial resistance between
crystallites.

Substitution with other dopants such as yttrium has
also shown promise. Y**-doped LiZr2(PO4)s; exhibited
enhanced structural stability in the rhombohedral phase
and achieved a total ionic conductivity of 0.71 x 10~*
Scm™ at 25°C [30]. These findings reinforce the
conclusion that divalent and trivalent cation
substitutions, such as Ca*" and Y**, play an essential
role in stabilizing the rhombohedral structure and
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improving the electrochemical performance at ambient
conditions. Comparative analyses further suggest that
materials retaining the rhombohedral phase generally
exhibit higher conductivities than their counterparts
with lower symmetry structures [31].

Beyond structural and conductivity optimization, the
interfacial behavior between LiZr2(PO4)s and lithium
metal has also been a subject of active investigation. Li
and Goodenough [32] explored the interfacial reaction
dynamics between Li metal and LiZr(PO4)s and
reported the formation of a stable interphase layer
comprising LisP and LisZrOs. This layer was shown to
promote wetting at the solid electrolyte—lithium metal
interface, a desirable trait for suppressing lithium
dendrite formation. A similar interface was observed in
Mg-doped compositions such as Lii.2Mgo.1Zr1.9(PO4)s,
where the formation of a LisP-rich interphase was also
credited with improving interfacial contact and
reducing dendritic growth tendencies [33].

Recent computational studies have further deepened
the understanding of the electrochemical stability and
lithium-ion conduction mechanisms in LiZr2(POa)s
[34]. According to thermodynamic modeling
conducted by Li and Goodenough, the material was
shown to possess a stable electrochemical window
ranging from 2.20 to 4.14 V vs. Li/Li", and the lithium
insertion potential (or embolism voltage) was found to
be thermodynamically favorable. The enhancement in
ionic conductivity was attributed to the presence of
Frenkel-type defects, which facilitate the mobility of
lithium ions through the crystal lattice.

Presently, most studies on LiZr2(PO4)s continue to
focus on fine-tuning its crystal structure, optimizing
electrical conductivity, and minimizing the interfacial
resistance between the solid electrolyte and lithium
metal electrodes. In one notable effort, Li and
Goodenough’s research group developed all-solid-state
lithium-ion batteries comprising LiFePOa cathodes and
rhombohedrally structured LiZr2(POs)s or
Lii.2Mgo.1Zr1.o(PO4)s  electrolytes, demonstrating
excellent electrochemical cycling stability and
promising applicability in high-performance battery
systems [10].

2.2 LiTiz(PO4)3

Research into LiTi2(POs); as a NASICON-type solid
electrolyte began in the 1990s, prompting extensive
investigations into its structure and conductivity
enhancement. One of the principal strategies for
improving ionic conductivity involved partial
substitution of Ti*" with trivalent cations (M?*"), which
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contributed significantly to densification upon
sintering and, in turn, enhanced Li* transport [35].
Kazakevicius ef al. (2008) reported the formation of
two distinct phases in La-doped LiTi2(POa4)s systems: a
NASICON-type structure and LaPOs as a secondary
phase [36]. Their study emphasized that longer
sintering times led to reduced porosity, which
correlated positively with improved ionic conductivity.
Among the substituted variants, Al**-doped
LiTi2(POa)s has emerged as one of the most extensively
studied. Notably, glass-ceramic electrolytes of the form
LiixAlTi2«(PO4)s, prepared via melt-quenching,
achieved ionic conductivities as high as 1.3 x 102 S
cm™ at room temperature (RT) [37].

Substituting P>* with elements such as Al**, Ti**, and
Si** has also been shown to enhance Li* conductivity,
potentially reaching values of 10 S em™ at RT [38].
However, the stability of these glass-ceramics in
aqueous and alkaline environments has proven
variable. For example, although stable in LiNOs and
LiCl, the materials degrade under high pH (>10)
conditions [39]. Acid treatment (e.g., with acetic or
formic acid at 50°C for 4 months) induced no
structural changes detectable via XRD, but did result in
a notable reduction in conductivity [40].

