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ABSTRACT

lonic conducting materials are increasingly playing a crucial role in the search for
complimentary sources of energy. They are used in rechargeable batteries for mobile
phones and laptop computers for example. However, the most important application of
these materials is in the current search for solid oxide fuel cells (SOFC) desperately
needed in the transportation sector. The main advantage of these materials as energy
storage devices are their being in the solid state, offering portability and flexibility in
handling, compared to the traditional liquid electrolytes. Their electrical conductivity at
room temperature is comparable to-those of the liquid ones. Among the class of ionic
materials are the Superionic conductors that have the best conductivity at elevated
temperatures. The ultimate challenge in their study is to reduce the temperature to
ambient conditions. Various methods have been adopted to achieve this, one of which
is by modifications in the stoichiometric compositions of the system or substitution in
order to tailor them for targeted applications. One such class of materials is called
NASICON, which is sodium Superionic conductor. These compounds have
conductivities comparable to the best superionic conductors due to their special
structures and wide range of applications, hence the interest in their research. However,
the conductivity and impedance spectroscopy of these materials presents challenges
from theoretical interpretation of the results. This review therefore briefly explores the
impedance spectroscopy results for some NASICON materials in relation to their
synthesis conditions. Their general propeties have also been presented.

Keywords: electrical conductivity; impedance spectroscopy; NASICON

1.0 INTRODUCTION

lonic materials are in recent times at the forefront of materials research. Current
trends are in producing materials for various applications, scientific and technological.
They are used in various applications, the most ubiquitous being in energy storage as
rechargeable lithium batteries for laptop computers, mobile phones, etc., and as
electrodes and electrolyte materials. As electrolytes, the materials should have high
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room temperature ionic conductivity, transference number close to 1 and temperature
stability, among others [1-3]. As electrodes, they should have mixed conduction
properties, i.e. electronic and ionic. Superionic conductors are class of materials whose
conductivity approaches that of the liquid electrolytes at high temperatures and these
are the most important in applications and are the focus of this review. The materials
may be solid, glassy, or polymer in nature which gives them good advantage over the
liquid electrolytes. Glassy materials have become very important superionic conductors
and have been widely studied due to their potential applications and high conductivity
[1.4].Their conductivity is enhanced on introduction of a crystalline phase into the
superionic glass matrix [5]. Many studies have been reported on polymer electrolytes
and limited ones on biopolymers by Sarkar, which shows evidence of superionic
conduction properties in gum Arabica [6]. The high conductivity in superionic conductors
is due to thermal activation (as in semiconductors) often associated with phase
transitions to a structural state that enhances conductivity by several orders of
magnitude. It has been demonstrated recently that structural phase change could be
related to particle size [4] and that effects such as pressure, density and microstructure
affect the electrical performance of the materials. We focus our discussions on the
family of ionic conductors called NASICON (Na Superloni CONductor) which are
synthesized by various methods in order to optimize the electrical and microstructural
properties of the compounds [7-9].

ﬂithium-conduciing 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
(NaZr2(POa)s, the basis for the formulation of the NASICONS, resulting in lithium
zirconium phosphate LiZrp(POg4)s. NZP is thermally stable to 1500°C [10] whereas
NASICON, depending on its composition, has melting point higher than 1800°C
[11].The substitution of Na becomes necessary since it is not a good ionic conductor for
structural reasons [12] .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 temperature is obtained, amongst other substitutions in the P system. There are
many studies that have been carried out on the NZP materials reflecting the current
applications and indeed potential applications of the compositions such as: in
corrosion-resistant coating material for silicon-based ceramics and thermal barrier
coatings [11]; in the development of C-C composites due to the matching of its thermal
expansion properties [13] and as a nuclear waste demobilization host material [14-16].
Recently, new materials of the NZP family have been developed and structurally
characterized showing high ionic conductivity and optical property in particular, an
uncharacteristic property of these compounds. Some of these include, NazAlx(POg)s
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(bulk conductivity 5.10% s/cm at 600K) [17] , Rb®Yb%(PO%)s [18] (a cubic system) and
PbosTi2(PO4)s [19] (a hexagonal system of the R-3c space group), respectively.
Similarly, new NASICON-related Potassium Iron (lll) Pyrophosphate has been
synthesized and characterized [20]. A typical member of such novel materials is
rhombohedral LisFez(PO4);, which is a potential electrode inseriion material in lithium
polymer batteries based on its good ionic conductivity and low cost [21]. 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, all of
which impact on the electrical properties of the compounds. The materials have the
lowest tailorable thermal expansion coefficients and exhibit anisotropy in their thermal
expansion. Thus several theoretical models have been formulated to explain the
thermal properties [14, 22-25] and studies on the coefficients of thermal parameters [26-

