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ABSTRACT

In the present era of rapidly growing technology, understanding of various physical properties
of materials determines the suitable candidates for various technological applications such as
gas sensors, energy storage, memory applications, solar cells, superconductivity, and ionic con-
ductors. NagZrySioPOg9 is one of the important members of NASICON (Sodium Super Ionic
Conductors) family has the chemical composition of Naj,ZreSi,Ps_,012, (0 < z < 3). It
shows the structural phase transition from monoclinic to rhombohedral phase at 160°. It shows
the wide range of applications in microwave absorption, NaT-ion batteries, and gas sensors.
Microwave heating is used in food preparation, synthesis of materials, local heating in biological
samples, and the medical industry. In microwave heating, the dielectric materials absorb the en-
ergy depending on the macroscopic permittivity, which is called dielectric loss, and the dielectric
permittivity decides the energy storage. Hence, studying the dielectric properties is important
for energy storage. The dielectric materials are characterized by measuring the complex per-
mittivity as a function of frequency for constant temperature and as a function of temperature
at constant frequency. The dielectric measurements over a wide range of frequencies provide in-
formation about the conduction mechanism, polarization mechanism, charge carrier dynamics,
and relaxation behavior. NagZreSioPO12 (x=2) and divalent doped NASICON shows the micro-
wave absorption and high electric permittivity at room temperature. however, these studies are
limited to room temperature or microwave regions only. Therefore, my Ph.D. thesis is focused
on the temperature-dependent dielectric properties of pristine and doped NASICON ceramics.

The outlines of the work carried out during this journey are briefly summarized below:

First, the broad area of NASICON materials was introduced. A detailed literature survey on
crystal structure, ordering, doping, and synthesis methods is discussed. The applications of
NASICON in various fields are discussed. The ion-solid interaction was discussed, and the
mechanism of nuclear and electronic energy loss was discussed in detail. Finally, the motivation
and objective of the thesis are discussed. In the next part, the sample preparation method,
various experimental techniques, and their basic principle were discussed in detail. These tech-
niques are used for different characterizations and analyses in our study. The Rietveld analysis
and the steps involved during the analysis were discussed. The working principles of scanning
electron microscope (SEM) and transmission electron microscope (TEM) are discussed. The
ion irradiation using swift heavy ions (SHI) is described. Various types of electrical transport
measurements, such as d.c. resistivity, capacitance-loss measurements, and impedance-phase
angle measurements were explained in detail. To proceed further, NagZrsSisPO12 bulk samples
were prepared to find out the temperature-dependent dielectric properties of pristine NASICON

ceramics. The temperature dependence of electric permittivity shows the permittivity of the

vi



order 10* at 400 K. The relaxation loss peaks found for low temperatures show thermally acti-
vated relaxation. The a.c conductivity follows the universal power law, showing the change in

the conduction mechanism at 360 K.

Considering the doping effects on dielectric and impedance properties, we have started with the
divalent ion. Ni?T ion are doped into NagZrsSisPO1o at the Zr site to improve its dielectric
properties. The analysis shows a similar magnitude for electric permittivity up to x=0.15. The
relaxation analysis shows a similar type of relaxation for all doped samples. The impedance
analysis shows the grain and grain boundary relaxation following the thermally activated relax-
ation as confirmed by a.c. conductivity analysis. The modulus analysis confirms a similar type
of relaxation independent of temperature. In the next part of doping, trivalent (Pr3*) ions are
doped at the Zr site in NagZroSiosPO15 bulk samples. The larger ionic radii of Pr ions show
structural distortions with increasing doping. The permittivity increases by an order of magni-
tude for all doped samples, showing double relaxation peaks with different activation energies.
The Nyquist analysis shows the obtained ionic conductivity of the order 10™* S/cm. The tem-
perature dependence of ac conductivity and related conduction mechanism were investigated
using modified power law. In the last part of doping isovalent (Ti) substitutional effects on
physical properties of NagZrsSisPO1s were studied. The temperature-dependent conductivity
measurements show the indication of structural phase transformation. The electric permittivity
increases with doping reaches of the order10” for 420K. The relaxation mechanism was deter-
mined using the non-Debye relaxation models. The impedance analysis is performed using the
Z-CPE model. Conductivity analysis using modified power law was performed to determine the

conduction mechanism, shows the transformation of the conduction mechanism around 350 K.