Tan et al. (2012) successfully fabricated Li—Al-Ti—P—
O-N thin films via RF magnetron sputtering, using
NASICON-type targets [41]. The highest ionic
conductivity, 1.22 x 10 S cm™, was achieved at a
coating temperature of 500 °C. Notably, nitrogen
incorporation was found to promote cross-linking
within the structure, positively impacting ionic
conduction. In another study, Peng et al. (2012) used
B:0; as a sintering aid to enhance conductivity in
LiTi2(POs)s-based materials. The B*" addition
increased the lithium content per formula unit and
facilitated the formation of dense ceramics [42].
However, concerns remain regarding the reduction of
Ti**, which can lead to undesirable electronic
conductivity and compromise the electrochemical
stability of the solid electrolyte.

2.3 LiGez(PO4)s-Based NASICON Electrolytes

LiGe2(POa4)s represents another class of NASICON-
type solid electrolytes that has attracted considerable
attention. Due to the high cost of germanium, research
has focused on reducing Ge* content through partial
substitution, particularly using Al**, leading to the
general formula Lii+AliGe2—«(PO4)s. This aliovalent
substitution not only reduced material cost but also
substantially increased ionic conductivity—by up to
four orders of magnitude—through the generation of
additional lithium ions and conduction pathways.
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Experimental and computational studies confirmed
that increased lithium concentration, enabled by Al**
substitution, was responsible for the conductivity
enhancement. However, elevated crystallization
temperatures and prolonged crystallization durations
were found to negatively affect conductivity by
promoting grain growth and reducing grain boundary
mobility [43].

Further studies explored the effect of Li-O excess in
LiiAlGe:«(PO4)s glass-ceramics. The added Li:O
promoted crystallization and served as a nucleation
agent, generating a secondary phase that improved
interfacial ion transport. A composition such as
Lii.sAlo.sGer.s(PO4)3—0.05Li-O exhibited an overall
ionic conductivity of 7.25 x 10 S cm™ at RT [44].

Using the hot-pressing technique, a 60 pm thick
Lii.sAlo.sGer.s(PO4)s solid electrolyte was fabricated,
achieving 1 x 102 S cm™ at 80°C. This high
conductivity value holds promise for lowering internal
cell resistance and improving overall battery
performance [45]. Recent advancements also include
Al and Ti co-substitution in the Ge-based matrix,
described by the formula Lii+All(Ge, Ti)y(PO4)s.
However, the co-existence of Ti and Ge poses risks due
to their susceptibility to reduction, which can lead to
the formation of conductive interfacial layers and
eventual battery failure [46]. In a nutshell, while
LiinAlLGe2+(PO4)s shows great promise in terms of
ionic conductivity, its practical application is
constrained by the high cost of Ge and the instability
of Ge*" under reducing conditions. The effectiveness of
the electrolyte depends strongly on controlled
crystallization parameters and the minimization of
reduction-induced degradation.

3.0 THE IMPROVEMENT OF BULK
ELECTROLYTES

For NASICON-type solid electrolytes to be viable in
practical all-solid-state battery applications, their ionic
conductivity at room temperature (RT) must reach at
least 10 S cm™. Achieving this benchmark requires
concerted efforts to enhance bulk and grain boundary
conductivity through tailored processing and
compositional strategies. To this end, approaches such
as optimized mixture methods, advanced sintering
technologies, and strategic chemical doping are
critical. These methods not only elevate the intrinsic
conductivity of the material but also reduce grain
boundary resistance, which often poses a significant
barrier to efficient ion transport. Moreover, these
strategies are essential for overcoming limitations in
current synthesis techniques, especially those
impeding large-scale production and uniform material
performance.
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A notable example of this is the effect of LisPOa
addition on the performance of Lii.3zAlo.3Tii.7(POa)s
(LATP) solid electrolytes. The incorporation of LisPO4
in amounts ranging from 0 to 1 wt% has been shown to
significantly improve the ionic conductivity of the
NASICON-type compound. Specifically, the addition
of 1 wt% LisPO4 not only enhances sinterability but
also promotes better densification of the electrolyte
during processing [47]. This improvement is attributed
to a reduction in porosity and more compact grain
packing, which collectively minimize interfacial
resistance at grain boundaries and facilitate more
efficient Li* ion migration. The LisPOx fills voids and
reduces pore sizes, thereby enhancing the physical
integrity and conductivity of the electrolyte.

