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Abstract

NASICON (Na-Super-Ioni-CONductor) has the general formula Na Zr P,
Si O, (0 < x<3) and is derived from the parent compound sodium zirconium
phosphate, NaZr (PO,),, i.e., NZP. It belongs to the class of superionic conduc-
tors, materials that have high ionic conductivity at elevated or room temperatures,
similar to those of liquid electrolytes at room temperatures. NASICON is special
due to its unique structural features (three-dimensional), which confer on it high
conductivity and diverse physical and chemical characteristics suitable for various
applications in many fields. The Na, Zr and P can be substitutted by atoms of dif-
fering sizes and oxidation states, up to about forty or more of such atoms, leading
to its tailorability for targetted applications in recahargeable lithium ion batter-
ies, gas sensors, low-zero-and even negative thermal expansion materials, nuclear
waste immobilization, among others. In the present work we survey some classes
of ionic conductors and the theoretical models of their conduction. A review of
the electrical conductivity, dielectric relaxation, methods of synthesis, together
with characterization techniques of NASICON, DTA/TGA, Impedance spectros-
copy, NMR, FT-IR, among others, are highlighted. Case studies of some experi-
mental results have been presented.

Keywords: NASICON, superionic conductors, theoretical models, synthesis,
structure and electrical properties

9.1 Introduction

Ionic materials are in recent times at the forefront of materials research.
They are part and parcel of our electronic industry in that they complement
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the all-ubiquitous electronically-based semiconductor devices as a result
of the alternative they offer as renewable energy sources, low cost, environ-
mental friendliness, flexibility, and potential applications. They are used in
various applications such as rechargeable lithium ion batteries for laptop
computers, mobile phones, and as electrodes and electrolyte materials. As
electrolytes, the materials should have high room temperature ionic con-
ductivity, transference number close to 1 and temperature stability, among
others [1-3]. Whearas as electrodes they should have mixed conduction
properties, i.e., electronic and ionic. Superionic conductors are materials
whose electrical conductivity approaches that of liquid electrolytes at high
and room temperatures, with their conductivity approaching that of the
molten state or acqueous solution at room temperature, of the order of 10~
to 10 S/m [4]. The conductivity is due to delocalization of one or more of
the ionic species in the sublattice of the framework structure of the materi-
als, which move them under an applied electric field. The mobile ions are
usually Li* or Na* and are generally monovalent and cationic. However,
recently [5] high Hf*" ion conductivity in HINbP, V O, and Hf,  NbP
W .0,,, by partially replacing the P** site in a HENb(PO,), solid with larger
V3*or W ions through lattice volume expansion, has been demonstrated.
The highest conductivity of 2.8 x 107> S m™ at 873 K was recorded in the
systems. Anionic mobile ions can also conduct electricity in compounds
like ZrO,, Ce,O,, AgF, among others, where O* and F are the principal
mobile species. Such is the case in Solid Oxide Fuel cells (SOFCs), which
normally operate at high temperatures, ~873 K, so-called intermediate
temperature [6], e.g., yitrium stabilized zirconia.

Ionic conductors may be solid, glassy, or polymer in nature, prop-
erty that gives them a good advantage over the liquid electrolytes.
Glassy ionics are very important due to their high conductivity and
have been widely studied as a result of their potential applications
[1, 7]. The conductivity in these compounds is enhanced on introduc-
tion of a crystalline phase into the superionic glass matrix [8]. Work
has also been reported on polymer electrolytes and biopolymers, with
the latter reported to show evidence of superionic properties in gum
Arabica [9]. Side-by-side with these developments is the trend in min-
iaturization of these materials, which has resulted in the new field of
nanoionics [10] and their subsequent fabrication into thin films [11]
due to their enormous advantages. The production of thin films of
NASICON at relatively low temperatures with good physical properties
has recently been reported, together with other alternative methods of
production of the thin films of NASICON [12].The high conductivity
in superionic conductors is due to thermal activation often associated
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with phase transitions to a structural state that enhances conductivity
by several orders of magnitude. Structural phase change may be related
to particle size [7] and pressure, density, and microstructure affect the
electrical performance of these materials. A principal challenge in this
area is their electrical characterization, i.e, how to reduce the conduct-
ing temperature to ambient conditions so that they can be favorable
for applications, together with an understanding and development of
the appropriate theoretical models that would explain their superionic
character from the microscopic point of view. Further, the appropriate
synthesis of these materials is also very important in order to obtain
materials with the desired physical and chemical characteristics. We
focus our discussions on the physical properties of the family of ionic
conductors called NASICON (Na-Super-Ioni-CON-ductor), which
have been synthesized by various methods in order to optimize their
electrical and microstructural properties [13-15].

Zirconium phosphate, NaZrZ(PO 4)3, so—called NZP, is a member of
a broad family of compounds known as NASICON (Na, ZrP, SiO )
(0 < x <3), where the P has been partially replaced by Si and a further
addition has been made to the Na to balance the overall charge of the
system (P**, Si**). Henceforth, NZP shall refer to the former chemical
formula while NASICON shall refer to the latter, unless otherwise stated.
NZP structure [16] was first determined by Hangman and Kierkegaad
in 1967 and belongs to the rhombohedral crystal system with several
interesting features and potential applications, some of which include
high ionic conductivity [3], low thermal expansion coefficient [16-18],
thermodynamic stability [19], nuclear waste immobilization potentials
[15, 20] and use in environmental gas sensors for detection of pollutant
gases [21, 22]. NZP has other potential applications in the automobile
industries, e.g., for block engines and exhaust pipes of cars, space tele-
scope technology, catalysts and catalytic supports [19], among others.
It also has a unique property of enormously varied ionic substitution in
its structure, accomodating forty to forty-five elements in the periodic
table in its lattice without altering the basic structure [15]. Some of the
elements that can be substituted in the NZP include: Li, Cs, Ca, Ba, and
others for Na; Ti, Ge, Hf for Zr and Si for P. The stability of the structure
for a wide range of chemical elements makes it a universal sponge for
nuclear waste host material [15, 20]. The electrical properties of these
materials are of considerable interest in that by replacing P with Si in
NASICON, a material is produced that rivals f - alumina, one of the best
Na ion conductors, for industrial solid state electrolyte applications in
high temperature batteries.
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9.2 Theretical Survey of Superionic Conduction

Many theoretical approaches have evolved over the years which have been
successfully applied to some of these materials and have reproduced the
experimental details, particularly for one-dimensional systems. Challenges,
however, remain in the understanding of the origin of this behavior and
in particular in the case of three-dimensional NASICON materials, thus
spurring a lot of theoretical postulations to explain the conductivity mech-
anisms and other properties. Propositions have been put forward to study
and explain the superionic phenomena in simple binary ionic systems and
complex ones. We shall review some of the highpoints, including mod-
eling and simulation techniques as general background to understanding
NASICON.

An indepth review of various classes of superionic conductors, their
properties and theoretical models, particularly the AgX (X = Cl, Br, I)
family, have been reported [23]. Most of the models demonstrate a good
correlation with experimental data, though in certain superionics such
as glasses, non-Arrhenius behavior in their d.c. conductivities have been
observed and appropriate theoretical models have been proposed which
explained most of them [24]. Ionic materials have also been categorized
into classes by conduction mechanisms and characterization techniques
[25] for ease of analysis, with the authors emphasizing the increasing power
and use of simulation [26, 27] techniques, such as Monte Carlo (MC) and
Molecular Dynamics (MD), among others, for studying the properties of
NASICON and related ionic materials. The application of these techniques
in the determination of the electrical conductivity and phase transition
temperature of LiZr (PO,),, among others, were extensively reviewed and
accurate results were obtained, which compare favorably with experimen-
tal values, such as the case of CaF, [28].

One of the most widely studied ionic materials is zirconia, stabilized
in its high-temperature cubic form. Molecular dynamics simulation and
static dynamics have been applied to study the grain boundary conductiv-
ity, producing very good results, which correlates with experimental val-
ues [29]. Other simulation techniques have been discussed [30] and the
mode of implimentation and conditions of use explained, together with
their applications in highly disordered systems such as CaF,, Agl, CeO,,
and ZrO,. These provided very valuable data on the phase transition tem-
peratures and conductivity. The application of quantum mechanical den-
sity functional theory (DFT) [25, 30-32] in the MD simulations of these
materials and similar ones have also been carried out. Atomic dynamics
have been studied in superionic conductors by ab initio MD technique on
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Cul, Ag,Se, and the ionic conductivity was successfully reproduced [33],
including the temperature dependence of the diffusion coefficient of the
mobile ions, in good agreement with experimental data.

The determination of phase transition temperatures in superionic con-
ductors is important as it is associated with a large increase in conductivity
due to changes in activation energy, specific heat, among other parameters.
However, some reports indicate such a transition could take place with-
out any changes in activation energy, contrary to the expected results [34].
Many physical properties of materials change with structural transforma-
tions; however, in superionic conductors, a high conductivity is associated
with this state and the increase in conductivity is abrupt and first order.
NZP is not associated with structural phase transformation at the high
conducting state or specific heat changes [19] in the temperature range
298 to 1123 K. These transitions could be detected accurately using photo-
acoustic technique [35] as it has been applied successfully to many super-
ionic materials of the AgX family and the results agreed well with literature
data on superionic transition temperatures. Work has also been carried
out on how to increase the room temperature conductivity to between 10
to 107" S/m [4] or 10 to 10~ S/m [36], the range that will make it suitable
for applications in devices such as lithium ion batteries, with the sugges-
tion that the non-Arrhenius behavior observed in glassy ionic conductors,
which limits their conductivity, could be improved by annealing and den-
sification of the electrolytes, since it reduces the saturation that may be
responsible for the loss of Arrhenius behavior [37].