27] have been carried out.

Microcracking is another phenomenon that occurs in these ceramic
polycrystalline materials due to internal stresses among grains, resulting in significant
lowering of strength and coefficient of thermal expansion [22].The microcracks begin
when a critical grain size of 2um is exceeded and this is related to the maximum thermal
expansion difference between the lattice parameters [28]. 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 [29].The compositions with high degree of thermal
anisotropy are the ones prone to microcracking upon cooling at room temperature [23],
since the onset of microcracking is related to the sintering temperature and hence grain
size .They further suggest that the 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[22], all of which reflects in the way and manner the materials are
synthesized in order to obtain high performance materials .Thus the use of appropriate
atmosphere is important in the characterization and performance of these materials.
NZP materials have space group R-3c and lattice parameters a = 8.815 A, ¢ = 22.746A.
unit cell volume V= 1530.5A° and the number of formula units per unit cell is Z = 6. They
also show the possibility of forming solid solutions in some chosen compositions, as
reported by [30] in their study of NZP with Strontium (Sr) substituting the Na. They
computed the unit cell parameters for NZP with no strontium(x=0.0) as a = 8.803A.
¢=22.764A and unit cell volume, V = 1527.8(2)A% and demonstrated that (Na-Sr)-NZP
formed solid solutions.
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2.0 ELECTRICAL CONDUCTIVITY OF SUPERIONIC MATERIALS

It is important to know how much current can be passed through an electrode-
electrolyte interface. Some interfaces are non-polarizable or reversible while others are
polarizable or non reversible. A non polarizable interface acts reversibly to the species
under consideration. Both ionic and electronic species may cross the interface
unobstructed. The polarizable interface acts blocking to the species under consideration
and this kind of interface, to a first approximation, acts like a capacitor [31]. There are
several methods of measuring ionic conductivity such as far infrared and Raman
spectroscopy where the vibration of the atoms can provide hop atiempt frequecies;
motional narrowing of the NMR absorption lines, among others [32]. All these however,
are non ac methods. We shall be limited to ac electrical conductivity [33] measurents in
our review and to some extent NMR. Electrical conductivity can be measured over wide
range of frequencies and such studies on superionic conductors have been carried out
at the dc, low, microwave and far infrared frequencies. However, not much is found in
RF range. Conductivity in microwave range through theoretical studies reveal that
motion of ions through the lattice in superionic conductors is intimately linked with
microwave conductivity and thus frequency range expectedly corresponds to the time
scale of ionic motion. Defects or interstitial spaces can provide empty sites through
which ions can migrate in a hopping 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 case it may be due to the positive
and negative ion species, 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 factors, such as
electrode—material contact resistance, generally of negligible fraction of total resistance
in high resistance samples. This however, 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 [34]. However, for most superionic conductors the art of growing single crystals
is far from developed, measurement are therefore carried out on pressed pellets. Grain
boundaries can either increase or decrease the conductivity, depending upon whether
or not the activation energy for conduction for the grain boundary conduction is less or
more than the bulk conduction. In dc conduction, polarization effects at the nearby
electrodes present a major problem in the evaluation of ionic transport. However, static
fields are useful in separating electronic components of conductivity.