The radiation stability of NASICON ceramic was checked using the Au, Ag (100 MeV), and O
(90 MeV) irradiation in the fluence range of 5E11 to 5E13 ions/cm?. The irradiated samples
characterization using XRD measurements shows the amorphized type nature heavy ions such
as (Au and Ag), while no structural effects were found for O irradiations. Similar types of
results were obtained using microscopic TEM analyses. The obtained experimental results were
explained using the dominating electronic energy loss mechanism. The last chapter discusses a

brief conclusion of this thesis and the possibility of future scopes in this area.

Overall, a systematic investigation of pristine (NagZraSioPO12) and divalent (Ni2*), trivalent
(Pr3t) and isovalent (Ti*") investigations were performed. The radiation stability of NASICON
ceramics was checked using swift heavy ions. These studies are useful for finding a suitable

candidate for solid oxide fuel cells, charge storage, memory devices, and gas sensors.
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3.1 (a) The room temperature XRD pattern (red circle) of NagZrySiaPOqo sample.
The solid black line shows the Rietveld refinement profile; green and pink short
verticals show the Bragg peak positions for NagZrsSis PO sample and small im-
purity of ZrOg, and the blue line shows the residual. (b) The electrical resistivity
in the temperature range of 270-400 K. The inset shows In(pr) vs. (1000/T) plot,
where the solid line represents the linear fit of the Arrhenius thermal conduction

3.2 (a) The current-voltage (I-V) curves (shown in linear scale), (b) the log I-log
V plot, and (c) linear extrapolation of the log-log plot for I-V curves of the
NagZroSioPO19 sample at the selected temperatures. The vertical dashed line in
(b) represents the characteristic voltage of SCLC conduction. . . . . .. ... ..

3.3 (a) The dielectric constant and (b) loss tangent as a function of temperature for
NagZrySiaPO19 sample at different selected frequencies. The arrow in (a) shows
the dielectric relaxation behavior and shows the corresponding relaxation peak
in (c) shifts towards high temperature with an increased frequency. (d) shows
the Arrhenius plot (In(7) vs. 1000/T) of relaxation time to find the activation
energy of dipole relaxation. . . . . . . . ... Lo

3.4 The real (a) and imaginary (b) parts of dielectric constant as a function
of frequency (20 Hz—2 MHz) at different temperatures (200-400 K) for the
NangQSigPOm sample. ................................

3.5 The real (a) and imaginary (b) parts of impedance as a function of frequency
(20 Hz—2 MHz) at different temperatures (200-400 K) for the NagZroSioPO19
sample. Figure (c) and (d) shows the same data but in a log scale for clarity.. . .

3.6 (a) The frequency dependence of a.c. conductivity for the NazZrsSiaPO12 sample
at various temperatures, and (b) the temperature dependence of s parameter
on the left scale and (1-s) on the right scale. The open symbols represent the
experimental data, and the solid line represents the fit. The dashed line in (b)
around 365 K separates the CBH and the NSPT conduction regions. . . . . . ..

3.7 The variation of hopping distances (a, c), and effective density of states (b, d)
with frequency at different temperatures for the Na3ZrsSioPO12 sample in CBH
and NSPT regions, respectively. . . . . . . . . . . ... L

3.8 The plot between In(o,.*T) vs. (1000/T) for the NaszZrsSiaPO12 sample at se-
lected frequencies, open symbols and solid lines show the experimental data and
linear fit, respectively. The dashed line separates the regions of two different
types of conduction mechanisms following NSPT and CBH models, respectively.
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The real (a) and imaginary (b) parts of the electric modulus as a function of
angular frequency at various temperatures for the NagZroSisPO1s sample. The
Arrhenius plot of In(wy,) versus 1000/T is shown (¢). . . . . . ... ... ... ..
(a) Scaling behavior of imaginary part of electric modulus M” versus angular
frequency w at various temperature. (b) The combined impedance and electric
modulus spectrum of Na3ZroSioPO19 sample at room temperature. . . . . . . ..

(a—d) The Rietveld refined room temperature x-ray diffraction (XRD)

patterns of (a) Nag 17Zr1.95Nig.05512PO19, (b) Nag.oZrq 9Nig 1SioPO19, (C)

Na3.3Z1"1.85N10_15Si2P012, and (d) N33A4ZI'1.8N10_2812P012 samples. The ObSGI"VGd,

calculated, and the difference between observed and calculated patterns are shown

by the open red circle, black solid line, and continuous blue line, respectively;

green, violet, and brown vertical markers represent the Bragg positions corre-

sponding of the C 2/c, P 1 21/c and P -4 21 ¢ space groups, respectively.

