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Abstract

Background and Objective: The study of relaxation and ionic conductivity behavior of conducting materials comes to be a
significant area of research interest due to their potential application in electronic devices. The objective of the present study was to
investigate the dielectric relaxation property of lithium aluminum titanium phosphate Li, sTi; 5 (PO,); with NASICON-type structure.
Materials and Methods: The material was prepared by conventional solid state technique, while characterization was carried out using
X-ray powder diffraction (XRD) and impedance spectroscopy (IS) analysis technique. The structure and phase composition of the material
was indicated by XRD analysis. Temperature and frequency dependence of AC conductivity and dielectric relaxation behavior were
obtained at different temperatures from 30-280°C within the frequency range of 40 Hz to 1 MHz. Results: The AC conductivity was
observed to be frequency-independent in the low frequency region and frequency-dependent at higher frequency region (10 KHz to
1 MHz). For dielectric permittivity analysis, the dielectric constant €’ and dielectric loss €” were found to increase at low frequency and
decrease as frequency increased at all temperatures. The calculated AC conductivity of 6.61X10~* (Qm)~" was observed at room
temperature (30°C). The relaxation energy (E,) of 0.21 eV was obtained from electrical modulus formalism. Conclusion: The synthesized
sample Li, sTi; sAlys (PO,); indicated two relaxation processes, in each relaxation the peaks shifted to higher frequency as the measuring
temperature increased.
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INTRODUCTION

Sodium Super lonic Conducting materials known as
NASICON-type, based on Lithium Titanium Phosphate LiTi,
(PO,); (LTP) are the most studied materials due to their
potential application in lithium ion battery. The LTP materials
belong to the family of NZP compounds known as Sodium
(Na) Zirconia Phosphate. The crystal structure of the
composition NZP was first reported by Alamo and Roy' and
Hagman and Kierkegaard?. The NASICON structure with the
general formula AB, (MO,); is made up of three dimensional
network BO4 octahedral and MO, tetrahedral corner-sharing
with A as mobile ion in the crystal structure which occupy the
interstitial sites. The conduction and interstitial networks
are generated along the c-axis??. The atoms located in the
lattice structure can be substituted with suitable element in
the periodic table e.g. Na can be substituted with Li, Cs, Ca or
Br and Ti, Ge, Hf by Zr and Si for P except oxygen. This can
form a compound with different physical and chemical
behavior that can be utilized in many applications*.

There are many reports related to the LTP system with
aluminum substitution, in which majority of the reports were
based on various synthesis techniques. Kotobuki and Koish
reported the synthesis of Lithium Aluminum Titanium
Phosphate Li, 5Ti; sAlgs (PO,); (LATP) via sol-gel method with
various aluminum sources such as AlI(NOs); and Al(CH,0);
where the influence of Al sources were examined and
discussed®. The most studied compositions in L, Ti,, Al (PO,);
system are those with x =0, 0.3 and 0.4, but very few works
were reported with composition x = 0.5 and also the
relaxation behavior of Li; s Ti, sAlys (PO,); was not fully reported.

The study of ionic conductivity and relaxation property
of conducting materials becomes a remarkable area of
research interest due their potential application in electronic
devices®. A technique for analyzing the relaxation property of
composite materials is the method of dielectric modulus
formalism which gives opportunity to study the electric
conductivity and the relaxation phenomenon of materials’.
The present study was carried out to study the frequency and
temperature dependence of ionic conductivity properties of
Ly Tiou Al (PO,); with x = 0.5 in the frequency range 40 Hz to
1 MHz at different measuring temperatures from 30-280°C.
The dielectric relaxation behavior of the compositions also
investigated in the present study.