Some workers [35] have presented a simple mathematical explanation for the ac
conductivity based on relaxation concepts. They present a model which is simple in
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terms of linear equations of motions that illustrates some of the features of the ionic ac
conduction in solids and thus helped in clarifying their origin. They also showed 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, however with the condition
that the position of these neighbours can also relax. At low frequencies, the long range
displacements of carriers give the frequency independent (dc) conduction o,. As the
frequency increases the conductivity gradually increases and over a frequency range
from mHz to GHz it is well approximated by, according to Jonscher and Almond:

where, w, is the frequency of the onset of ac conduction and _ is a variable parameter.
This equation freats the ac and dc as independent phenomena. However, both
contributions should supposedly, arise from the same microscopic mechanism. The
authors [36] in their dc and ac impedance study of mixed conduction in lithium
vanadate, LixV205(x=0.4-1.4), provided another form of the Jonscher's power law to
describe the ac behavior as:

the conductivity spectrums of all the samples studied were found to fit the law perfectly.
o(0) is the dc conductivity, A is a temperature-dependent parameter 0 and 1 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. According to the jump relaxation
model, which takes into account the coulomb interaction between ions, the parameter «
can be expressed as:

where, b, and s, are the back hop rate and the site relaxation rate respectively. The
back hop rate is the backward motion of the hopping ion to its initial site which is caused
by the Coulomb repulsive interaction between mobile ions. The site relaxation is the
shift of a site potential to the position of the hopping ion which is caused by a
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rearrangement of the hopping ions. The authors observed increase of o with lithium
content and that it reveals that the backward hopping rate is increasing with lithium
composition. They suggest that it may be due to the high repulsive Columbic force
between Li* ions resulting in high activation energy for Li* ion migration in high lithium
content samples. There have been two approaches that account for the ac conductivity
[35]: the first approach derives conductivity from the effects of a static disordered
energy landscape on the ion dynamics while the second approach emphasizes the
relevance of Coulomb interaction between carriers. Based on structure and conduction
mechanisms [37] classified ionic materials into polymer ionics, considered as soft
disordered solids which, together with glassy materials, are amorphous exhibiting no
long range structural order and exhibit glass transition temperatures; and on the other
hand, ceramic and salt crystalline ionics that conduct because motion pathways are
available to the ions often, but not always, by means of ions moving through vacancies.

3.0 Ac IMPEDANCE SPECTROSCOPY STUDIES

Impedance studies are important because by proper choice of the right frequency
range, frequency dependence of conductivity can be avoided. They are also important
from the point of view of finding the scope of applicability of these materials in various
devices and a very useful technique for evaluating the electronic characterization of
different materials or processes. The system can be modelled by an equivalent circuit
which can consist of series combination of RC branches corresponding to grain
interfaces, grain boundaries and electrode polarization. The approach offers opportunity
to separate  several physico-chemical processes involved in all solid state
electrochemical systems. The overall electrical behavior is a result of several
contributions: bulk electrolyte and grain boundary impedance, electrode-electrolyte
interfacial impedance and measuring lead impedance.

Two main parameters determine impedance: frequency and temperature. Temperature
dependence is through the Arrhenius equation:

Ve C,..exp(% T] ............................... (4)

here, C* is pre-exponential factor. The plot of real and imaginary parts of the impedance
as a parametric function of frequency on an Argand plane 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 the high frequency region is approximated to a semi
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circle. The dc value of the resistance on the other hand corresponds to the intersection
of this semi circle and the real axis.