Study of the ionic conductivity of (1-x)Li,SO,:(x)Me SO, (where Me =
Na, K, Rb, and Ag; x= 0.025 to 0.09) investigated by impedance spectros-
copy [38] found that partial replacement of Li* with Me* of bigger ionic
size increases the conductivity due to lattice loosening, and maximum con-
ductivity enhancement was achieved by Ag* substitution. Application of a
simple model based on change in entropy and Coulomb interaction found
that in addition to valence, the ionic size and electronic structure of doped
cations play an important role in ion transport through solid and that the
mismatch in the ionic radii of host and guest cations altered inter-ionic
distance and so influenced Coulomb interactions and internal energy asso-
ciated with lattice vibration. A Space Charge Potential model used in the
study of BaCe Y, ,0,, s and cerium oxide [39, 40], respectively, showed
that in ionic compounds the composition at the surface or interface may
differ from that in the bulk, resulting in a difference in electric potential
between the grain boundary and the bulk due to the presence of excess
ions at the grain boundary under equilibrium. This is due to space charge
potential developed to compensate for the excess charges. Other studies
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highlighted the role played by carrier concentration, mobility, tempera-
ture, dynamics, and compositions in order to understand their high values
of ionic conductivity [37].

Using a Chemical Bond approach [41], three conditions have been enu-
merated for a material to exhibit the superionic character: 1) it must have
an open structure within which the mobile ion should have low coordina-
tion number; 2) the superionic conducting material must show a structural
phase transition at relatively low pressures and 3) for a material composed

of atoms A and B, a parameter defined as z*= |Z N é exhibits a small
\/ %

value, where Z oL, are the valencies and g, is the static dielectric constant.
These criteria have been fulfilled by many superionic materials from
experimental data. Other conditions include that the empty and occupied
sites should have similar energies with a low activation energy for jumping
between neighboring sites; that the structure should have a framework,
preferably 3D, which is fulfilled by NASICON, with open channels through
which ions could migrate; and that the anion framework should be highly
polarizable [42], among others.

Another model is that of “coupling and decoupling” by Angel [4], which
is a guideline for searching for high ionic conductivity in complex mate-
rials. The model assumes the mobile ion should be decoupled from the
surrounding other ions and molecules by optimizing the chemical bond
strength and coordination number. A good example is found in the so-
called “mixed ion effect,” where ionic conductivity shows drastic decrease
when two mobile ions are mixed or present in the same substance, e.g., Na
and Li in B,O, glasses. The mobile ion is found to be decoupled from the
surrounding counter anions to allow the ion to move fast. However, the
observed conductivity shows very low values, almost insulating in some
compositions. This anomalous behavior of conductivity is believed to be
related to a “percolation transition,” which is a special feature of complex
materials not observed in simple liquids or single crystals of homogenous
structure.

Real Space Pseudo Potential [41] method has been applied to study Cu
and Ag Halides with the zinc-blende structure, using the Bond Model from
the electronic theory of superionic conductors, which provided further
insight into the concept of a “mobile ion in a cage formed by the immobile
ion” In a related study [43] using the the Pseudo Potential method, Agl, a
well-known superionic conductor and GaAs, a well-known semiconduc-
tor, results show that the bonding in Agl is mainly determined by the iodine
and suggests that the local electronic excitations from the bonding to the
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antibonding orbitals can trigger the migration of the mobile ion species
and thus initiate the superionic transport. Recent interest in the electron
substructure [44, 45] to explain the behavior of superionic materials led to
a suggestion that the change of bonding that occurs locally and fluctuates
in time plays an important role in the understanding of the phenomenon
of superionic conduction. This is because the fluctuation of the bond cre-
ates fields of forces which move the ions and which in turn trigger new
bond fluctuations. The model has been used successfully and applied in
the interpretation of many experimental observations. Another major area
of ionic conductors currently receiving attention is composites. Composite
materials are heteregenous mixtures of various phases. Work on the review
[46] of the theoretical framework of the ionic conduction in various classes
of these materials at the interface, ion trapping, depletion levels and their
relationship to conductivity changes has also been reported.

There is the screening concept and strain [47] in ionic conductors, which
are relevant for the understanding of the defect and thermal properties of
these compounds due to their relationship to conductivity, amongst many
other contending theories of ionic conduction. In summary, the theoreti-
cal implications show that many factors affect ion motion: concentration
of charge carriers, defects or mobile ions, the distance between available
positions, temperature, the correlation between charge carriers, the change
of the thermodynamic potential of the motion of ions, and the change of
thermodynamic potential of origin of defects [48].

9.3 NASICON Synthesis

NASICON has been synthesized by many routes depending on the applica-
tion in view, stability, and parameters reguired. Nanocrystalline and thin
films [49-51] have been prepared but most have been prepared in poly-
crystalline (microcrystalline) forms due to various advantages. Some of
the methods of preparation are solid state reaction [52, 69], solution-gel
[53-55], hydrothermal [13, 56, 57], Ion exchanges [58-60], Microwave
[15, 61, 62], Spark Plasma Sintering [63, 64], solution combustion [65] and
the relatively new Pechini-type Sol-Gel [66], among others.

9.3.1 Sol-Gel Method

This method is found to be better in most cases because the mixing of the
components is achieved at a molecular level and is the most successful tech-
nique to get very fine powders, low sintering temperature and Na and P
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losses are minimized or completely avoided [67]. Further, it has the ability to
achieve oxygen and ionic stoichiometry during the formation reaction, there
is ease of synthesizing complex compositions, single phase materials, forma-
tion of higher purity products through the use of high purity reagents [68,
69], and to provide coatings over complex geometries including the insides
of tubes. These advantages, however, are to be viewed in balance with the raw
materials” high cost, the long processing time involved, the non-uniformity
of the films, and the formation of cracks upon drying [69]. The principle of
sol-gel technique consists of converting the sol, a suspension of colloidal or
polymeric particles in a solvent, into a semisolid phase known as gel.

9.3.2 Hydrothermal Method

This is a low-temperature route for synthesis of ultra fine powders of NZP
[25]. Hydrothermal synthesis is considered as a high-temperature technique,
even though the temperatures are low compared to most traditional melt
techniques. It has the advantage of rapid growth rates because of the rapid
diffusion processes and it is a method of growth technique from liquid solu-
tion with lower viscosity of liquid [70]. Further advantage is that reactions do
not require much time compared to conventional methods and compounds
that have elements with an unusual oxidation state can be synthesized [71].

9.3.3 Ion Exchange

Solid electrolytes are ideal materials for carrying out ion exchange reac-
tions since they have mobile ions of one type within a rigid host frame-
work. With ion exchnage methods, new materials can be synthesized that,
thermodynamically, are metastable and could not be synthesized by other
means, such as direct reactions of the components [59]. Some of these
new materials may have proprties or structures that are of technological
importance.

9.3.4 Microwave Synthesis

A more effective method of synthesis has been proposed using micro-
wave heating, which results in products exhibiting high phase purity, good
crystallinity, and minimal loss of volatile constituents. It has been used to
prepare NZP compositions [15, 61, 72], Alumina, Ziconia, ZnO, among
others. It is low cost, has high heating rates, low sintering time, uniform
and volumetric heating, low temperatures and improved mechanical prop-
erties, among others [73].
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9.3.5 Spark Plasma Sintering

NASICON has been prepared by the Spark Plasma Sintering (SPS) method
with the promise of lots of advantages. In other to activate mass transport
during sintering process, the application of a current, that is electrical dis-
charges between the particles under pressure through the sample during
heating, presents a promising technique for rapid densification of ceramics
at relatively low temperatures to almost the theoretical density [63]. This is
the most novel and increasingly used method, which has clear advantages
over the conventional sintering method that makes it possible to sinter
nanomeric powders to near full desification with little grain growth [64].

9.3.6 Solid State Synthesis

Generally, inorganic solids are prepared by the reaction of a solid with
another solid, a liquid or a gas usually at high temperatures. Solids do not
react with each other at room temperatures; high temperatures are required
to reach the suitable reaction rates. Generally, two-thirds of the melting
temperature of one component is enough to activate diffusion sufficiently
and to enable solid state reaction [74]. The advantages of solid state reac-
tion are the availability of precursors and low cost for powder produc-
tion on the industrial scale. The disadvantages of the solid state reaction
method are that undesirable phases may be formed, the homogenous dis-
tribution of dopants is sometimes difficult to achieve, and there are limited
opportunities for in situ monitoring of the progress of the reaction; instead,
physical measurements, such as XRD, are periodically carried out. This dif-
ficulty results in mixtures of reactants and products frequently obtained.
The separation of the desired product from these mixtures is generally dif-
ficult, if not impossible [74]. Further, in many compounds the reaction
temperatures cannot be raised as high as necessary for reasonable reaction
rates because one or more component of the reacting mixture may volatil-
ize. Detailed description of solid state reaction theory and other methods
have been discussed [74] and experimental details and results of the solid
state synthesis of NaZr (PO,), have been reported [75].