The combined XRD plot of all the Ni-doped NASICON samples in the Y-offset

scheme. The *-symbol shows the impurity due to ZrO2 phase and # symbols

shows the NagPOy impurity phase. . . . . . . . . ... ... ... ... ......
The  scanning  electron  microscope  (SEM)  images (a—d)  of

Nagio,Zro_;NigSiaPO1a  (2=0.05-0.2) samples showing the non-uniform

distribution of particles. All the images are taken at a similar scale at the

bottom of each panel. The particle size distribution is shown in the inset of each

panel, where the vertical bars show the number of particles and the red solid

line shows the fitting using the Gaussian function. . . . . . .. ... ... . ...
Energy dispersive X-ray spectrum of Nag 9,712, Ni;SioPO12 (z = 0.050.2) sam-

ples. The various X-ray peaks in the spectrum are labeled with corresponding

elements. The spectra show the absence of unwanted additional elemental peaks.
The temperature dependent resistivity variation of the Nagio,Zro_,Ni,SigPOq9

(x=0.05-0.2) samples in panels (a—d). The inset in each panel shows the Arrhenius

thermal conduction using the plot of (In p versus 1000/T) to find the activation

energy of thermal conduction. Here, the open circles represent the experimental

data and the solid line represents the linear fit. . . . . .. ... .. ... .....
The  temperature-dependent  dielectric  constant  variation  of  the

Nagyo,Zro_;NipSisPO12 (z =0.05-0.2) samples at different selected fre-

quencies, as shown in panels (a—d). The arrows in each panel show the shifting

of the relaxation peak toward the high-temperature side with an increase in the

frequency. . . . . . ..
The temperature-dependent dielectric loss variation of Nagio,Zra—,Ni,SigPOq9

(x=0.05-0.2) samples at various selected frequencies, are shown in panels (a—

d). The loss peak shifts toward the high-temperature side with an increase in

frequency. The inset in each panel shows the plot of (In 7 versus 1000/T), where

the open circle represents the experimental data and the solid lines show the

Arrhenius fit. . . . . . .. L
The temperature-dependent real part of dielectric permittivity of