4.0 IMPEDANCE SPECTROSCOPY MEASUREMENT

This can be carried out by the application of a small periodic voltage perturbation
(sinusoidal) while registering the magnitude and phase shift of the corresponding
current over a wide range of frequencies. For a sinusoidal varying perturbation of the
form:

V(r) L R (5)
- where, V is a vector quantity, the resulting current response has in general the form:
=3 it s e (6)

The complex admittance & is defined as the ratio of the complex current () over the
complex voltage perturbation V(1) applied to the system. The complex impedance Z is
the reciprocal of the complex admittance. Thus considering (7) and (8)

Y(c) = "(%m %

2() = (r)- I(%;) =V i o ®)

Thus both complex admittance and impedance are independent. We write the
impedance with its real and imaginary parts as: Z = Z’ + iZ”. If the real and imaginary
parts of the admittance and impedance are known, the complex admittance and
impedance are well defined. Alternatively, the admittance and impedance vectors could
be realized if the phase angle and modulus are known.

The real and imaginary parts of are:

Re(Z) = Z'=|Zicos¢ 9)
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Imi(Z)i= ZI=|Zesing)! - sveecrvrensaionibizeesirecs (10)

The phase angle and modulus are:

g = mn'l(zyz.) ............................... (11)

2] = fZ P E(BY  aidassminemiesian (12)

Impedance is generally a complex quantity and is only real when =0, that is purely
resistive, in that case it is also frequency independent. As mentioned earlier, the
interface, electrode-electrolyte can be regarded to a first approximation as parallel plate
capacitor, the rate of charging of which is determined by the bulk ionic resistance of the
electrolyte.

5.0 IMPEDANCE SPECTROSCOPY STUDIES

There are works that have been reported on NASICON, for example, some
workers have reported [38] extensive studies on lithium conducting Liy gAlgaTis.7(POa)s-
x(Z = V, Nb) system(LATP) and reported that Gromov et al substituted V and Nb for
Phosphorus in it and observed an increase in the conductivity of the system. Previous
work shows the grain boundary component of impedance producing an arc extending
from well above 1678 down to the KHz region, however, literature could not provide
clear information on the mechanism of conductivity enhancement, i.e., 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, as
observed previously by Inaguna. Accordingly [38] compared graphite, silver and gold
electrodes, as well as their combinations in order to obtain well defined impedance arcs.
They observed that graphite alone was too resistive and tends to dominate the
impedance values, whilst silver ink did not produce good adherent electrodes even
though the film resistance was quite low. It was also difficult to apply Gold-sputtered
electrodes in sufficiently thick layer to overcome the surface roughness of the pellets as
a result of which the cole-cole plots could not be resolved, due to electrode impedance.
The best electrodes were thus obtained by a combination of sputtered gold layer over
which a silver ink was applied.

184




Bayera Journal of Physics and Mathematical Sciences / Vol. 5, No. 1/ August, 2013.

Scanning electron microscopy (SEM) is used in determining the morphology as
well as the extent of grain boundary sintering which affects the grain boundary
resistance and hence overall conductivity. Evidence of large porosity (=10%) was found,
implying that sintering is incomplete; hence a large grain boundary resistance was
inevitable. It has been demonstrated in the study of Liy.x [AlGez.«(PO4)s] glass ceramics
that heat treatments with shorter nucleation times leads to higher grain size and
subsequently higher ionic conductivity[39]. XRD, another complimentary tool used in the
characterization, provides confirmation of the purity of the phases synthesized, such as
the presence of some minor phases. A correlation exists between the extent of sintering
and total conductivity as demonstrated by [40] in their study of two NASICON
compositions. Previous reports showed that the substitutions investigated in their work
leads to an increment in densification, attributed to the extra intergranular low melting or
glassy phases which can act as fluxes to improve sinterability and connectivity, as
demonstrated by the effect of atmosphere on the value of conductivity. The use of Ar
and O; atmospheres in their work resulted in lower conductivities. The effect of
atmosphere was also studied by [41] on impedance and conductivity characteristics of
series of co-doped nanocrsytalline ceria compositions, Ce;.\M.Big 4025.«(M=Ca, Sr and
Ba; x = 0.01- 0.15) which were hydrothermally synthesized at 2400C. The oxygen ionic
conductivity in air, oxygen and helium were investigated. It was found that Oxygen gas
had a great influence on the low frequency electrode response but had no effect on the
grain and grain boundary conductivity .Work by [42] have also shown that Lithium-ion
conducting ceramics (the LATP-Lithium Aluminum Titanium Phosphate system) and
glasses, have advantage over polymer based systems because their conduction can be