MATERIALS AND METHODS

The material synthesis and characterizations was carried
outin Solid State Laboratory, Physics Department, Universiti
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Putra Malaysia during PhD research study from 2014-2017.
The NASICON-type material LiTi,, Al, (PO,); with
stoichiometry composition x = 0.5 was synthesized by
employing conventional solid state synthesis technique
(Solid State Laboratory Physics Department, Universiti Putra
Malaysia) using the raw materials Li,CO; (99% Alfa Aesar),
TiO, (99.9% Alfa Aesar), NH,H,PO, (98% Alfa Aesar), and Al,O;
(96% Strem). The chemical reaction for the synthesis as
follows:

0.75Li,CO4+1.5Ti0,+0.25A1,0,+3NH,H, PO,~Li,  Ti; sAlos(PO,);
+0.75C0O,+3NH,+4.5H, O

The raw materials were mixed in ethanol (as mixing
agent) then ball mixed using ball mixing machine for about
24 h. The resulting mixture was dried in an oven for 6 h. The
stoichiometric mixture was then heated at 700°C for about
4 h at the heating rate of 2°C/min in air. The raw materials
decomposed during heating and releases H,0, CO,and NH; as
in the given chemical reaction above. The pre-sintered
materials were ground and made into pellets of 11.6 mm
diameter and 2.83 mm thickness (t) using uniaxial hydraulic
pressing machine and finally sintered at 1100°C.

The synthesized LATP was characterized using x-ray
diffraction machine (Philips X'pert diffractometer model
7602 EA Almelo. Physics Department, Universiti Putra
Malaysia) with Cu Ka radiation source and A = 1.5418 A
Measurement of the diffraction patterns was carried out at
room temperature with 28 ranging from 20-70°C. The data
was interpreted using the database of the Inorganic Crystal
Structure Database (ICSD) by employing High Score X-part
plus software version 3.0 e.

Dielectric  characterization on the sintered
Li,sTi; sAlys (PO,); was performed using Agilent 4294A
precision impedance analyzer coupled with LT furnace in the
frequency range 40 Hz to 1 MHz and at different measuring
temperatures from 30-280°C.

RESULTS AND DISCUSSION

The x-ray diffraction pattern XRD of the sample
Li, sTi; sAlys (PO,); sintered at 1100°C was shown in Fig. 1.
All the diffraction peaks were based on hexagonal axis
with R-3¢ space group with ICSD database 98-006-9677 of
NASICON-type LATP. The lattice parameters were obtained
from the software after Rietveld analysis a = 8.4999 A,
c = 20.798 A and the unit cell volume V = 1301.3 A3, The
calculated lattice constant and the unit cell volume were
found to be in good agreement with the value already
reported3®. [t was observed that the lattice constant obtained
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Fig. 1: X-ray diffraction pattern of the sample of Li, sTi; sAlys (PO,); sintered at 1100°C
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Fig. 2: Variation of AC conductivity (Ino,.) with frequency (Inw) of LATP at various temperatures

for the as-prepared LATP are little bit smaller than that of
the un-substituted lithium titanium phosphate LTP reported?.
This was attributed to the aluminum substitution, because
aluminum ion smaller than titanium ion®°.

Variation of AC conductivity (Ino,.) with frequency (Inw)
in rad per second at different temperatures from 30-280°C
shown in Fig. 2. The AC conductivity o,.(w) was calculated
using Eq. 11011;

M

where, G was the measured conductance from 40 Hz to
1 MHz, t was the sample thickness (2.83 X103 m) and A the
area (1.10X10~*m). It was observed from the Fig. 2 that the
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AC conductivity slightly increased as frequency increased.
High AC conductivity was observed as measuring temperature
increases which indicated the common response of ionic
conductors. This was also associated with the mobility of Li*
ion (charge carriers) in the polycrystalline composite materials
at higher temperatures. Two regions were observed in all the
plots, the AC conductivity was weakly dependent on
frequency in the low frequency region from 40 Hz to 100 KHz
(equivalent to 5.5-14 rad/second) which was associated with
free chargeions presentat the sample-electrode interface. The
second region from 100 KHz to 1 MHz (14-15.7 rad/second)
was the frequency-dependent region which was attributed
totheions trapped at high frequency region'. The frequency
dependent region exhibited the features of Almond-West
universal power law Eq. 3. This region was almost temperature
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Fig. 3:Variation of dielectric constant with frequency of Li, s Ti, sAl, 5 (PO,); sintered at 1100°C at different measuring temperatures
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Fig. 4: Frequency dependence of dielectric loss of Li, sTi; sAly5 (PO,); sintered at 1100°C at various temperatures

dependent'. The total conductivity o(w) comprised of DC
conductivity (low frequency region) and AC conductivity
(higher frequency region) described by Jonscher power law
Eq. 25", This equation represented many-body interaction of
charges and the mechanisms for the transport of ions®.
Similarly, observed that at 280°C the conductivity was
temperature dependence.

