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In this research, the origin of the giant dielectric response in Li,Ti,Nij..,O
ceramics (x = .0-0.10 and y = 0-0.15) prepared by a polymer pyrolysis method is
investigated. X-ray diffraction (XRD) and scanning electron microscopy (SEM) with
energy dispersive x-ray spectrometer (EDS) are used to characterize the phase
composition and microstructure, respectively. The dielectric and electrical properties
are investigated as functions of frequency and temperature.

The XRD and SEM-DES results demonstrate that the Li and Ti doping
concentrations have remarkable influences on both of the phase formation and
microstructural evolution of the Li, Ti,Ni;.-,O ceramics. It is found that the Ti*" ions
prefer to form the second phase of NiTiO3 phase; in contrast, the Li" ions prefer to
substitute the Ni*" sites in the NiO crystal lattice. Interestingly, Li doping has a large
contribution to the substitution of the Ti*' ions on the Ni** sites. The surface
morphologies and microstructure are found to be depended strongly on the Li and Ti
doping concentrations. The SEM-EDS results show that the NiTiO3 particles largely
accumulate along the grain boundaries and surfaces. Surprisingly, such large
accumulation can be erased by increasing the Li doping concentration. The
microstructural evolution can suitably be ascribed based on the liquid-phase sintering
mechanism. For the dielectric properties, it is revealed that all of the Li,Ti,Nij..,O
ceramics exhibit the giant dielectric constant, €' ~ 10%-10°. € of each ceramic
composition increases with increasing the grain size. Two sets of relaxations are
observed in the dielectric spectra of samples with high-Ti content and relative low-Li
content. A low-frequency dielectric relaxation (LFR) is changed with the polishing
surface; whereas, a high-frequency relaxation (HFR) remains constant. It can be

proved that the NiTiOj; surface layers behave as insulating layers, affecting to the LFR

properties—e' decreases with removing the insulating surfaces accompanied by the
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increase in loss tangent. Both of the LFR and HFR can be well fitted by the Cole-Cole
relaxation equation combined with the dc conduction term. It is found that the oxygen
vacancies show a great influence on both of the LFR and HFR processes.
The resistance of the grain of all samples increases with annealing of the samples in
Ar. The total resistance of the group of samples that exhibit the LFR is found to be
enhanced by the annealing. These changes in the resistances can cause a dramatic
change in the dielectric properties in both the LFR and HFR processes. According to
the investigation of the surface and annealing effects, two suitably models of the
microstructure are proposed based on the interfacial polarization mechanism in order
to describe the observed giant dielectric response in the Li, Ti,Nij.,O ceramics.

Besides the investigation of the origin of the giant dielectric properties of the
Li, Ti)Nij.,.,O ceramics, the Li,Ti,Nij,.,O ceramics with different preparation
methods and other NiO-based systems, i.e., (Li, Fe)-, (Li, V)-, and (Li, Al)-doped NiO
systems, are also studied in this research. The giant dielectric properties of these
ceramic systems can be ascribed based on the interfacial polarization mechanism,
resulting from the inhomogeneous structure. Finally, the giant dielectric constant
observed in the LigosTi0.02Nio93O ceramic is compared to that observed in pure-CuO
ceramic. Interestingly, the CuO ceramic can exhibit the giant dielectric properties
without any dopants. Moreover, the dielectric relaxation behavior of the CuO ceramic
can be ascribed by the Cole-Cole relaxation model just like the LigosTio02Nio.930
ceramic. Furthermore, it is found that the dielectric constant increases with increasing

the grain size, suggesting to the internal barrier layer capacitor effect.
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with different concentrations of Li doping ions, Li = 2, 5,
and 10 mol %.

XRD patterns of NiO and Ti-doped NiO powders with
different concentrations of Ti doping ions, Ti =2, 5, 10, and
15 mol %.

XRD patterns of Li,Ti,Nij,O powders with different
concentrations of Li and Ti doping ions; (a) group 3 and (b)
group 4.

XRD patterns of NiO and Ti,Ni;.,O ceramics sintered at (a)
1200 °C and (b) 1280 °C.

XRD patterns of Li,Ti,Nij.,,O ceramics sintered at 1200 °C
[(a) and (b)] and 1280 °C [(c) and (d)].

SEM images of Ti,Ni;, O ceramics sintered at 1200 °c
revealing the surface morphologies; inset is its higher
magnification image.

SEM images of Ti,Ni;,O ceramics sintered at 1280 °C
revealing the surface morphologies; inset is its higher
magnification image.

(a) SEM image and (b)-(¢) EDS spectra of the testing points
1-4 for the Tig.02Nig 03O ceramic sintered at 1280 °C.