solely attributed to the lithium species. In addition, high room temperature conductivities
(up to 1x10°°S/cm) have been reported, including reports that the ionic conductivity can
be altered by controlling the channel sizes via one or more substitutions (Al, Sc, Nb and
V), as the lattice dimensions depends on the size of the structural cations.

With NMR technique, it is possible to predict changes in ionic conductivity by
measuring the mobility of Lithium ions in these materials through 7LINMR. With
increasing V content the 7Li static line width was found to steadily increase, indicative of
decreasing lithium ion mobility [42]. The authors subsequently predicted that V
substitutions in LATP will not enhance the bulk conductivity of the electrolyte. A study
was conducted by [43] on lithium ion conductor with composition
LixMPQO4(M=Mn,Fe,Co,Ni, etc.) and having the NASICON structure in Ar atmosphere. A
4-probe point conductivity measurement showed that the higher sintering temperature
of the sample at 850°C ensured higher sample density and they therefore exhibited
highest absolute value of conductivity at a given temperature. Three of the undoped
samples showed different values of conductivity however and this they attribute to the
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measurement method and suggest that differences in the absolute values of carrier
concentration may be due to heat treatment conditions. Activation energies for all
samples were within 0.39-0.50eV, pointing to a common mechanism of conduction due
to its narrow range. The use of blocking electrodes in dc measurements, they suggest,
makes the conductivity predominantly electronic. The authors [44] studied compounds
LiM2(PO,)s ,where( M = Ge, Zr, Ti) that belong to the NASICON-type structure and
found that ionic conductivity of the system is greatly enhanced when Zr** in the
LiZry(POy)s is replaced by a smaller Ti** ion, since the tunnels in the LiTiz(POs)s are
more suitable in size for the Li ion migration. Partial substitutions of Ti** by Sc* and
Cr* ions in the NASICON-type structure of LiTio(PO,)s is known 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 LiZo(POs)s compound causes a drastic increase
of o at room temperature in comparison with the values of ionic conductivity of LiyZrs.
«Tix(PO4s)a compound. The authors give the zoom temperature values of o for
Li1+1.28Co.6Z0 Ti16(POs)s as 1.2 x10* S/em which they said increases with temperature
and the activation energy as E, = 0.33eV. The crystal structure of LiZry(PO4)s depends
on technological condition of its preparation. The x-ray pattern of LiZr,PQy,)s prepared at
1323K-1373K greatly differs from rhombohedral and is thought to possibly correspond
to a triclinic cell[44]. At 1423-1473K however, sintered LiZr(POg)s pellets belong to
rhombohedral symmetry with lattice parameters, a = 8.860A and ¢ = 22.13A. At room
temperature the values of the ionic conductivity of LiZra(PO4)s is lower than 107S/m.
The authors [44] observed two dispersion regions in all the investigated samples, high
frequency part attributed to the relaxation time in grains, and a low frequency part which
corresponds to the grain boundary processes which are thermally activated. They also
observed the shifting of the dispersion regions towards higher frequencies with increase
of temperature. An impedance spectroscopy study in solution by [45] of NASICON ionic
conducting material in aqueous solution (0.1M NaCl for different times) used Randle's
equivalent circuit for the modeling and the ion exchange method. They distinguished
three semicircles: the first at high frequency (HF) they attributed to the bulk electrical
properties of the material and because of inhomogeneity of the sample, as it did not
show an ideal semicircle shape, but a flattened one. The second one at medium
frequency (MF) is thought to be contributed by the NASICON/solution interface process,
which was also not a perfect semicircle and became flatter when the ion exchange time
increased. The third semicircle at low frequency (LF) is generally assigned to slow
fransport processes such as diffusion. The authors found that the bulk resistance
increased while the bulk capacitance decreased when ion exchange time increased and
ascribed these to leaching of Na* ions from NASICON with a resulting increase in
charge carrier concentration of electrolyte as reported by Nga and Son. The constant
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phase element (CPE) exponent decreased and they suggest that it is due to growth of
pores in the material. By contrast, the interface resistance decreased while the interface