)

6(0) = 04,(0)+0,(®)
3)

o.(0) =An®

where, A was the constant parameter which was dependent
on temperature:
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with t as relaxation time and swas the frequency exponent
and o4 was the DC conductivity which was observed in the
low frequency region'14,

The variations of dielectric permittivity consisting of real
(€'(w)) and imaginary (e"(w)) parts with frequency at different
measuring temperatures from 30-280°C in the frequency
range 40 Hz to 1 MHz were depicted in Fig. 3 and 4,
respectively. Both plots showed similar trend and exhibit the
behavior of ionic conducting material. It could be seen in the
Fig. 3 that there was high dielectric constant e at lower
frequency below 1 KHz but at higher frequency above 1 KHz
to 1 MHz, dielectric constant decreases and reached a
constant value. This was because the charge ions at low
frequency had enough time to accumulate at the interface of
the conducting regions'>™. While at higher frequency the
charge ions have no time to accumulate which lead to the
absence of interfacial polarization. Hence, the €'(w) tends to
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Fig. 5: Temperature dependence of dielectric constant of Li, sTi; sAl, 5(PO4); sintered at 1100°C at selected frequencies

reach a constant value at higher frequencies's. Electrical
energy loss (dielectric loss €”) was observed in Fig. 4, which
showed high dielectric loss at low frequency region which
was associated with migration of charge ions in the
Li,sTi; sAly 5 (PO,); lattice. The charge ions loss energy to the
lattice inform of heat during migration. But, at higher
frequency the dielectric loss €” was observed to decrease.
The behavior of ¢’ and €” with increasing temperatures were
also observed from the plots of the Fig. 3 and 4. As measuring
temperature increases, the value of ¢’ and e” also increased in
the low frequency region which was associated to the thermal
activation of the mobile ions.

The temperature dependence of the dielectric constant
at selected frequency was illustrated in Fig. 5. The plot €’ was
temperature-dependent in the low frequency region
(40-100 Hz) but, at higher frequency region (1 KHz-1 MHz) it
exhibited temperature-independent property due to the
absence of space charge contribution.

The variations of real (Z') and imaginary (Z") parts of
complex impedance with frequency at different measuring
temperatures within the frequency range 40 Hz to 1 MHz
of Li;,AlTi,, (PO,); with x = 0.5 were shown in Fig. 6a-b,
respectively. It could be seen in Fig. 6a that Z' decreased as
frequency increases for all temperatures and tend to merge at
100 KHz showing the increment in ac conductivity as
temperature increases. The frequency dependence of Z” at
different measuring temperatures was shown in Fig. 6b which
indicated the relaxation behavior. In all the plots the values of
Z" increased to a maximum peak at lower frequency from
40 Hz to 100 KHz. The peaks of the curves exhibited
systematic fall after reaching a maximum as the frequency
increased to 1 MHz. Similarly, the peaks showed systematic
broadening as measuring temperature increases (30-280°C)
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and shift towards higher frequency due to higher measuring
temperature. This confirmed the electrical relaxation behavior
of Li;sAlgsTis (PO,); was highly temperature dependent.
Furthermore, there were two relaxation processes, the first
relaxation behavior was observed at lower temperatures
from 30-80°C with the same dominant charge carriers. The
second relaxation process was observed at higher
temperatures from 130-280°C which was associated with
another dominant charge carrier in the system. This behavior
was clearly illustrated in Fig 6b and Fig. 9 which may be due to
the various secondary phases and impurities located at the
sample-electrode interface or probably with intrinsic nature of
Liy sTi1 sAlgs (POL)s.