Structurally, NASICON-type materials like LATP
accommodate Li" ions at two crystallographically
distinct lattice sites, typically referred to as the Ml
cavity and a secondary position known as the M2’ site.
Ionic transport involves the migration of Li* ions
between these sites through narrow bottlenecks formed
by the surrounding polyhedral framework [11]. As
temperature increases, a greater number of mobile Li*
ions transition from the M1 to M2’ positions, which
facilitates higher conductivity due to increased carrier
mobility. For LATP, this thermally activated
redistribution leads to a significant enhancement in
conductivity, achieving values as high as 6.2 x 1073 S
cm' at room temperature—well above the threshold
needed for practical applications [48, 49].

3.1 Preparation Process

The choice of synthesis and processing routes exerts a
profound influence on the ionic conductivity of
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NASICON-type solid electrolytes. Broadly, two
families of methodologies dominate: traditional
solid-state reactions [50,51] and a suite of
wet-chemical techniques, including sol-gel [52,53],
hydrothermal [18,54], co-precipitation [55,56], and
Pechini-type sol-gel processes [57,58]. Each approach
affords a distinct level of control over phase purity,
compositional homogeneity, and particle size, all of
which  critically determine the electrolyte’s
microstructure and, ultimately, its conductivity.

Achieving high density and a favorable grain
morphology—while minimizing residual porosity—
remains a central challenge, particularly for
solid-state-derived powders that require prolonged
high-temperature sintering [59]. Extended dwell times
at elevated temperatures can lead to lithium
volatilization and deviation from target stoichiometry,
undermining both structural integrity and ion transport.
To circumvent these limitations, advanced
consolidation techniques such as spark plasma
sintering (SPS) have been adopted, enabling rapid
densification at lower thermal budgets and yielding
NASICON electrolytes with markedly enhanced
performance [9,60-62].

For practical all-solid-state lithium-ion battery
applications, a room-temperature ionic conductivity
exceeding 1073 S em™ is often cited as the benchmark.
However, conventional solid-state reaction routes
typically deliver conductivities on the order of
10*Scem™. Figure3.1 presents a comparative
flowchart of the solid-state and wet-chemical synthesis
pathways for NASICON-type solid electrolytes,
highlighting their respective process steps and critical
parameters.
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The key findings regarding lithium-containing NASICONSs synthesized using this approach are outlined in Table 3.1.

Table 3.1: Ionic conductivities of NASICON-type solid electrolyte produced by solid-state reaction method.

Chemical Composition

Ionic Conductivity
(S ecm™)

References

Li2Ge2(PO4)3
Lirs AlosGer.5(POa4)s

LiisAlosGe15(POa4)3
Li1.5Cro.5Ger.5(PO4)3
Li>2CrHf(PO4)3
Li2InHf(PO4)3
LixCrZr(PO4)3
LicFeZr(PO4)3
Li2InZr(PO4)3
LiTi2(POa)3
Li14Ti1o(POas)3
Li13Alo3Ti1.7(PO4)3
Li13Alo3Ti1.7(POa)3
Lii2Al1.1Taoo(PO4)3
Lio.oVo.1Tiro(PO4)3
Li13AlosTir.7(PO4)s + LiTiPOs
Lio.sNbo.sTi1.s(PO4)3
Li2CrTi(PO4)3
LicFeTi(PO4)3
LicInTi(PO4)3
Li2Zro.1Ti1.9(PO4)3
Lir.15Tii.ssFeo.15(PO4)3
Lii2Feo3Hf1.7(PO4)3
Li13Sco.3Hf1.7(PO4)3
Li1.3Ino3Hf1.7(PO4)3
Li1.8Sco.8Ti1.2(PO4)3
Li12Cao.1Zr1.9(PO4)3
Li1275Al0.275Z11.725(PO4)3
Li1.4Ca0.2Zr1.8(PO4)3