capacitance increased and this has been attributed to the collection of Na* ions at
NASICONY/solution interface as earlier suggested by Nga and Son.

A recent work [46] synthesized NASICON through hot-press sintering to prepare
the sodium superionic conductor, NasZr,Si,PO. ceramics using the sol-gel method.
The results showed that samples contain mainly monoclinic NASICON and no ZrO;
phase was found, no matter the sintering temperature. At the sintering temperature of
1150°C for example, they observed that ionic conductivity of the sample has the highest
value of 3.6 x 10°S/cm, which they attribute to its having the highest density and the
least grain boundary due to the large crystal size of the ceramics. Recently a variant of
the sol-gel method has been reported, the so-called ‘drop generation’ method. This is
said overcome limitations due to conventional compacting method of ceramics which
leads to structural modifications as a result of variations in size, density and non
uniformity in shape etc., caused by the processing parameters [47]. A comparison of
sintering techniques has been studied by [48] on NASICON compounds through solid
state reaction technique by sintering them by Spark Plasma Sintering (SPS) and
conventional sintering (CS). The SPS gave dense materials with high electrical
conductivity at relatively low sintering temperature of 1100°C while highest conductivity
of 1.8x10°"® 3S/cm was achieved for the stoichiometric SPS composition, a value they
emphasize is comparable to the best results reported in literature, 2.0 x 10°S/cm
(Ahmad et al, Fuentes et al). Specifically, two NASICON compositions were compared,
NagZ,S;P0;; and 5Na5SP (5% excess of Na and P). They observed three distinct
regions: a straight line at low frequency, representing an electrode—ceramics interface
phenomenon and a semicircle which is associated with the grain boundary. The high
frequency arc has been attributed to bulk effect and could not be well distinguished or
observed in some cases. In principle however, the bulk contribution could be
determined by extrapolating the grain-boundary semicircle, even in the absence of a
high frequency arc. It was not possible to determine precisely the bulk resistance due to
the inevitable inductance contribution from the lead wire. Because the grain boundary
resistance contributes to the total resistance, the evaluation of bulk resistance was also
difficult. The total resistance of the NASICON ceramics was therefore determined from
the intercept of the electrode and grain boundary arc.