9.4 NASICON Structure and Properties

The structure of NZP is such that the Na* is located in the interstitial sites
in the framework and ionic conduction takes place when Na* ions move
from one site to another through bottlenecks formed by oxygen ions [76]
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with a strong covalent bond. The total electrical conductivity strongly
depends on the density and nature of the grain boundaries. NASICON
compounds exhibit a few crystalline forms depending on temperature
and composition. The structural formula of NASICON can be written as
(M ][M",][A,V'][B,V]O,,, where M’ , and M", are interstitial sites occu-
pied partially or fully by Na or other substituting ions. A and B lattice sites
are primarily occupied by Zr and P or by possible substituting ions. The
crystallographic structure of the parent composition NaZr,(PO,), was first
determined by Hangman and Kierkgaad [77] in 1967. NASICON is a solid
solution derived from NaZr,(PO,), by partial replacement of P by Si, with
Na excess to balance the negatively charged framework [58]. The network
structure of NASICON can be modified by using double phosphates and
silicates to give the general formula Na _Zr P, Si O, (0 < x < 3). In the

skeleton of the complex anion (Zr,P, Si O,))"*, each ZrO, octahedron

shares its six corners with tetrahedra of PO, or SiO,, and each tetrahedron
shares its four corners with the octahedron. Thus each O* bonds strongly
to a tetrahedral and an octahedral cation. The compound has two sym-
metries in the range 1.8 < x < 2.2, the material is monoclinic with space
group C2/c; the rest of x yields rhombohedral unit cells of the R3¢ space
group at room temperature, with the x = 2 having the highest conductivity
[78]. At higher temperatures (~473 K), NASICON takes the rhombohedral
symmetry in the entire x-range and a phase transition involving rearrange-
ment of Na* ion sublattice occurs. The geometrical features of the skeleton
and its interstitial space therefore satisfy the criteria for fast Na* ion trans-
port. Figure 9.1 shows the structure of NASICON with the Nal* ions in
the interstitial sites within the ZrO . octahedron and PO /Si0, tetrahedra,
while Figure 9.2 is the structure of NZP, with the atomic positions of vari-
ous atoms shown. The oxygen is seen bridging the P and Zr polyhedra. The
counter ion Nal* is located in the specific M(1) site inside the framework.

Another way of representing the general structural formula of NZP in
order to reflect the atomic sites is simply M(I), M(II), M(III) A, (XO,), , in
which [A, (XO,), |™ is the rigid framework and M(I), M(II), and M(III),
the three distinct empty sites in the framework. In compounds with the
highest symmetry (R3c), the MI site has three symmetries and coordina-
tion number is 6 and lies on the c-axis and is generally fully or partially
occupied [82]. The M(II) site has two symmetries and the coordination
number is 14 and it lies between the columns and is connected to the M(I)
site allowing ionic conductivity.

The Na* cations may occupy the M(I) sites while the M(II) sites, situated
outside the chains-polyhedra, remain empty [17]. Further, as the M(II) site
is very big, in some cases two cations may fit into the site. The M(III) site is
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Figure 9.1 View of the rhombohedral R3¢ structure of NASICON showing (ZrP O ,)-
units parallel to c axis and Na* ions in Nal positions (interstices) octahedrally coordinated
by O* ions. The Nal positions are also octahedrally coordinated by empty Na2 positions in
the same basal planes as the nearest-neighbor O* ions. Reprinted from ref. [121] Solid State
ITonics, Vol. 176, K.K. Rao, G. Rambabu, M. Raghavender, G. Prasad, G.S. Kumar, and M.
Vithal, Preparation, characterization and impedance study of AgTaMP3012 (M=Al, Ga, In,
Cr,Fe and Y), pp. 2701-2710, 2005, with permission from Elsevier.

L
@
L= 1
‘OO

Figure 9.2 Structure of NZP showing corner shared ZrO, octahedra and PO, tetrahedra
in the and the reference axes shown. Reprinted from ref. [11] R.M. Hazen, L.W. Finger,
D.K. Agrawal, H.K. McKinstry and A. A. Parrotta. Journal of Materials Research, Vol. 2,
pp- 329-337, 1987, with permission from Cambridge University Press.
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a trigonal prism and has thirty-two symmetries. It can only accommodate
small ions and in most cases it is empty. A and X can be substituted with
many different elements, forming hundreds of different compositions [78].
For example, the M can be substituted with H*, Li*, Na*, K*, Rb*, Cs*, while A
can be substituted with Nb’*, Ta*>, V°*, Sb°>*, Ti*t, Zr*, Hf*", Ge**, Sr**, and X
can be substituted with A>*, Si**, Ge**, S°*, Mo®", AI**. Substitution of monava-
lent Na cation by a divalent Ca or Sr creates an ordering of cations and vacan-
cies in the M1 sites, lowering the symmetry to R3 [17]. When substitution
of Na by a larger cation is made, such as by K, forming KZP, the unit cell
contracts in the A lattice direction and expands in the C direction. This is also
true when the Na is substituted by NH_*, the lattice parameter A decreases
and while the C parameter increases [83]. Similarly, when the Na-O bond
length increases with Ti, coupled rotations of the TiO, and PO, polyhedra
lead to an expansion in the C and contraction in the A lattice directions. The
different compositions give several different properties to the structure, e.g.,
ionic conductivity, low and negative thermal expansion, ability to immobilize
radioactive nuclides, ferroelectricity, and catalytic property. The substitution
of M site ions can be done at relatively low temperatures (573 K) and the
framework ions A and X can be done at higher temperatures >1073 K. As the
oxidation state of A and X gets higher the framework becomes stronger and
the number of different substitutions to the M site increases.

Inside the framework [A, (XO,), ]™, M1* counter ion fully occupy the M(I)
vacancy which is located in the c-axis, between two ZrO o Zr*"ion has radius of
0.72 A [84]. In addition, as the M1* ion gets bigger the c-axis expands and PO,
tetrahedra distorts. This distortion increases the O-P-O angle through c-axis
and shortens the axis. In an ion exchange study [58] on Na _ Ti, Al (PO,), (x
= 0.60-0.80), where the Na was substituted by Li, two mobile ions were pres-
ent in the structure and affected the lattice parameters a, ¢, and other physical
properties like conductivity differently, depending on their position on the M
sites. The Li entered the M(II) sites, which decreased the length of the lattice
parameter a axis. The c axis is however more sensitive to the M(I) site com-
position and therefore the presence of Na in this site caused a variation of the
length of the ¢ axis upon ion exchange to be negligible. The presence of Na
in the M(I) site is very important as it results in the so-called “mixed alkali
effect;” or “mixed cation effect,” as it has been variously referred to. Since the
occupancy of Na at the M(I) site is high this made the conductivity due to
lithium cations highly difficult across M(I)-M(II) bottlenecks, since the Na*
may block Li* diffusion along the M(I)-M(II) pathway, which may be related
to the “mixed cation effect” observed mainly in glasses. A pronounced reduc-
tion in conductivity is observed in oxide glasses with two or more types of dif-
ferent alkali components when compared to the analogue single oxide glasses.
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Lithium-conducting solid electrolytes are the most important due to
the special physical properties of lithium such as its small size and low
density, which leads to increased electrical conductivity on partial as well
as full substitutions in the NZP system, resulting in lithium zirconium
phosphate LiZr (PO,),. NZP is thermally stable to 1773 K [85] whereas
NASICON, depending on its composition, has melting point higher than
2073 K [86]. The substitution of Na becomes necessary since it is not a
good ionic conductor for structural reasons [87]. Other compositions are
obtained by replacing the Zr with Ge, Sc, In, Ti, etc., with the result that
several orders of magnitude increment in conductivity at room tempera-
ture is obtained, amongst other substitutions in the P system. Some stud-
ies carried out on NZP reflect current and potential applications, such
as in corrosion-resistant coating material for silicon-based ceramics and
thermal barrier coatings [86]; in the development of C-C composites due
to the matching of its thermal expansion properties [88] and as a nuclear
waste immobilization host material [16, 89, 90]. Recently, new materi-
als of the NZP family have been developed and structurally characterized
showing high ionic conductivity and optical property, an uncharacteristic
property of these compounds. Some of these include, Na,AlL(PO,), with
bulk conductivity 5.0 S/m at 600 K [91], Rb,Yb,(PO,), [92], a cubic sys-
tem and Pb_Ti (PO,), [93], a hexagonal system of the R3¢ space group,
respectively. Similarly, new NASICON-related Potassium Iron (III)
Pyrophosphate has been synthesized and characterized [56], an example
of which is is rhombohedral Li,Fe, (PO,)., a potential electrode insertion
material in lithium polymer batteries based on its good ionic conductivity
and low cost [94]. The thermal expansion properties of these compounds
are very important due to their relevance in the synthesis of the materials
and their relationship to microstructure and density. NZP has the lowest
tailorable thermal expansion coeflicients and exhibit anisotropy in their
thermal expansion, spurring several theoretical models to explain the
thermal properties [16, 95-98] and studies on the coefficients of thermal
expansion [16, 99].

Microcracking is another property that occurs in these materials due
to internal stresses among grains, which results in significant lowering of
strength and coeflicient of thermal expansion [95]. The microcracks begin
when a critical grain size of 2 um is exceeded, which is related to the maxi-
mum thermal expansion difference between the lattice parameters [100].
In low-density ceramics, these microcracks and pores can absorb some
expansion thereby causing a reduction in the thermal expansion. It has
been suggested that the anisotropic thermal expansion gives rise to poor
sinterability [18] and that the compositions with high degrees of thermal
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anisotropy are the ones prone to microcracking upon cooling at room tem-
perature [96], since the onset of microcracking is related to the sintering
temperature and hence grain size. They suggest that microcracking may be
delayed or enhanced by controlling the atmosphere in which the ceramic is
heated and cooled and that thermomechanical properties in general can be
improved by compositional and microstructure designs [95], all of which
reflect in the way and manner the materials are synthesized. Thus the use
of appropriate atmosphere is important in the characterization and perfor-
mance of these materials.