7.2x 107 (900 °C)
2.4 x 10" (900 — 1000 °C)

7.0x 10° (850°C)

1.3 x 10 (900 — 1000 °C)
4.2 x 10® (1100 — 1200 °C)
2.7x 10 (1100 — 1200 °C)
5.9x 1077 (1100 — 1200 °C)
1.4 x 107 (1100 — 1200 °C)
8.2x 10 (1100 — 1200 °C)
7.20 x 105 (1050 °C)

2.65 x 10 (800 °C)

3.15 x 10 (890 °C)

1.34 x 10 (1200 °C)
9.854 x 10°(800 °C)

4.26 x 10 (1050 °C)

2.9 x 10 (800 °C)

6.02 x 10° (850 °C)

4.4x 107 (1100 — 1200 °C)
3.34 x 107 (1100 — 1200 °C)
8.30 x 10 (1100 — 1200 °C)
4.68 x 10 (1050 °C)
5.22x 10 (1050 °C)

5.6x 10 (1020 °C)

9.1 x 10 (1020 °C)

1.3 x 10 (1020 °C)

9.98 x 105 (850 °C)

1.2 x 107 (700 °C)

3.06 x 10 (1200 °C)

4.2 x 107 (1150 °C)

Feng et al., 2009 [63]
Aono et al., 1992 [64]

Liu et al., 2018 [65]

Aono et al., 1992 [64]

Sugantha & Varadaraju, 1997 [66]
Sugantha & Varadaraju, 1997 [66]
Sugantha & Varadaraju, 1997 [66]
Sugantha & Varadaraju, 1997 [66]
Sugantha & Varadaraju, 1997 [66]
Venkateswara et al. 2015 [67]
Kahlaoui et al., 2020 [68]
Hallopeau et al., 2018 [61]
Belous et al., 2018 [69]
Mohammed et al., 2018 [50]
Venkateswara et al., 2014 [70]

Li & Zhao, 2019 [71]

Kahlaoui et al., 2018 [72]
Sugantha & Varadaraju, 1997 [66]
Sugantha & Varadaraju, 1997 [66]
Sugantha & Varadaraju, 1997 [66]
Venkateswara et al., 2014 [70]
Venkateswara et al., 2015 [67]
Aono et al., 1993 [73]

Aono et al., 1993 [73]

Aono et al., 1993 [73]

Kahlaoui et al., 2017 [74]

Cassel et al., 2017 [75]

Zhang et al., 2017 [76]
Hanghofer et al., 2019 [30]

Notably, powders produced through solid-state synthesis tend to be coarse, lack chemical uniformity, and can pose
challenges during sintering, often resulting in the presence of significant secondary phases. Therefore, employing
wet-chemical techniques for powder synthesis is crucial for enhancing lithium-ion conductivity. A concise overview
of wet-chemical methods is provided in Table 3.2.
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Table 3.2: lonic conductivities of NASICON-type solid electrolyte synthesized by wet-chemical methods.