It was also found that the sample from low temperature sintering has visible grain
boundary arc, while the bulk contribution could only be estimated from the high
frequency intercept of the grain boundary arc. With increasing temperature the grain
boundary arc became smaller and the grain arc became more visible. At 1150°C the
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grain boundary arc and the grain arc were both semicircles with good shape. The dc
conductivity of the samples was thus calculated using the bulk resistances determined
from the complex plots. With increment of sintering temperature, the d ¢ conductivity
improved and reached 5.64 x10°%S/cm at 1150°C, higher than the reported results. For
the sintered NASICON ceramics the impedance from the crystal boundary dominated,
because the crystals from these samples were very small. Density of sample sintered at
1000°C was the lowest and crystal size the smallest, thus the impedance from the
crystal boundary is the highest and the ion conductivity of the sample is the lowest. As
the sintering temperature increased the crystal size grew slowly while the impedance
from crystal boundary became weaker with concomitant increased ion conductivity. A
report on the comparative study of the effect of different Zirconia precursors on the
electrical properties of NASICON [49] reveals a great deal of information. NASICON,
NazSiZra(POs)s and NASICON-TZP  (NasZri g4Y00sSioPO12) were studied. The
NASICON was found to exhibit different grain sizes and the presence of a liquid phase
was confirmed, suggestive of the consequence of high sintering temperature which
results in low temperature ion—blocking phenomenon. It was found necessary to carry
out low temperature measurements at 0oC in order to distinguish the bulk from the grain
boundary contribution for both the NASICON and NASICON-TZP due to the higher
impedance of the NASICON pellets. However, even at this temperature only the grain
boundary arc is clearly seen and the bulk contribution was estimated from the high
frequency intercept of the grain boundary arc in the case of the NASICON. The
NASICON-TZP was also found to have 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/cm at 0.39eV, and 2.1.10*S/cm
at 0.36eV, at room temperatures. Some workers have also studied zirconia precursors
[49-50] and found, in the case of hydrated and nanocrsytalline zirconia, that ion
conductivity of the hydrated zirconia could be increased by thermal treatment by one
order of magnitude or more. Other workers report correlation studies [40] carried out in
which they correlated the sintering temperature, time, density and cooling mode (air or
furnace) to conductivity. They called the Hong et al NASICON, Naj,ZraSiPs
x012(0<x<3), H-type and the Von-Alphen type NASICON, NayZrz.y3SixP3.xO1z-2us,
Atype, with little ZrO; seconid phase. Several works have shown that most sintered
NASICON contain certain amount of ZrO, second phases, and have a monoclinic-
tetrahedral phase transition at 1100°C below the usual sintering temperature of
NASICON compounds. The monoclinic-rhombohedral phase transition of crystalline
NASICON around 200°C has however been associated with a dilatometric anomaly
unfavourable for applications [40]. One suggestion to overcome the problems is by
various modifications in the compositions, as reported by von-Alphen, H. Kohler, S.
Fujitstu et al, to improve its microstructure and physical properties. Impedance
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measurements carried out at different frequencies together with conductivity
measurements for the H-type and for A-type samples found significant change in the
activation energy (9; for Na*), the highest of which occurred at about 200°C, attributed
to the structural change between monoclinic (C2/c) and rhombohedral (R3c) crystal
systems, as against a second-order transition that has previously been suggested by
other workers. The authors [51] studied lithium conducting NASCON-type materials,
LiMz(PO,)s(where M=Ge, Zr, Ti) and synthesized Lis 3 17S¢o3Ce17(POs)s by solid state
reaction method. Three dispersion regions were found in the o spectra which all shifted
toward higher frequencies with increase of temperature. The low frequency dispersion
ranges were attributed to the blocking Pt electrodes and the complex conductivity plots
show that the higher frequency part of the spectrum correspond to the relaxation in
grains, while the lower frequency part correspond to grain processes. At 650K the
values of total conductivity (oy) and grain conductivity (og) conductivities of the

' investigated ceramics were found to be o, = 8.59 x10*S/m and 0g=1.95 x10°S/m
respectively, with corresponding activation energies for the total and grain, E;= 1.34eV
and 0.73eV.

The study [52] of lithium conductivity in the system LiTiz(POy)a( ~10-6S/cm at RT)
found that the conductivity may be increased from this value by at least two orders of
magnitude upon partial substitutions of Ti*" by trivalent cations such as Al, Ga, In,
Sc,Y,La,Cr or Fe. The increase of ionic conductivity is due to a higher charge carrier
number which they attributed to the lower porosity of the pellets. The conductivities of
Lit4xTiz-cAl(POgs)smaterials on the other hand can be as high as 10S/cm at RT. This
they argued could mean that the ionic radius of Al** is likely to lie within the tolerability
limit of the NASICON framework and that the maximum amount of Titanium that can be
replaced with AI** with the concomitant insertion of Lithium to balance the charges, is
0.4 per formula unit. The experimental results indicate clear blocking phenomena at
grain boundaries and electrode characteristics of ionic conductors. The complex
impedance plots at high temperatures show well developed spikes characteristic of
blocking electrodes which are observed at low frequencies. At lower temperatures they
observed a depressed/deformed semicircle which they suggest may be related to the
presence of a second semicircle at lower frequencies due to partial blocking
(constriction effect) of the grain boundaries. The grain boundary contribution, they
hypothesized, probably results from the relatively low pellet density which is an
indication of a very good connectivity between grains probably resulting from small
amount of LisFePO, impurity phase acting as an intergrain binder.