9.5 Characterization Techniques

NASICON materials have been characterized by various techniques
depending on the problem being investigated. Whatever the problem of
investigation there are certain characterizations that are regarded as fun-
damental due to the information they provide about the pristine nature
of the compound being investigated. The prominent ones are X-ray/neu-
tron diffraction (XRD/ND) studies, including Rietveld analysis, which are
used for phase, stoichiometry, and structural analysis. Elemental (EDX/
XPS, energy dispersive spectroscopy/X-ray photoelectron spectroscopy)
analysis are used for ascertaining the stoichiometry or chemical compo-
sition, including valence state in the case of XPS. Microstructure (SEM/
TEM, scanning electron microscopy/transmission electron microscopy)
explores the morphological features of materials, grain/grain boundaries
sizes and shapes. Thermal technique such as TGA (thermogravimetric
analysis) is generally used in solid state reactions to determine the sinter-
ing temperatures, i.e., decompsition temeperatures of mixtures. Typical
TGA plot is shown in Figure 9.3 for Na Li . Zr (PO,), between room
temperature and 1273 K showing stability around 600 K. For the pur-
poses of studies, however, techniques such as IS together with dielectric
relaxation/permititvity and mobility have been used for the analysis of
the electrical properties, such as ac/dc conductivity. DTA (differential
thermal analysis) is used for structural /phase transformation studies in
conjunction with XRD. Typical DTA plot for Na ,Li ..Zr,(PO,), is shown
in Figure 9.4 over a temperature range of 1273 K. No significant thermal
effect is observed as earlier mentioned, except the peak around 400 K.
FT-IR/Raman/NMR (Fourier Transform-Infrared/Raman spectroscopy/
Nuclear Magenetic Resonance) spectroscopies are used for studies of
vibrations of atoms and constituent molecules in NASICON, together
with that of groups, such as phosphates or silicates, while NMR is used
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Figure 9.3 TGA plot of mass loss vs temperature (K) at different temperatures for
Na,,.Li .Zr,(PO,),. The mass becomes stable at around 600 K [97], reproduced with
kind permission from Springer Science+Business Media, Journal of Thermal Analysis and
Calorimetry, Synthesis and thermal characterization of NZP compounds Na,_Li Zr,(PO,)
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Figure 9.4 Typical DTA plot of Na .Li ..Zr,(PO,), at different temperatures with small
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visible peak at 201.7 K, but there is no significant thermal effect at this temperature

[97], reproduced with kind permission from Springer Science+Business Media, Journal
of Thermal Analysis and Calorimetry, Synthesis and thermal characterization of NZP
compounds NaHLierz(POLl)3 (x=0.00-0.75), Vol. 101, , 2010, pp. 175-179, Ahmadu, U,
A.O. Musa,S. A. Jonah and N. Rabiu, Figure 4.

for transport studies: mobility and diffusion, in particular, distribution
of Li ions over different sites (octahedral, tetrahedral) in the NASICON,
together with activation energy and relaxation times. UV-vis spectros-
copy has been used for absorption and valence state determination while
Vibrating Sample Magnetometer (VSM) has been used for magnetic
properties, among others.
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The compound Li Al Ge Tiz_x_y(PO ), [101] has been studied by XRD
using Rietveld refinement, while AgTaMP,O , (M=Al, Ga, In, Cr, Fe and
Y) [79] was studied by XRD, IR and IS (impedance spectroscopy). The sys-
tems LiTi,(PO,),, Li, ,Al ,Ti _(PO,), (VO,), , and AM,(PO,), (A =Li, Na
and M = Cr, Fe) [65] have been investigated by XRD (Rietveld refinement),
FT-IR, TEM, DSC (differential scanning calorimetry)/DTA, UV-VIS and
VSM techniques. ND has been used to investigate the structural properties
of Ca, BaZrP O, [97], including Rietveld refinement. Similarly, struc-
tural phase transformations [34] in Li,In,(PO,), by XRD, DTA, and DSC
have been reported, while [102] and [103] studied Li ,Al .Y, .Ti (PO,),
and LiMZ(PO 4)3, M = Ge, Ti, Sn, Zr, and Hf by NMR for Li ion mobility.
Work has also been reported [87] on Li | Al Ti, (PO,),,(VO,), ,using Li,
Al and *'P NMR and *Al Magic Angle Spining NMR. Ionic conductivity
(104] in Li ,Al .Y, .Ti (PO,), by XPS has been reported. Diffusion stud-
ies on single crystals of Na, , Zr, Si P, O, 0<x< 3, 0<y<1 0 found that
in some of the compositions, Na interstitial sites were not involved in the
diffusion [105] process but were correlated with oxygen split positions, and
thus they argue that the rigid framework picture of NASICON is not tena-
ble. Several other studies have been reported on these and other techniques.
In the following sections, we discuss in detail the most used and important
techniques for NASICON characterization, electrical conductivity using IS,

dielectric properties and NMR, which uses mobility and relaxation.

9.5.1 Electrical Conductivity

It is important to know how much current can be passed through an elec-
trode-electrolyte interface since some interfaces are non-polarizable or
reversible while others are polarizable or non-reversible. A non-polariz-
able interface thus acts reversibly to the species under consideration and
both ionic and electronic species may cross the interface unobstructed.
Polarizable interfaces have blocking effects on the species under consider-
ation and to a first approximation, act like a capacitor [106]. Several meth-
ods have been used to measure ionic conductivity, including far infrared
and Raman spectroscopies in which the vibrations of atoms provide hop
attempt frequencies. Similarly, motional narrowing of the NMR absorp-
tion lines, among others, also provides transport information. Studies on
superionic conductors have been carried out at the d.c., low, microwave,
and far infrared frequencies but not much is found in radio frequency
(RF) range and microwave (GHz) regions. Conductivity in microwave
range through theoretical studies reveal that motion of ions through the
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lattice in superionic conductors is intimately linked with microwave con-
ductivity and thus frequency range expectedly corresponds to the time
scale of ionic motion. Defects or interstitial spaces provide empty sites
through which ions can migrate in a hoping mechanism in which the
ions move sequentially into adjacent energy-equivalent vacant sites, or
by cooperative motion of the ions. Conductivity may be fully or partly
ionic, in the former it may be due to the positive and negative ion spe-
cies, while in the latter case it may be due to electronic contribution due
to negative electrons and positive holes that may be present. Thus total
ionic conductivity may not be the true bulk ionic conductivity due to fac-
tors, such as electrode-material contact resistance, which are generally of
negligible fraction of total resistance in high-resistance samples, which is
useful only if it is ensured that the signal makes the electrode-material
system linear. There is also the problem of grain-boundary resistance
whose only solution is to carry out measurements on single crystals [25].
For most superionic conductors, the art of growing single crystals is far
from developed, and measurements are therefore carried out on pressed
pellets. Another factor is grain boundaries, which can either increase or
decrease the conductivity, depending upon whether or not the activation
energy for conduction of the grain boundary is less or more than the bulk
conduction. In d.c. conduction, polarization effects at the nearby elec-
trodes are a major problem in the evaluation of ionic transport but they
are useful in separating electronic components of conductivity. Simple
models [107] have been presented that explains theoretically a.c. conduc-
tivity based on relaxation concepts, which illustrate some of the features
of the ionic a.c. conduction in solids and helped in clarifying their origin.
The models, which are applied to NASICON materials, show how long-
range motion of the charges can occur in a system composed of ions
that are confined by the coulomb potentials of the neighboring ions, with
the condition that the position of these neighbors can also relax. At low
frequencies, the long-range displacements of carriers give the frequency
independent (dc) conduction o,. As the frequency increases, the conduc-
tivity gradually increases and over a frequency range from mHz to GHz
it is well approximated by Jonscher and Almond:

a(w)=a,[(1+w/w)] (9.1)
where w_is the frequency of the onset of ac conduction and s is a variable

parameter. This equation treats the a.c. and d.c. as independent phenom-
ena. However, both contributions should supposedly arise from the same
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Figure 9.5 Frequency dependence of real part of complex conductivity, ¢’ of
Na, Li .Zr,(PO,), at different temperatures (310 to 600 K). The flat regions represent the
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long range d.c. conduction and the dispersive regions the the short range a.c. conduction,

with frequency dependent and independent regions (d.c.). With increase in temperature
the flat regions become longer which is the general behavior of ionic materials as
explained by the power law of Jonscher [72].

microscopic mechanism. Another form [108] of eq. (9.1) has been pro-
vided to describe the a.c. behavior:

a(w)=a(0) + Aw* (9.2)

where g(0) is the d.c. conductivity, A a temperature-dependent parameter
and the exponent a has been found to take values between 0 and 1. This
law is a universal property of the materials and is related to the dynamics
of hopping conduction. Figure 9.5 shows a typical plot of a.c. conductiv-
ity at different temperatures and frequencies for Na .Li .Zr (PO,)3 sytem.
The flat region reperesents the long range d.c. motion, while the dispersive
region is the a.c. component. Two main parameters determine conductiv-
ity: frequency and temperature. Temperature dependence is through the
Arrhenius equation:

ol =¢, exp(— kE“ j (9.3)
B
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where g is a pre-exponential factor, g, T, E and k, are the conductiv-
ity, temperature, and Boltzmann constant, respectively. Using imped-
ance spectroscopy the d.c. conductivity can be extrapolated based on an
Argand complex plane that shows a low frequency region characterized
by a straight line due to surface charge polarization and a high-frequency
region due to electrical properties of the bulk. In order to determine the
real part of the complex impedance (which gives the resistance and hence
d.c. conductivity) the high-frequency region is approximated to a semi-
circle. The dc value of the resistance on the other hand corresponds to the
intersection of this semi-circle and the real axis.