Nagio,Zro_;NiySiosPO1o (. =0.05-0.2) samples as a function of frequency,

as shown in panels (a-d). The arrows indicate an increase in relaxation

frequency towards the high-temperature side with an increase in temperature

from 140-400 K. The real permittivity data are fitted using modified Cole-Cole

equation 5(a), shown as solid lines in each panel. . . . . ... .. ... ... ...
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The temperature-dependent imaginary part of dielectric permittivity
Nago,ZroNiySisPO1y (z = 0.05-0.2) samples as a function of frequency
are shown in figure (a-d). The arrow shows an increase in relaxation frequency
towards the high-temperature side with an increase in temperature from
140-400 K. The imaginary permittivity data are fitted using modified Cole-Cole
equation 5(b), shown as solid lines in each panel. . . . . . .. .. ... ... ... 95
The frequency dependence of real impedance data for  the
Nago,Zro—;NiySisPO1y  (=0.05-0.2) samples at various selected tempera-
tures are shown in panels (a—d). The two arrows in these panels show the
relaxation due to grain-boundary (at lower frequencies side) and grains (at
higher frequency side). The arrow directions show an increase in relaxation
towards the high-frequency side with an increase in temperature. . . . . . . . .. 96
The imaginary part of total impedance for the Nago,Zro_;Ni;SiaPO19 (2=0.05-
0.2) samples at various temperatures as a function of frequency are shown in
panels (a—d). The arrow shows an increase in relaxation peak towards the high-
frequency side with an increase in temperature. All these curves deviate from
the perfect circular arc, representing the non-Debye type relaxation behavior. . . 97
The real part of electric modulus (M’) variation with frequency for the
Nagyo,Zro_;NipSiaPO1g (2=0.05-0.2) samples in the temperature range of 140
400 K are shown in panels (a—d). Here, the dashed arrow indicates the direction
in which the temperature is increasing. . . . . . .. .. ... ... . L. 98
The imaginary part of electric modulus M” for the Nagyo,Zrs Ni SioPO1so
(£=0.05-0.2) samples in the temperature range of 140-200 K are shown in panels
(a—d). Here, the open symbol represents the experimental data, and the solid red
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(£=0.05-0.2) samples in the temperature range of 220-400 K are shown in panels
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The Arrhenius activation energy of relaxation for the Nagyo,Zro_Ni, SioPOq9
(x=0.05-0.2) samples, shown in panels (a-d) at room temperature. Here, the
open symbols represent the experimental data and the dashed lines represent the
linear fit to equation 7. . . . . . . . . .. 101
The scaling analysis of imaginary electric modulus of Nagyo,Zrs_Ni, SioPOq9
(x=0.05-0.2) samples at various temperatures are shown in figure (a-d). In all
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master curve shows a similar type of relaxation. . . . . . . .. .. ... ... ... 103
The a.c. conductivity variation of Nagy9,7Zry;Ni;SioaPO19 (2=0.05-0.2) samples
at various temperatures are shown in figure (a-d). In all the figures the open
symbol represents the experimental data and the solid line represents the fit
using the double power law equation 13. . . . . . . . ... ... .. ... ..... 104
The temperature dependence of the Power law exponents m, n for the
Nago,Zr9—;NiSisPO1o (z = 0.05-0.2) samples above room temperature are
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ing the small polaron type hopping conduction in these samples. . . . . .. . .. 106
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The schematic representation of NasZraSiaPO12 in monoclinic structure (C 2/c
phase), which shows the ZrOg octahedra (light brown) and Si/POy4 tetrahedra
(pink color) along with three types of Na sites per unit cell. The arrows show
the conduction path along Nas/Nas-Naj-Nag/Nag sites. . . . .. .. .. ... ..
Reitveld refinement spectra of Pr-doped NASICON samples having the compo-
sitions of Nag;,Zra_,Pr,SisPO1o (2=0.05-0.2) are shown in (a-d). Here, open
red symbols represent experimental data, and solid black line shows the Rietveld
refined XRD patterns. The Bragg’s positions correspond to the monoclinic NA-
SICON phase is shown by green vertical lines, and Bragg’s peak corresponds to
ZrOy and NagPr(POy4)s impurity phases are marked by * and # symbols are
shown as verticles lines of violet and wine color respectively. The blue color solid
line represents the difference between observed and calculated data. . . . .. ..
(a) Lattice parameters of Pr-doped NASICON samples obtained after the refine-
ment and (b) show the Distortion in a-base and shear deformation in unit cell as
a function of Pr-doping concentration. . . . . . . . .. ... .. ... ... ...
(a-d) shows microstructural images of Nag ,Zrs_,Pr,SiaPO19 (£=0.05-0.2) sam-
ples obtained using field emission scanning electron microscope (FESEM). These
images are taken at an acceleration voltage of 25 kV at a magnification of 5um.
(e-h) shows the energy dispersive X-ray data of Nag;,Zro_,Pr,SiaPO12 (z =
0.05-0.2) samples. The various X-ray peaks in the data are labeled with corre-
sponding elements. The spectra show the absence of unwanted elemental peaks .
The temperature-dependent variations in dielectric constant (e.) (a—d) of
Nagy,Zro_Pr;SisPOj2 (x =0.05-0.2) samples at various selected frequencies
from 100 Hz to 2 MHz. The arrows in panel (a) show the shifting of the relax-
ation peak toward the high-temperature side with an increase in the frequency.
The temperature-dependent variations in loss tangent (tand) (a—d) of
Nagy,Zro_Pr,;SisPOj2 (x =0.05-0.2) samples at various selected frequencies
from 100 Hz to 2 MHz. The arrows in panel (a) show the shifting of the relax-
ation peak toward the high-temperature side with an increase in the frequency.
The temperature dependence of relaxation time for peak 1 in (a) in the low-
temperature range and for peak 2 in (b) at high temperatures. The open symbols
show the measured data points and the solid lines show the linear fit. . . .. ..
Isothermal frequency dependent real permittivity for Nagy,Zro_,Pr,SioPOqo
(£=0.05-0.2) samples at various selected temperature. Here, open symbols are
measured experimental data, and the solid line is fitting using the modified Cole-
Cole relaxation, including the contributions from complex electrical conductivity.
Isothermal frequency dependent imaginary part of electric permittivity (e N)
variations with frequency at selected temperatures of Nagy,Zro_,Pr,SioPOq9
(£=0.05-0.2) samples. Here, the open symbols show the measured experimen-
tal data, and the solid line is the fitting using modified Cole-Cole relaxation..
The real (Z') part of total impedance are shown in figure (a-d) as a function of
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tures. The arrow indicates the direction of increasing temperature. . . . . . . . .
The imaginary (Z”) part of total impedance are shown in figure (a-d) as a func-
tion of frequency for Nag;,Zrs_,Pr,SisPOs (2=0.05-0.2) samples at selected
temperatures. The arrow indicates the direction of increasing temperature.
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The Nyquist plot of Pr-doped NASICON ceramics at selected temperatures.
Here, the open symbols show the experimental data and the solid lines fit us-
ing the equivalent circuit model. The deviation at lower temperatures is due to
the highly insulating nature of Pr-doped samples. The fitting is performed using