The Nyquist plots of Li;sTi;sAlys (PO,); NASICON-type
material at different temperatures from 30-280°C in the
frequency range 40 Hz to 1 MHz shown in Fig. 7a. Several
information were deduced from the plots where the
grain-interior (Ry) and grain boundary (R,;) resistances were
estimated and measured by carrying out equivalent circuit
modeling using Nova software (version 1.11.1). The fitted
Nyquist plots with two parallel RC equivalent circuits in series
arrangement shown in Fig. 7b. The parameters of equivalent
circuit model, grain-interior resistance (R,), grain boundary
(Rgp), grain-interior capacitance (C,), grain-boundary
capacitance (Cy,) and chi square x2values (measurement
accuracy) are presented and tabulated in Table 1. It can be
seen from Fig. 7a that the material’s conductivity is enhanced
by the reduction of the semicircle diameter at higher
temperatures which is attributed to the low resistance of
Li; sTi; sAly s (PO,);>'718. The calculated resistances (R, and Ryy)
together with dimension of the sample were used to
calculate the DC conductivities (04, and o4.q,) at different
measuring temperatures using Eq. 4'°%, It is observed from
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Fig. 6(a-b): Frequency dependence of LATP (a) Real part of impedance and (b) Imaginary part of the complex impedance at

different measuring temperatures

Table 1: Parameters of equivalent circuit model R, Ry, C; and Cgb of LATP with dimensions t = 2.83E-03 m A = 1.10E-04 m?

Temperature (°C) R, (Q) Ry (Q) Cq (F) Cgb (F) I Ogqc (M)~ Ogpac (QM) ™!
30 2.96E+04 3.42E+04 1.68E-11 4.84E-11 0.015 8.72E-04 7.55E-04
80 1.77E+04 2.14E+04 6.31E-11 1.60E-11 0.008 1.46E-03 1.21E-03
130 3.11E+03 1.63E+04 1.67E-11 546E-11 0.006 8.30E-03 1.58E-03
180 2.77E+03 7.42E+03 8.28E-11 6.37E-11 0.002 9.32E-03 3.48E-03
230 1.71E+03 3.96E+03 1.86E-10 3.90E-11 0.002 1.51E-02 6.52E-03
280 2.19E+02 2.48E+03 1.28E-06 2.36E-11 0.0008 1.18E-01 1.04E-02
the Table 1 that as measuring temperature increased from . - t @)
=
30-280°C the value of measurement accuracy (x?) reduced ° RA

whichindicated the enhancement (increment of conductivity)
of grain-interior o, and grain boundary o, conductivity. This
was associated with thermal activation energy gained by the
charge carriers?’. The measurement accuracy (x?) was
observed to improve at higher measuring temperatures.
Likewise, the grain-interior o, and grain boundary o,
conductivity were also observed to be enhanced at higher
measuring temperatures as shown in the Table 1.
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The phenomenon of electrical modulus formalism was
always adopted to investigate the relaxation behavior of
polycrystalline material such as NASICON-type materials?2. The
mechanism of complex modulus formalism was useful in
distinguishing grain-interior, grain-boundary conduction and
the effect of electrode polarization mechanism. Another
advantage of the process is that the electrode effect is always
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Fig. 7(a-b): (a) and (b)Nyquist plot of the complex impedance z' Vs. z" of LATP at different temperatures

suppressed during the modulus formalism?. The complex
modulus formalism was described interms of complex
dielectric permittivity, real €' and imaginary €” as shown
in Eq. 56.

M ===M%jM" (5)
Where:

The variation of M spectra with frequency at various
temperatures from 30-280°Cin the frequency range 40 Hz to
1 MHz was depicted in Fig. 8. At lower frequency in all the
plots, M"has the lowest value possibly due to the insignificant
contribution of electrode effects which was probably
suppressed by modulus formalism?*. At higher frequencies
M’ increased and tended to take a constant value (i.e.,
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frequency-independent) above 10° Hz at all measuring
temperatures possibly associated with the absence of
interfacial polarization which occurred due toin homogeneity
of Li; sTi; 5Alys (PO,)5%.