9.5.2 Impedance Theory and Modeling

Impedance spectroscopy (IS) is a relatively new and powerful tool for char-
acterizing many of the electrical properties of materials and their interfaces
with electronically conducting electrodes. It can be used to investigate the
dynamics of bound or mobile charge in the bulk or interfacial regions of
any kind of solid or liquid material: ionic, semiconducting, mixed elec-
tronic-ionic, and even insulators (dielectrics), and has been used in the
study of mixed electronic ionic conductor (MIECS) coatings, bioelectrical
processes, corrosion [109], and to assess the viability of the rapid chlo-
ride test for determining concrete conductivity [110]. A detailed descrip-
tion of the principles, theory, and experiments of IS has been presented
[111]. IS measurements are carried out over a wide range of frequencies in
order to identify all the time constants in the circuits, usually ten frequen-
cies per decade are used [112] and it is a very sensitive technique since it
does not provide a direct measure of physical phenomena. Other electro-
chemical experiments have to be carried out together with good physical
knowledge of the system (microstructure), surface composition, thickness,
porosity, and the presence of various layers, among others. Interpretation
of impedance data requires the use of an appropriate model, a task which
must be carried out very carefully. The modeling has been classified [112]
as (1) physicochemical, process, or structural modeling, and (2) measure-
ment, formal, or mathematical modeling. Process modeling links mea-
sured impedances with physicochemical parameters of the process, kinetic
parameters, concentrations, diffusion coefficients, sample geometry and
conditions, etc. Measurement modeling explains the experimental imped-
ances in terms of mathematical functions in order to obtain a good fit
between the calculated and experimental impedances. In the latter case,
the parameters obtained do not necessarily have a clear physicochemi-
cal significance. One such modeling technique is the so-called Complex
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Nonlinear Least Squares (CNLS) fitting. Experimentally obtained imped-
ance data for a given electrode-material system may be analyzed by using
an exact mathematical model based on a plausible physical theory that
predicts theoretical impedance or by a relatively empirical equivalent cir-
cuit whose experimental impedance predictions are given [111]. In either
the case of the relatively empirical equivalent circuit or of the exact math-
ematical model, the parameters can be estimated and the experimen-
tal impedance data compared to either the predicted equivalent circuit
impedance or to the theoretical impedance. Analysis of experimental data
that yield a full semicircular arc in the complex plane can lead to quantita-
tive estimates of conductivity, relaxation times, and interfacial capacitance.
In practice, however, experimental data are only rarely found to yield a full
semicircle with its center on the real axis of the complex plane. Three com-
mon perturbations that may lead to at least part of a semicircular arc in
the complex plane are: 1) the arc does not pass through the origin because
there are other arcs appearing at higher frequencies; 2) the center of an
experimental arc is frequently displaced below the real axis because of the
presence of distributed elements in the material-electrode system. The
relaxation time is then not single valued, but is distributed continuously or
discretely around a mean value and the angle by which such a semicircular
arc is depressed below the real axis is related to the width of the relaxation
time distribution and as such is an important parameter; 3) the arcs can
also be substantially distorted by other relaxations whose mean time con-
stants are within two orders of magnitude or less of that for the arc under
consideration. The experimentally obtained spectra often differ strongly
from the idealized ones presented. The semi-circles may overlap and the
degree of overlapping depends on the relative time constants; the closer
they are, the bigger is the mixing [113]. In an ideal polycrystalline sample,
the Nyquist plot ( 2’ vs z” exhibits an arc at high frequency, a second arc at
lower frequencies, and a linear portion at the lowest frequencies, as shown
in Figure 9.6.

The real and imaginary components of impedance are plotted as para-
metric functions of frequency; ), is the relaxation frequency and R (R ),
and C, are the bulk resistance and capacitance, respectively while R ,(R,)
is the resistance of the grain boundary. The corresponding circuit model
is that of two parallel RC (R, C,, R, C)) circuits connected in parallel
together with a constant phase element Q, (used as equivalent circuit
element instead of the conventional capacitance) whose property varies
from that of resistance and inductor, depending on the value of some
exponents. The absence of this component has been attributed to why
impedance arcs terminate at the origin [114] in some cases. Q, represents
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Figure 9.6 Plot of fit a nd experimental impedance data using the ‘O’ model equivalent
circuit at 600 K based on complex non linear least squares program (CNLS).The data
points are square points while the blue continuous lines are fitting results [149].

the electrode behavior, w, is the relaxation frequency, the frequency at
the maximum imaginary impedance. R, C_ is the time constant 7 of the

circuit, while the symbols represent the bulk resistance and capacitance,
respectively. The measurement of the bulk conductivity is straightfor-
ward from the Nyquist plot, while the measurement of specific grain
boundary conductivity requires knowledge of the grain size and grain
boundary thickness. The impedance of the equivalent circuit may be
approximated by:

zv=— LI 1 L i (9.4)
——+ioC, ——+iaC,,
Rg Rgb

where

R R,,
7' = £+ £ : (9.5)
1+(wR,C,)*  1+(wR,Cy)
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and

a)RgCg a)Rgngh

=R |——2%¢8 |4yR, |—8& (9.6)
g 2 gb 2
1+(a)RgCg) 1+(a)Rgthb)

ZH

Eq. (9.6) can be applied to the response peaks of the grain and grain
1

boundaries which are located at , respectively. The

and
2 ﬁRg Cg R gbcgb
frequency of the peaks in the z’ vs 2" plots have been found based on the

conditions wt = 1, RC = 7, and w = 2xf, which give f= , where @

27RC

is the angular frequency and 7 is the relaxation time. The peak values are
found to be proportional to the associated resistances, but in general the
peak frequencies of the grain boundaries are lower than those of grains due
to their large resistances and capacitances compared with those of grains.
The plot of experimental impedance data on a complex plane is shown in
Figure 9.7 in CNLS modeling has been used to fit the data and the grain
boundary arc is seen to dominate. Figure 9.8 shows the the generic bat-
tery model fitting results for experimental data based on MEISP (Multiple
Electrochemical Impedance Spectroscopy Parameterization). The results

Fit and experimental data impedance plot

2 = o \

0 2 4 6 8 10 12 14

Figure 9.7 Typical fitting result of experimental data using the generic battery model of
the Multiple Impedance Spectroscopy Parameterization program (MEISP) at 600 K. The
fit is the continuous line while the observed data are crosses [149].
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Figure 9.8 Frequency dependence of imaginary part of modulus m" at different
temperatures (310 to 600 K), showing the peaks of the relaxations shift to higher
frequencies with increase of temperature [72].

show a very good fitting. Impedance data of NASICON have also been ana-
lyzed from the formalism of electric modulus, M* = M’ + iM", that is,

M =M +iM’ = ia)COZ* (9.7)
S
where, i=+J(-1) Co = 805, is the empty cell capacitance, s is the sample

area and d is the thickness of the sample. Complex modulus M* is now
generally used in conjunction with the impedance and permittivity to dis-
tinguish between grain and grain boundary effects and also to understand
the miscroscopic phenomena responsible for local dielectric relaxations and
electrical conudctivity. Starting from egs. (9.7) and (9.4), the corresponding
equation for electric modulus representing the equivalent circuit is:

2 2

M’ = Co (ngCg) n G (ngngh) (9.8)
2 2
Cg 1+(a)RgCg) C 1+(a)Rgngh)

gb

and

Mn:& ngCg n G a)Rgngb (9.9)
Cg l-I-(a)RgCg)2 Cgb (CORgngb)z
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temperatures, permittivity falls with frequency and peaks are observable at high

temperatures [72].

Eq. (9.9) shows that there is relaxation in the M” representation, similar
to the Z” representation and the response peaks for the grains and grain

boundaries also occur at frequencies ————— and — | respec-
27R,C, 27R,C,,

tively. The typical plot using the modulus formalism is shown in Figure 9.9,
which shows relaxations increasing to higher frequency with increase in
temperature from 350 to 600 K. In order to determine the grain boundary
conductivity without detailed micro-structural and electrical information,
a “Brick Layer Model” (BLM) has been conventionally adopted [115]. This
model is used owing to its high symmetry and the simplicity of the grain
shape although its validity and limits have been highlighted [116, 117].

9.5.3 Dielectric Relaxation

For dielectric relaxation analysis, the Cole-Cole equation,

et=¢(w)-id'(w)=¢ +—=— 9.10
(@)=ic"(0)= 5, + s (9.10)
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Figure 9.10 A is a typical Nyquist plot ( z” vs z') for a polycrystalline material and varies
based on many parameters. The semi-circles represent the grain (R ) and grain boundary
(R)). The inclined straight line represents electrode characteristics, Q, and is a constant
phase element, not an ideal resistor. The frequency increases in an anti-clockwise manner. @,
is the relaxation frequency where R,,C, are the bulk resitance and capacitance, respectively.

where ¢ and ¢_ are the static and high-frequency limits of the dielectric con-
stant, respectively, 7 is the most probable relaxation time, and y is a constant
with values between 0 and 1 are generally used for analysis. The imaginary

O

parts of dielectric loss have been explained based on & "= a)_{ic, where ¢ is
0
vacuum dielectric constant, @ = 27f is the frequency, ¢ . and is the dc con-
ductivity. The dc conduction leads to further dielectric loss in addition to
that due to relaxation process. The characteristic variation of dielectric per-
mitivity &” with frequency for Na .Li _.Zr (PO,), is shown in figure 9.10 at
diftferent temperatures.