the ZSimpWin software. . . . . . . . . . . ... .. 133
The temperature-dependent total ionic conductivity of all Pr-doped NASICON
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The variation of real (M) (a-d) and imaginary (M") (e-f) part of the electric
modulus function at selected temperature as a function of frequency. Here, open
symbols represent the measured experimental data, and a solid line is fit using
the electric modulus function. The (M) and (M") above 200K are shown in
figure 9.4 and 9.5 of appendix section. . . . .. ... ... ... .. ... ... .. 136
Arrhenius plot of peak modulus frequency with temperature for Pr-doped NASI-
CON samples. Open symbols represent the measured peak relaxation frequency,
and the solid line represents the Arrhenius linear fit. . . . . . ... .. ... ... 138
The scaling analysis spectra of imaginary modulus (M) for Pr-doped NASICON
samples. . . ... L e 139
The frequency dependence of a.c. conductivity at selected temperatures for Pr-
doped samples. Here, the open symbol represents the measured experimental
data, and open red solid line shows the fit using the modified power law. . . . . . 140
The temperature dependence of s parameter obtained after fitting of a.c. con-
ductivity data using modified power law for the Nag,,Zrs_,Pr,SisPO1y (x =
0.05-0.2) samples. The increasing s values with temperature show the correlated
barrier hopping (CBH) motion in the measured temperature range. . . . . . . . . 141
The Summerfield scaling of a.c. conductivity following a single master curve for
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Reitveld refinement spectra of Ti-doped NASICON samples NagZro_ . Ti,SioaPO19
(x=0.1-0.4) are shown in (a-d). Here, open red symbols represent observed ex-
perimental data, and solid black line represents the calculated Rietveld refined
XRD patterns. Green vertical lines show the Bragg’s position of the monoclinic
NASICON phase, and Bragg’s position corresponds to NagP30g are marked by #
symbols are wine color (figure d). The blue solid line represents the difference be-
tween observed and calculated data. Figure (e-h) shows the microscopic images
of NagZry_,Ti,SioPO12 (£=0.1-0.4) samples obtained using the field emission
scanning electron microscope (FESEM) by taking the acceleration voltage of 15
kV with a magnification of 5 pm. . . . . . . ..o Lo 155
Energy dispersive x-ray (EDX) mapping of various elements present in the
NagZry_,Ti,SioPO12 (x = 0.1 — 0.4) NASICON samples. . . . .. ... ..... 157
Temperature dependent resistivity variations of NagZry_, Ti,SiaPO12 (2=0.1-0.4)
samples. The inset shows the Inp vs (%) graph; here, the open symbol rep-
resents the obtained experimental data, and the solid line shows the linear fit
using the Arrhenius thermal conduction model. The circle shows the signature
of structural phase transition around 420 K. . . . . . . .. ... ... 0o 158
Temperature dependence of electric permittivity (e, ) as a function of temperature
at selected frequencies. The arrow shows the direction of increasing frequency
and shifting of relaxation peak towards the higher frequency side. . . . . . . . .. 159
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The dielectric loss or tangent loss variations showing the relaxation peaks for
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Temperature dependence of relaxation time for relaxation peaks (peak 1 and
peak 2) for NagZry_,Ti,;SiaPO1g (2=0.1-0.4). Peak 1 belongs to the relaxation
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temperature relaxation, shown in (b). . . .. ... . 00000 161
Frequency dependence of real part of permittivity as a function of frequency
at the selected temperature for NagZry_,Ti,SiaPO12 (2=0.1-0.4) samples. The
experimental data is fitted using the non-Debye type relaxation and conductivity
term. Here open symbol shows the experimental data and solid line is fit using
the complex conductivity term. . . . . . . . ... Lo 163
Frequency dependence of imaginary permittivity as a function of frequency at
the selected temperature for NasZrs_,Ti,SiaPO1o (=0.1-0.4) samples. The
experimental data is fitted by considering the non-Debye type relaxation and
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is fit using the complex conductivity term. . . . . . . . .. ... Lo 164
Real impedance variations as a function of frequency at for NagZro_,Ti,SioaPO19
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Temperature dependent variations in real (M') and imaginary modulus (M") at
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Temperature dependence of modulus relaxation peak of NagZro_,Ti,SioaPO19
(£=0.1-0.4) determines the activation energy (E;s) of modulus relaxation. Here,
the open symbol represents the obtained experimental data and the solid line
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