The authors [53] have also studied Lithium ionic conductive solid electrolyte
based on the NASICON-type Li1sxGayTizx(PO4)s(x = 0.1-0.9) and obtained a maximum
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conductivity of 7.3 x 10*S/cm at 303K and activation energy of 0.30eV, for
Lit41.25Ga025Ti1.75(PO4)s. Addition of LisPOs or TiO. (rutile-type) as binder did not
increase the conductivity in all the samples, rather they became lower. Thus they argue
it indicates that these materials have no effect on the values of the measured
parameters, even though such phases may be present in the synthesized materials.
Some authors [54] have also studied new NASICON-type materials of composition, Lia-
2xAlo-x8by(PO4)3 (x = 0.6 to 1.4) and their dc conductivities. Impedance studies carried
out at different frequencies and temperatures showed Arrhenius behaviour for all
compositions, using d.c. conductivity measurements. The Cole-Cole plots obtained
from impedance data do not show any spikes on the lower frequency side, indicating
negligible electrode effects. A maximum conductivity of 4.5 x 10° S cm™ at 573 K was
obtained for x = 0.8 of the Lis 2xAl>«Sby(POs)s system. The presence of a single peak in
the plots of both log f vs. Z" and log f Vs. M" (M" electric modulus.) were said to indicate
bulk conductivity and absence of any grain boundary contribution to impedance. The
complex impedance plot does not show semicircles up to 323K but as the temperature
increased the curves attained greater curvature and became perfect semi circles,
terminating at the origin and indicative of the absence of series resistance in the
equivalent circuit model of the sample. All the semicircles start on the real impedance
axis at the lowest frequency and this point is found to decrease with increase in
temperature. The low frequency intercepts of these semicircles gives the resistance of
the samples at the temperature of the cole-cole plots. Frequency variation of
conductivity shows two shapes at all temperatures of the measurements and the
authors suggest that the low frequency and low temperature conductivity could be due
to intrinsic defects and charge agglomerations present in the sample, therefore the
variation of slope with conductivity plots at lower frequency is an indication of presence
of such defects.

6.0 CONCLUSION

The application of superionic materials in various electronic devices, particularly,
NASICON and its multifaceted applications, offer opportunities for increased exploitation
for hitherto insulating materials, in terms of cost and environmental friendliness,
amongst others. Lithium-conducting materials, despite their enormous application in
thermal and energy storage systems are grossly lacking in fundamental work in the area
of optical characterizations, in the light of current nanoionics initiatives related to
miniaturization.. The synthesis and characterization of NASICON materials also shows
that microcracking can be reduced or controlled due to its relationship with grain size
and density through novel sintering techniques and synthesis. The conductivity and
impedance spectra emphasizes the need for correlation studies of conductivity from
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various techniques, such as NMR, Raman and infrared spectroscpies.This should be
correlated with studies on the correlation of nucleation times, and sintering
temperatures in order to arrive at specific parameters regarding the synthesis of these
materials to improve performance. The research in the RE range has also been
inadequate in the light of the complimentary role these materials could play in this age
of communications. The conductivity and impedance spectra of NASICON have
generally shown three regions of dispersive behaviour and obeyed Arrhenius character
in their temperature-dependent conductivity, except of course in some cases were
high/low frequency semicircles may be absent as a result of in homogeneities,
relaxation times, etc., emphasizing their characteristic behaviour.
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