9.5.4 Nuclear Magnetic Resonance

NMR technique has been used extensively in NASICON research for elec-
trical and structural parameterization. The detailed theory of solid state
NMR, principles, applications, and instrumentation can be found in [118]
and [119]. However, here we provide a general discussion of the principles
with special relation to NASICON research parameters of interest. NMR
gives detailed information for selected nuclei, information about the chemi-
cal bonding, local electronic structure, orientation of a bond, measurement
of distances between nuclei and the local site dynamics [119], and uses the
very weak interaction between a nucleus and the rest of the universe. It
has a much smaller signal-to-noise ratio compared to many spectroscopic
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techniques and the weak interaction yields an extremely high resolution.
Solid state NMR often employs a 200-750 MHz NMR spectrometer.

In solid state NMR nuclei, the parameters of interest are dipolar and
quadrupolar coupling, chemical shift anisotrophy, Magic Angle Spining
(MAS) NMR, T, and Tp relaxation, and dynamics. Chemical shift of a
nucleus is due to the core and valence electrons in that nucleus and is usu-
ally described in a principal axis system in which the chemical shift ten-
sor is diagonal and the elements contribute to the NMR spectrum via two
equations [118]. In NASICON, the nuclei of interest are usually **Na (5=3/2,
where S is the spin), Li (3/2), Al (5/2), and P (1/2). The quadrupolar inter-
action is described by a tensor while the electronic field gradient (EFG) is
described by the size, shape, and orientation parameters. The size of the
EFG tensor is given by the quadrupolar coupling constant in Hz, variously
labeled C,or C , among others. The shape of the EFG tensor is given by the
asymmetry parameter 1. For quadrupole nucleus, the important parame-
ters are spin and quadrupole moment, where S = 1, 3/2, 5/2, 7/2 and 9/2 are
frequently encountered. The nuclear electric quadrupole moment is given
by Q in units of m?”. Generally, one selects a nucleus (S,Q), then measures
C, and n as a function of structure with comparisons to calculated EFG
tensors for molecular orbital calculations as C_and n orientations, which is
given by another expression for quadrupolar Hamiltonian [118].

In MAS NMR, quadrupolar and chemical shift powder patterns provide
much insight into local chemical structure and dynamics. However, if the
sample contains two or more nuclear sites, then the overlapping patterns
can be difficult to interpret [118]. This is often resolved by MAS NMR,
which consists of rapid rotation of the sample about an axis set at 54.7356°
to the aplied external magetic field B. The MAS rotation rate is usually
not fast with respect to dipolar coupling. Thus a pulse sequence, which
incorporates dipolar decoupling and cross polarization is used in S = 1/2
nuclei, such as *'P, to reduce the linewidth. In NMR experiments there are
many relaxation paths and experiments to measure the relaxation kinetics,
but the commonly used relaxations are T, spin-lattice relaxation, which
measures the rate of energy exchange between the spin system and the
vibrational and phonon modes with B, dependence. T p is spin-lattice in
the rotation frame relaxation. The most efficient spin-lattice relaxation, i.e.,
shortest T, value, occurs when the correlation time 7 is approximately
equal to the increase of the resonance frequency, 7w, =1. When slow
frequency motions are separated, i.e., moderate temperatures and high
activation energies, then T p at variable B, (where B, is the amplitude of
the RF pulse) fields are more convinient. Other measurements have been
carried out in the dynamic mode.
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9.6 Experimental Results

Conductivity data for different NASICON compositions are highly vari-
able, depending on preparation, electrode, microstructure, temperature,
pressure, and mobile ion, even for the same composition. Table 9.1 is a
summary of bulk electrical conductivity (g,, S/m), except where indicated,
and activation energies E_(eV) of some NASICON compositions at differ-
ent temperatures T(K) with their references shown. The values of activation
energies are the highest obtained in the various reported compositions.
They are generally Li or Na ion conductors, although some higher charge
ions have been found to also conduct.

In an extensive study on lithium conducting Li Al Ti (PO,), (Z=V,
Nb) system (LATP) [130] in which V and Nb were substituted for P, an
increase in conductivity of the system was observed. Previous work shows
the grain boundary component of impedance producing an arc extending
to above 1 MHz down to the kHz region and literature could not provide
clear information on the mechanism of conductivity enhancement, whether
the grain boundary or the bulk conductivity of the system is enhanced. The
nature of the electrodes was crucial in resolving the grain boundary arc in
the Cole-Cole plot. They thus compared [130] graphite, silver, and gold
electrodes, as well as their combinations in order to obtain well-defined
impedance arcs and observed that graphite alone was too resistive, tending
to dominate the impedance, whilst silver ink did not produce good adher-
ent electrodes even though the film resistance was quite low. The best elec-
trodes were obtained by a combination of sputtered gold layer over which
silver ink was applied. Evidence of large porosity was found and showed
that sintering was incomplete, hence a large grain boundary resistance
was inevitable. It was demonstrated in the study of Li  [Al Ge, (PO,),]
glass-ceramics that heat treatments with shorter nucleation times leads
to higher grain size and subsequently higher ionic conductivity [131]. A
correlation exists between the extent of sintering and total conductivity as
demonstrated in the study of two NASICON compositions [132]. Previous
reports showed that the substitutions investigated led to an increment in
densification, attributed to the extra intergranular low melting or glassy
phases, which can act as fluxes to improve sinterability and connectiv-
ity. The use of Ar and O, atmospheres, however, resulted in lower con-
ductivities. Work on Lithium-ion conducting ceramics (LATP-Lithium
Aluminum Titanium Phosphate) and glasses [133] show an advantage over
polymer-based systems because their conduction can be solely attributed
to the lithium species. In addition, high room temperature conductivities,
up to 1x107' S/m, have been reported and that the ionic conductivity can
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Table 9.1 Summary of bulk electrical conductivity (5, $/m) ), except where

indicated, and activation energies E_ (eV) of some NASICON compositions at
different temperatures T(K) with their references shown. The values of electrical
conductivities are the highest obtained in the various reported compositions.

S/no. NASICON a, S/m E,eV T, K Reference
1 Li, ALTi, (PO,), 1-107! - - [140]
2 Li,, ALTi, (PO,), 15-10" - 303 [76]
1.0- 107
3 Li,, Al Ge Ti, (PO,),, 4-10? 0.37 208 [120]
02<x<0.8;y=08,1.0
4 Li, Ti, Al (PO,), 1.0 - 10 - 303 [142]
5 Li, Ge, Al _(PO,), 24107 - 303 [142]
6 Li,M,(PO,),, M=Se, Fe, Cr 1.0 03-05 573 [54]
7 LiTi(PO,), 234-10%  054+02; 298 (86]
0,=774-107 0344002 298
8 Li Ti Al (PO),(VO4),,  532-10°  030+001 338 [86]
9 Li Al Y, Ti (PO,), 0.42 0.25 300 [122]
0,=25 0.29 300
10 Li,,Sc, Z, Ti, (PO,), 1.2 0.33 300 [143]
11 NaZrSiPO, 5.64 - 10 - 1423 [98]
12 NaZ§Si,PO, 5.18 - 10" - 1373 [84]
13 NaZr,Y, Si,PO, 2.1-10" 0.36 - 89]
14 Li , ,,Sc,,Ce (PO,), 1.95- 107 0.73 650 [144]
0= 1.95-1073 _ 650
15 Li,Gac,,Ti_(PO,), 7.3-107 0.30 303 [145]
16 Li Al Sb (PO,), 45-10 - 573 [134]
17 Na,AL(PO,), 5.10 - 600 [110]
18 Li Al Ti (PO), 7.0 10 - 208 [146]
19 Li Al _Hf (PO4)3 1.1-10° - - [147]
20 AgTaFe(PO,), 511-10° 0.48 373 [121]
21 Na,Zr .Y, Si,PO,, 2.15- 107" - 298 [89]
22 AAL(PO,), A=Na, Li 7.7-107 0.72 423 [148]
23 Na,Li Zr (PO,), 0.25 0.36 580 [72]
24 Na,Li_Zr(PO,), 0.3 0.36 600 [149]
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be altered by controlling the channel sizes via one or more substitutions
(Al, Sc, Nb, and V) since the lattice dimensions depend on the size of the
structural cations. Using NMR technique, changes in ionic conductivity
were observed by measuring the mobility of Lithium ions by "LINMR.
With increasing V content, the “Li static line width was found to steadily
increase, indicating a decrease in lithium ion mobility [133]. The authors
subsequently predicted that V substitutions in LATP will not enhance the
bulk conductivity of the electrolyte.