Chemical Composition

Preparation
Techniques

Ionic Conductivity
(S em™)

References

Li2Ge2Sn(POa)3
Lirs AlosGeo.75Sno.75(PO4)3

Li13Alo3Ti1.7(POa)3
Li13Alo3Ti1.7(PO4)3
Li1.4Alo.4Ti1.6(PO4)3
Li1.4Alo.4Ti1.6(PO4)3

modified pechini method
modified pechini method

modified pechini method
sol-gel

modified pechini method
modified pechini method

Li1sAlosTi15(PO4)3 sol-gel
Li1.4Alo.aTi1.6(PO4)3 sol-gel
LiisAlosGer.s(PO4)3 sol-gel
LiisAlosGer5(POa4)3 enhanced pechini
method
LiisAlosGer.s(PO4)3 modified pechini method
Lii.4Alo.4Ti1.4Geo.2(PO4)3 sol-gel
Li13Al03Ti1.7(POas)3 Hydrothermal
Li1.4Alo4Ti1Le(PO4)3 Coprecipitation
Li13AlosTi17(PO4)s Coprecipitation
Lir.05Y0.05Ti1.95(PO4)3 enhanced pechini
method
Li12Yo0.2Tirs(PO4)3 enhanced pechini
method
Li1.4Zr2(PO4)3 sol-gel
Lii2Ca0.1Zr1.9(PO4)3 sol-gel
Liii1Lao2Zr1.9(PO4)3 enhanced pechini
method
Lir+xAlxTi2x(PO4)3 sol-gel

9.4 x 10° (900 °C)
1.3 x 10 (900 °C)

6.0 x 10 (900 °C)

4.2 x 10 (1000 °C)

3.6 x 10* (850 °C)

1.12 x 10 (650 °C)

3.4x 107 (850 — 950 °C)
1.77 x 10" (880 — 950 °C)
3.1x 10* (850 °C)

1.67 x 10" (800 °C)

9.56 x 105 (600 °C)

1.3 x 10 (880 — 950 °C)
4.8 x 10 (900 °C)

1.83 x 10 (900 °C)

1.6 x 10 (850 °C)

2.87 x 107 (1200 °C)

6.5 x 10 (1200 °C)

2.7 x 10 (1200 °C)
7.17 x 1077 (1200 °C)
7.23 x 107 (1400 °C)

7.936 x 10 (950 °C)

Francisco et al., 2014 [77]
Francisco et al., 2014 [77]

Zhao et al., 2016 [25]
Yiet al., 2019 [78]

Xu et al., 2008 [79]
Xu et al., 2008 [79]
Breuer et al., 2015 [80]
Zhang et al., 2013 [81]
Liu et al., 2018 [65]
Zhu et al., 2020 [57]

Zhu et al., 2020 [57]
Zhang et al., 2013 [81]
He et al., 2018 [18]
Huang et al., 2011 [56]
Duluard et al., 2013 [55]

Mariappan et al., 2018
[58]

Mariappan et al., 2018
(58]

Cassel et al., 2017 [75]
Cassel et al., 2017 [75]

Ramar et al., 2018 [82]

Mohammed et al., 2017
[83]

The occurrence of a liquid phase improves the
chemical uniformity of precursors, while lower
synthesis temperatures prevent particle growth [59].

The conductivities observed are consistent with those
achieved through solid-state reactions. However,
certain experiments have shown conductivity levels as
low as 10~ S cm™! by integrating wet-chemical methods
with spark plasma sintering (SPS) [79] or utilizing CS
[81]. In contrast, the focus has shifted towards spark
plasma sintering (SPS) for the preparation of
NASICON samples [62, 84, 85]. An exceptionally
efficient approach for densifying lithium-ion
NASICON involves pressing and sintering techniques,
including Pulsed Electric Current Sintering, which
employs electric current pulses and uniaxial pressure
during sintering. This technique enables rapid
densification at lower temperatures and shorter
durations compared to traditional sintering methods
[9]. A relative density exceeding 95% has been
achieved for the Lij3FeosTii7(POs)s material at
temperatures as low as 600 °C using this method [84].
Additionally, the Lij4Alo.1Tiis(POs)s material with a
conductivity of up to 1.12 x 103 S cm™ at room
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temperature has been successfully developed, meeting
the minimum requirement for battery applications (10"
3'S em™). This outcome represents a dense integration
of nanotechnology in powder processing combined
with SPS, achieving 100% theoretical density [79].