The plots of imaginary part of complex modulus M” as a
function of frequency at various temperatures was illustrated
in Fig. 9. As temperature increases, the positions of the
maximum peak shift towards higher frequency which
confirmed the relaxation was a thermally activated process in
the system?. The presence of the peak in the imaginary part
of the modulus spectra was associated with conductivity
relaxation in the system which indicated the mobility
changeover from long to short range distance. The low
frequencyregion indicated the range at which the lithiumions
candriftand hop from one site to another atalonger distance.
However, at higher frequency region, the frequency range in
which the ions were confined was within a potential well'®
where it could only move a short distance in the potential
well.

On the other hand, Fig. 9 also behaved like Fig. 6b with
two relaxation processes within the frequency range 40 Hz to
1 MHz which may be due to the phase transition in the
system as temperature changed from 30-280°C. The effect of
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Table 2: Parameters of relaxation obtained from the dielectric modulus spectra for LATP

Maximum frequency

Relaxation frequency Relaxation time

Temperature (°C) frnax (HZ) Winax = 27f s (rad/second) 7= 1/0,,, (second)
30 2.90E+05 1.82E+06 5.49E-07
80 4.50E+05 2.83E+06 3.54E-07
130 2.18E+05 1.37E+06 7.30E-07
180 5.91E+05 3.71E+06 2.69E-07
230 8.67E+05 5.45E+06 1.84E-07
280 9.92E+05 6.23E+06 1.60E-07

two relaxations was probably attributed to the heterogenous
nature of Li;sTi;sAlys (PO,); in which the properties of the
sample was composed of every compound in the system.
In a similar analysis,? the sample with composition
Li;5Ti; ;Alps (PO,); (x = 0.3) exhibited one relaxation at all
measuring temperatures in the dielectric modulus analysis,
attributed to only one type of dominant charge carriers,
unlike Li;sTi;sAlys (PO,); which showed two relaxation
processes.
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The maximum frequency (f,,), at which the M" reached
maximum peak, defined the relaxation occurring in the
system. The parameters of relaxation include relaxation
frequency wand relaxation time t = w~" were clearly tabulated
in Table 2. The estimated relaxation frequency w increased as
measuring temperature increased, whereas the estimated
relaxation time t was observed to decrease with increasing
temperatures. But different behaviour was observed at
temperature 130°C which is due to the phase transition
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occurring at different temperatures. this was clearly shown in
Table 2. Based on the data obtained at higher temperatures,
the electric relaxation energy for the conduction processes
was found to be as low as 0.21 eV. This was regarded as
activation energy of the material sample which was obtained
using Arrhenius relation.

The calculated value of AC conductivity 6.61 X 10~4(Qm)~!
at room temperature and relaxation behavior of the material
(relaxation energy 0.21 eV) in the present analysis indicated
that the synthesized material was suitable to be used as
chemical solid state electrolyte in battery. The conductivity
can be improved by using different methods rather than
solid-state synthesis technique.

CONCLUSION

The dielectric analysis indicated that dielectric constant
is temperature-dependent in the low frequency region
(40-100 Hz) and temperature-independent at higher
frequency region above 100 Hz. The plots of imaginary part of
complex impedance (Z") and modulus (M") formalism also
showed relaxation behavior of Li; s Ti; sAly s (PO,);. The two plots
exhibited two relaxations processes, the first relaxation
behavior was indicated at low temperatures from 30-80°C
while the second relaxation was observed at higher
temperatures above 80°C due to the different dominant
charge carriers that exist in the Li, sTi; sAly5 (PO,); at various
temperatures.

SIGNIFICANCE STATEMENT

In the present research work, the study of relaxation
behavior and conductivity properties of Li; 5Ti; sAlys (PO,); is
elaborated. The findings help researchers to discover the
relaxation behavior of the material; this is because relaxation
in ionic conducting materials is one of the important tools
to describe the behavior and properties of ionic transport.
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