The study of Li MPO (M = Mn, Fe, Co, Ni) [134] with NASICON struc-
ture in Ar atmosphere using 4-probe conductivity measurement showed
that higher sintering temperature of the sample at 1123 K ensured higher
sample density. Three of the undoped samples showed different values of
conductivity and were attributed to the measurement method. The differ-
ences in the absolute values of carrier concentration were attributed to heat
treatment conditions. Computed activation energies for all samples were
within 0.39-0.50 eV, pointing to a common mechanism of conduction due
to its narrow range. The use of blocking electrodes in d.c. measurements
was found to make the conductivity predominantly electronic. IS study
of NASICON in aqueous solution (0.1M NaCl for different times) using
Randle’s equivalent circuit for modeling and ion exchange method [135]
found three semi-circles in the impedance plots: the first at high frequency
(HF), which they attributed to the bulk electrical properties of the material
and to inhomogeneity of the sample, since it did not show an ideal semi-
circle shape but a flattened one. The second one at medium frequency (MF)
was attributed to the NASICON/solution interface process, which was also
not a perfect semi-circle, but became flatter when the ion exchange time
increased. The third semi-circle at low frequency (LF) was assigned to
slow transport processes, such as diffusion. The bulk resistance increased
while the bulk capacitance decreased when ion exchange time increased
and was ascribed to leaching of Na* ions from NASICON, which resulted
in an increase in charge carrier concentration of electrolyte. The constant
phase element (CPE) exponent was found to decrease and was attributed
to growth of pores in the material. Contrastingly however, the interface
resistance decreased while the interface capacitance increased. This was
attributed to the collection of Na* ions at the NASICON/solution interface.

NASICON synthesized through hot-press sintering to prepare
Na,Zr,Si, PO , [76] ceramics using the sol-gel method showed that sam-
ples obtained contain mainly monoclinic NASICON, and no ZrO, phase
was found, no matter the sintering temperature. At the sintering tempera-
ture of 1423 K, the high ionic conductivity of the sample (3.6x10™" S/m)
was attributed to its highest density and least grain boundary due to the
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large crystal size. A variant of the sol-gel method, the so-called “drop gen-
eration” method, is said to overcome the limitations due to conventional
compacting method of ceramics that leads to structural modifications as a
result of variations in size, density, and non-uniformity in shape, which in
turn is caused by the processing parameters [136]. A comparison of sinter-
ing techniques by solid state reaction (conventional sintering, or CS) and
“Spark Plasma Sintering” (SPS) [63] has been reported in which SPS gave
dense materials with high electrical conductivity at relatively low sintering
temperature of 1373 K, while the highest conductivity of 1.8x10™' S/m was
achieved for the stoichiometric SPS composition, a value that is compara-
ble to the best results reported in literature, 2.0x10™' S/m. With increments
of sintering temperature, the dc conductivity improved and reached 5.64
x107' S/m at 1423 K, higher than reported results. The sintered NASICON
ceramics’ grain boundary impedance dominated due to its very small crys-
tallite size, while the density of the sample sintered at 1273 K was the low-
est and crystallite size the smallest, thus the ion conductivity of the sample
is the lowest. A similar comparative study carried out on different zirconia
precursors to evaluate their effect on electrical properties of NASICON
(Na,Si Zr (PO,),) and NASICON-TZP (Na,Zr , Y,  Si,PO, ) [67] shows
that NASICON exhibits different grain sizes and the presence of a liquid
phase was confirmed, which suggests high sintering temperature result-
ing in low temperature ion-blocking phenomenon. The NASICON-TZP
has the advantage of sintering to full densification at lower temperatures.
The computed conductivities and activation energies for the NASICON
and NASICON-TZP are respectively, 4.10 S/m at 0.39 eV, and 2.1.10™"
S/m at 0.36 eV at room temperature. Correlation studies [40] have been
carried out in which the sintering temperature, time, density, and cool-
ing mode (air or furnace) were related to conductivity on the so-called
Hong et al. NASICON, Na, ZrSi P, O (0<x<3) (H-type), and Von-
Alphen-type NASICON, Na , Zr, SiP, O, . . (A-type) with little ZrO,
second phase. Most sintered NASICON contain certain amounts of ZrO,
second phases and have a monoclinic-tetrahedral phase transition at 1373
K, below the usual sintering temperature of NASICON. The monoclinic-
rhombohedral phase transition of crystalline NASICON around 473 K has
been associated with a dilatometric anomaly unfavourable for applications
[40]. One suggestion to overcome the problem is to effect modifications
in the compositions in order to improve its microstructure and physical
properties. Impedance measurements carried out at different frequen-
cies, together with conductivity measurements, found significant changes
in the activation energy for Na*, the highest of which occurred at about
473 K, attributed to the structural change between monoclinic (C2/c) and
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rhombohedral (R3¢) crystal systems, as against a second-order transition
that has been suggested.

NASCON-type materials, LiM,(PO,), (where M = Ge, Zr, Ti) have been
studied with Li ,, Sc .Ce, (PO,), synthesized by solid state reaction [124]
where the low frequency dispersion regions were attributed to blocking
Pt electrodes at 650 K.The values of total (¢,) and grain (ag) conductivities
were found to be g, = 8.59x10*S/m and ¢ = 1.95x107* S/m respectively,
and corresponding activation energies, £, =1.34 eV and 0.73 eV, respec-
tively. Conductivity studies of LiTi,(PO,), (a ~10"*S/m at room tempera-
ture) show that it could be 1ncreased by at least two orders of magnitude
upon partial substitutions of Ti** by trivalent cations Al, Ga, In, Sc, Y, La,
Cr, or Fe [58]; the increase is attributed to a higher charge carrier number
resulting from lower porosity of the pellets. The conductivities of Li _ Ti,
Al (PO,), are as high as 107" S/m at room temperature and are due to the
fact that the ionic radius of A" is likely to lie within the tolerability limit
of the NASICON framework. The maximum amount of Ti that could be
replaced with AI** with the concomitant insertion of Li to balance the
charges is 0.4 per formula unit. A similar study of Lithium-ion conductor
Li ,Al ,Ti (PO,), showed high ionic conductivity based on novel method
of preparation, even at low temperatures [137].

The compounds LiM, (PO, ), (M = Ge, Zr, Ti) of the NASICON-type struc-
ture have high ionic conductivity when Zr** in the LiZr (PO,), was replaced
by a smaller Ti*" ion [123], a phenomenon attributed to the suitability of the
tunnels and size in the LiTi (PO,), for Li ion migration. Partial substitutions
of Ti** by Sc** and Cr’** ions in the NASICON-type structure of LiTi,(PO,),
is said to also cause an increase of the value of the Li ion conductivity of
the substituted systems. Substitution of Zr** by Ti** and trivalent ion Sc** in
the compound causes a drastic increase of o at room temperature in com-
parison to the values of ionic conductivity of Li, Zr, Ti (PO,),. The room
temperature value of o for Li ,S¢,Z, 611, (PO, ) is 1 2 S/m and increases
with temperature with activation energy E = 0. 33 eV. The crystal structure
of LiZr (PO,), depends on the technologlcal condition of its preparation
because the X-ray pattern of sample prepared at 1323-1373 K greatly differed
from rhombohedral, and is thought to possibly correspond to a triclinic cell
[123]. Similarly, Li, , Sc, .Ce, (PO,), studied by XRD, SEM, and IS [123]
reported o,and o, (grain boundary) conductivities at 650 K to be 8.59-10™

S/m and 1.95-107 S/m, respectively. The space represents difficiency in the
structure (non-stoichiometry). The characterization of Li , Ti, Nb P, O

(x=0.1,0.2,0.3;y=0, 0.1, 0.2, 0.3) by XPS, XRD, and IS has been reported
[126] and the total conductivity of L1Hx+yAlx(Yy)T127X7y(PO ), at 298 K was
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found for the systems Li AlTi, (PO,), (x = 0.3) and LiHyYyTiZ_y(PO D
(y =0.4) to be 7-10 S/m and 6:10*S/m, respectively [102].

Lithium hafnium phosphate (LiHf,(PO,),) (LHP) has a very high lith-
ium ion conductivity compared to NASICON-type LiM,(PO,), (M"Y = Ge,
Sn, Ti, Zr) owing to the presence of highly mobile lithium ions [127]. The
Hf** ion is more stable toward a lithium metal and reductive gases than the
Ti** ion, which is an additional advantage for battery applications, though
most works have been carried out on LTP (LiTi,(PO,),) systems due to the
poor sinterability and controversial phase transitions with susbstitution in
the LHP system [127]. However, it has been demonstrated that NASICON-
type Li, [Ta Ge Al](PO,), could be a prospective candidate for all solid
state batteries since Ta and Al-oxides and phospshates are inert to chemical
attack by Li metal or alloys, unlike Ti** compounds [82].

At 1423-1473 K, however, sintered LiZr (PO,), pellets belong to rhom-
bohedral symmetry and at room temperature the value of ionic conduc-
tivity is lower than 10”7 S/m. Two dispersion regions, which shift toward
higher frequencies with increase of temperature, were observed in all the
investigated samples: a high frequency part attributed to the relaxation time
in grains and a low frequency region corresponding to grain boundary
processes, which are thermally activated [123]. A study of NASICON-type
Li, GaTi, (PO,),(x =0.1-0.9) show maximum conductivity of 7.3x10
S/m at 303 K and activation energy of 0.30 eV for Li _ ,.Ga .Ti . (PO,),
[125], and the addition of Li,PO, or TiO, (rutile-type) as binder did not
increase the conductivity in all the samples. This indicates the added mate-
rials have no effect on the values of the measured parameters, even though
such phases may be present in the compound. Elecrical properties of new
NASICON-type Li, , Al, Sb (PO,), (x =06 to 1-4) [114] show Cole-Cole
plots without any spikes on the lower frequency side, indicating negligible
electrode effects. A maximum conductivity of 4-5 x 10* S/m at 573 K was
obtained for x = 0-8. The presence of a single peak in the plots of both log
fvs.z” and log f vs. M” is said to indicate bulk conductivity and absence
of any grain boundary contribution to impedance. While frequency varia-
tion of conductivity, which showed two shapes at all temperatures were
suggested, low frequency and low temperature conductivity, to be due to
intrinsic defects and charge agglomerations present in the sample. The
variation of slope with conductivity at lower frequency, on the other hand,
is an indication of presence of such defects.