3.2 Chemical Doping

Substitution strategies in NASICON-type lithium
conductors have played a pivotal role in enhancing
their ionic conductivity and electrochemical stability.
One such approach involves replacing a tetravalent
cation such as Ge** with a trivalent cation like AI** in
the crystal lattice. This aliovalent substitution
necessitates the incorporation of additional Li* ions
into the structure to maintain charge neutrality. These
excess lithium ions are believed to occupy the M2
interstitial sites, which are accessible within the
NASICON framework due to its open three-
dimensional network [55]. Consequently, the
stoichiometry of these materials is often represented as
LitM M2 V(PO4)s, where the value of x
corresponds to the amount of trivalent substitution and
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the number of compensating lithium ions. This
systematic  increase in lithium concentration
contributes  significantly to  improved ionic
conductivity, as Li* ions migrate between occupied and
unoccupied interstitial sites more efficiently [77, 86].

The ionic conductivity (o) of such materials is
quantitatively described by the relation ¢ = cpq, where
¢ is the concentration of mobile charge carriers, u is
their mobility, and ¢ is the charge on the ion [87].
Therefore, enhancing ¢ through compositional tuning
directly translates to higher conductivity. However, the
permissible extent of trivalent cation incorporation (x)
without inducing adverse structural distortions or the
formation of secondary phases is highly dependent on
the chemical nature of the dopant and the structural
compatibility with the host matrix [12]. The
effectiveness of AI** in particular has been attributed
not only to its charge contribution but also to its ionic
radius (0.53 nm), which is close to that of Ti** (0.605
nm). This similarity facilitates its incorporation
without significantly distorting the crystal lattice, thus
preserving mechanical stability and conductive
pathways.

In contrast, while Ti** is a common host cation in
NASICON-type structures such as LiTi2(PO4)s, it is
prone to reduction by metallic lithium, which can lead
to the undesirable formation of electronically
conductive phases and jeopardize the long-term
stability of solid-state batteries. To address this issue,
alternative high-valence dopants like tantalum (Ta")
have been explored. Ta*", with an ionic radius of 0.64
nm, falls within the acceptable tolerance for
substitution and exhibits superior chemical and
electrochemical stability when in contact with lithium.
It also maintains structural compatibility with other
framework cations such as AI** and Ti*', enabling the
development of doped NASICON compositions that
retain high ionic conductivities without sacrificing
stability [50]. The judicious selection and substitution
of dopants thus provide a strategic avenue for
optimizing the performance of NASICON-type solid
electrolytes for next-generation lithium-ion and
lithium-metal battery systems.

4.0 CONCLUSION

The resulting battery with optimized capacity and
safety could be an all-solid-state battery. Due to their
excellent ionic conductivity and stability, solid
electrolytes of the NASICONs-type have attracted a lot
of scientific attention. The primary advancements
addressed in this review can be encapsulated in the
following key elements:
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(1) Experimental research in the field has revealed
the best-conducting properties for LiTix(PO4)3
and LiGe,(POs)s-based systems.

(2) Electrolytes synthesized through solid-state
reactions often face difficulties in achieving high
densities.

(3) Nonconventional techniques were utilized to
develop densification, with SPS (Spark Plasma
Sintering) yielding the most promising results.

(4) Wet-chemical methods have been instrumental in
producing NASICON (Sodium  Superionic
Conductor) with complex compositions, smaller
particle  sizes, and improved chemical
homogeneity.

(5) Electrolytes synthesized through wet-chemical
methods achieve greater conductivity than those
produce by standard solid-state synthesis.

(6) This review outlines the transition from
flammable liquid electrolytes to solid ceramic
materials in lithium-ion batteries (LIBs). The
advancement of LIBs for electronics and electric
vehicle (EV) applications hinges on enhancing
both electrode materials and electrolytes to
enhance specific energies.
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