Lithium mobility in LiM_(PO,), compounds, M = Ge, Sn was investi-
gated by 'Li NMR spectroscopy [103] in the temperature range 100-500
K. Analysis of the NMR quadrupole intensities, C and n parameters,
spin-spin T, and spin-lattice T, relaxation rates, stuctural sites occupancy
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and mobility of lithium show that below 250 K, Li ions are preferentially
located at M (1) sites in rhombohedral phases but occupy intermediate M
(1, 2) sites (between M (1) and M (2)) in triclinic phases. Whereas in high
temperature rhombohedral phase, a superionic phase was achieved when
residence times at M(1) and M(1, 2) sites become similar and correlation
effects on Li motion decreases, which are due to large order-disorder trans-
formations in rhombohedral phases or to sharp first order transitions in
triclinic phases. The presence of two relaxation mechanisms in T' plots of
rhombohedral phases were attributted to departures of conductivity from
Arrhenius behavior.

The presence of only one Li site in the lattice of Li, ,Al .Y, .Ti, (PO,),
[102] with spin-lattice relaxation time T, showing only one ion motion
(E, = 0.14 eV, 7, = 6:10"* 5, ) has been reported. The T, of "Li and of °Li
at room temperature were 6 ms and 2 s, respectively, which showed that
the relaxation of the ’Li nucleus occured through quadrupolar fluctuations
while the relaxation of the °Li occured through dipolar interactions. The
MAS experiments were caried out at room temperature while dynamic
studies were carried out on static samples without spining. The "Li spec-
trum and relaxation times T, were measured as a function of temperature
between 170 and 420 K.

Studies of ’Li and *'P nuclei in the temperature range 150-900 K for
Li La  , Zr (PO,), atx =028, 0.7, 0.6, and 0.3 [138] have been inves-
tigated.The spectra recorded in the MAS mode, at room temperature,
showed that Li ions occupy three chemical sites, which were sensitive to
the values of x but insensitive to the coexistence of the two crystallographic
varieties c1 or R3cobserved in compounds with x <0.5. The *'P MAS spec-
tra, however, were very sensitive to lithium content but also to the variety
of coexistence. T, measurements performed in the static mode for "Li and
P showed that the “Li spin-lattice relaxation time exhibited two branches
with several minima, which indicated a complex dynamics for this ion.
The observation that one of these minima appeared in the same tempera-
ture range as the minimum of the *'P nuclei T, is said to suggest strongly
a cross-relaxation process between the nuclei. T, p measurements on “Li
(static mode) were used to probe slow motion distribution of T.

The positions of Na ions in two doped NASICON systems using **Na
NMR showed a *Na spectra with the characteristic powder pattern of
quadrupole interaction in Na _Zr, Nb P O system [139], which is an
indication that Na ions occupied Na (1) sites in the crystal structure.
However, in the NaHXZrzfogXPsOlz(x = 0.0), system, Gaussian lineshapes
were observed due to the distribution of quadrupole parameters, with the
occupation of both Na (1) and Na (2) sites in the system confirmed.
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MAS NMR for the system A3A12(PO 4)3 (A = Na, Li) for *'P, Al, »Na,
and “Li [128] showed that Al was the most abundant in octahedral envi-
ronments, in the form of AlO,. While the *'P was ascribed to the 1Al and
2Al environments with spining satellite bands and the *Na MAS NMR
spectra exhibited large assymetric bands, which indicate low mobility due
to its presence in different environments. The "Li MAS NMR displayed the
characteristic central position with spining satellite bands while the widths
suggest low mobility for the NASICON compound.

Work has also been reported [87] on ?’Al, *'P, and “Li NMR measure-
ments on Liion conductivity in LiTiz(PO 4)3 structure with AL, V, or Nb metal
ions subtituted for either Ti or P. The MAS NMR showed that although Al
was intended for substitution at the octahedral Ti sites, additional substitu-
tions into tetrahedral environments (e.g., P sites) occured with increasing
amount of Al susbstitution. The tetrahedral susbtitution appeared to occur
more readily in the presence of V in Li Al Ti, (PO,),,(VO,) ,.Whereas
similar Nb additions to replace V appeared to stifle tetrahedral substitu-
tion. Static 'Li NMR spectra showed quadrupolar stucture with C_~ 42
kHz, which was largely independent of linewidth and tended to decrease
with Al substitution but increased with increasing V or Nb substitution.

Investigations of Na, Zr (PO,), (SiO,) by *Na NMR [140] showed
quadrupole positions of Na (1) in NaZr,(PO,), at v,=12+0.1 MHz and
17 =0.041+0.04, whereas those for the Na (1) and Na (2) sitesin Na,Zr (SiO,),
were at Na (1): v,= 1.03+£0.01 MHz,# = 0.84£0.7; Na (2): v,= 0.87£0.05
MHz, n = 0.53 £ 0.4, with an intensity ratio for the lines ~1.3, as expected.
Further, the random substitution of P atoms on their lattice sites by Si
atoms, for increasing x values, led to a distribution of the parameters of the
quadrupole tensors, and that increasing substitution strongly affected the
asymmetry of the electric field gradient.

Studies of Na positions in doped NASICON solid solution Na,Zr, Y Si,
P, O, by *Na NMR [141] showed that the surroundings of the Na cat-
ions were different for different compositions and the network structures
were disordered by replacement of Y** by Zr** ions in the crystal structure.
But as x increased, the surroundings of the Na cations changed and the
positions of the Na cations became only of one kind at x = 1.2.

NASICON-related phosphates of the type Na  CrM, P.O, (M =
Ti, Hf, Zr), and A(HX)/ZCrXZr(H)PSO12 (A = Cd, Ca, Sr) [142] were studied,
together with the polarizing effect of the two different metal ions A and M
on the phosphorus atom and the P-O bond by both *'P MAS NMR, XRD,
Rietveld refinement and infrared spectroscopy. The electron density on the
phosphorus, and thus the strength of the P-O bonds, were found to be
affected by the interstitial (A) and structural (M) metal ions.
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9.7 Problems, Applications, and Prospects

The above discussion, although basically limited by space to electrical
properties, with a view to applications in solid electrolytes, did not cover
many other useful potential applications and emerging trends. NASICON
has generally low dielectric permitivity of ~100 and above, compared to
barium titanate compositions, which are preferred. It exhibits ferroelec-
tric phase transitions at certain temperatures and thus needs further
investigations. Similarly, NASICON does not exhibit good optical prop-
erties suitable for applications, but with variations in microstructure and
appropriate doping, this can be improved. However, the excellent thermo-
dynamic and thermal properties have been relatively studied [143, 144]
due to the potential application as thermal barrier coatings and heat filters.
It is a very good host for immobilization of chemical wastes, apart from
nuclear wastes, due its high corrosion resistance and therefore open for
further investigations and improvement. The viability of using NASICON
membranes as Low Activity Waste recycling has been demonstrated sev-
eral times by CERAMATEC [145, 146]. In terms of its energy applications
as electrodes and electrolytes, Li,V_(PO,), is a highly promising electrode
material if problems like corrosion and thermal stability are worked out
[147]. One significant area in which progress has been made recently is in
fabrication of NASICON-based gas sensors. There is a need for chemical
sensors that work in extreme conditions and which must be stable at high
temperatures, all of which are easily fulfilled by NASICON with SO, CO,
sensors, and polymer-NASICON composites being fabricated and demon-
strated successfully [148-152].

On the theoretical front, however, progrees is also being made. The
issue of alkali ion disorder in NASICON over the available sites is being
debated with contradicting results, such as the case for (Na, Li) FeTi(PO,),,
Na,FeZr(PO,),,[153] and A ,SbFe(PO,), [154]. What is the solubility limit
of alkali in NASICON and how far can the substitutions of various atomic
radii into the host go? This is not a settled question either as it seems to
depend on composition, among other factors, even though it is asserted
that the largest transition metal ion soluble in NZP is dysprosium [155],
but again it is arguable. Various battery model parameters (voltage, stabil-
ity, and diffusion) have been optimized and compared for Li- and Na-ion
systems [156]. Recently, a new modeling approach for impedance spec-
tra analysis has been proposed, which gives more accurate results than
previous ones [157, 158]. We seem to have come close to the reality of a
practical, high density/capacity and cyclability lithium ion battery based
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on NASICON, as has been demonstrated recently by CERAMATEC [159,
160].There is currently work being carried out on the possibility of using
NASICON for bioceramics applications due to its suitable properties in
bonding to tissues, according to some preliminary studies.

9.8 Conclusion

NASICON materials are the most versatile, with unique properties and
diverse applications. Although various methods of synthesis and charac-
terization have been used in order to enhance their physical and micro-
structural properties, more vigourous efforts are needed in the coming
years to produce better results. Areas such as thin film and nanoparticle/
structure synthesis have seen little progress comparatively and need fur-
ther exploration in order to explore the benefits of minaturization through
nanotechnology. Ferroelectric and optical properties of the materials are
key areas that lacked attention and subsequently produced little positive
results. The application of NASICON for large-scale energy production,
cheapness, and environmental friendliness is almost at the doorstep with
CERAMATEC’s recent successful prototypical demonstration.
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