SEM images of Li,Ni;O ceramics sintered at 1280 °C
revealing the surface morphologies; inset is its higher

magnification image.
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SEM images of LigosTi,Nigs.,O ceramics (y = 0.02, 0.05,
0.10, and 0.15) sintered at 1200 °C; inset shows its higher
magnification image.

SEM images of Lig0sTi,Nio9s5,0 ceramics (y = 0.02, 0.05,
0.10, and 0.15) sintered at 1280 °C; inset shows its higher
magnification image.

(a) SEM image and (b)-(c) EDS spectra of the testing points
1 and 2 for the LigosTio02Nigo3O ceramic sintered at
1280 °C.

(a) SEM image and (b)-(c) EDS spectra of the testing points
1 and 2 for the LigosTioosNigooO ceramic sintered at
1280 °C.

(a) SEM image and (b)-(c) EDS spectra of the testing points
1 and 2 for the LigosTio10NiggsO ceramic sintered at
1280 °C.

(a) SEM image and (b)-(c) EDS spectra of the testing points
1 and 2 for the LigosTio1sNipgoO ceramic sintered at
1280 °C.

SEM images of Li Ti0sNio.0540 (x = 0.02, 0.05, and 0.10)
and Lig 10Ti0.02NigsO ceramics sintered at 1200 °C; inset
shows its higher magnification image.

SEM images of Li,Tig0sNig.95:O (x = 0.02, 0.05, and 0.10)
and Lig 10Ti0.02NiggsO ceramics sintered at 1280 °C; inset
shows its higher magnification image.

(a) SEM image and (b)-(c) EDS spectra of the testing points
1 and 2 for the LipoTigosNip93O ceramic sintered at
1280 °C: inset is in (b) shows the EDS spectrum of the
testing point 3.
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SEM-EDS results of the testing points at a grain and grain
boundary for (a), (b) Lig 10Tig0sNiggsO and (c), (d)
Lio. 10Ti0.02Nio.0sO ceramics sintered at 1280 °C.
Temperature dependence of dielectric constant (&) and loss
tangent (tand) at the frequency range of 10%-10° Hz for
Li,Ti,Ni}.,., O ceramics sintered at 1200 °C.

Frequency dependence of dielectric properties (dielectric
constant (¢'), loss tangent (tand), and dielectric loss (g")) at
the temperature range of -60 to 60 °C for Li,TiyNij,O
ceramics sintered at 1200 °C.

(a)-(d) Dielectric constant (¢') and (¢)-(h) dielectric loss (&)
of the LigosTi,Nigos,O ceramics sintered at 1200 and
1280 °C.

Frequency dependence of dielectric properties (dielectric
constant (¢'), loss tangent (tand), and dielectric loss (g'")) at
the temperature range of -60 to 60 °C for Li,TiyNij,0
ceramics sintered at 1280 °C.

Temperature dependence of relaxation time of Li,Ti,Ni}..,O
ceramics sintered at (a) 1200 and (b) 1280 °C; the solid lines
are the data fitted by an Arrhenius law.

Dielectric spectra of Li, Ti)Nij.,O ceramics sintered at
1280 °C fitting to equation (5.10); inset shows dielectric loss
and fitted results.

Impedance spectra of Ti,Ni;,O and Li, Ti)Nij,,0O ceramics
sintered at 1200 °C at various temperatures; inset shows its
impedance spectrum at -60 ‘G

Impedance spectra of Lig 0sTio02Nig 930 ceramic sintered at
1200 °C at temperatures of (a) 60 °C and (b) -60 °C fitted by
equations (5.12) and (5.15).
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Figure 5.29
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Dielectric constant (g') and loss tangent (tand) at 30 °C of
Li, Ti,Ni;.,.,O ceramics sintered at 1280 °C for non- (as-)
and polished-samples; inset is the dielectric properties at
-40 °C.

SEM images of surface morphologies of Li,Ti,Nijx.,O
as- and polished-samples sintered at 1280 °C for group-1.
SEM images of surface morphologies of Li,Ti,Nij...,O as-
and polished-samples sintered at 1280 °C for group-IL.

SEM images of surface morphologies of Li Ti,Nij..,O as-
and polished-samples sintered at 1280 °C for group-III.
Complex impedance plane plot at 30 °C of Li,Ti,Nij.x,O
ceramics sintered at 1280 °C for non- (as-) and polished-
samples; inset is an expanded view of high frequency data
close to the origin.

Low-frequency relaxation (LFR) and high-frequency
relaxation (HFR) of (a) LigosTio05Nio.900 and (b)
Lig 05 Tio.15NiggoO ceramics sintered at 1280 °C at various
temperatures; the solid and dot curves are the best fit to
Cole-Cole relaxation model for the LFR and HFR,
respectively.

The evolution of the relaxation and dc conductivity
contributed to the total loss tangent at -40 °C for the as-
sample for LigosTio1sNigg0O ceramic sintered at 1280 . i
the red solid curve and the blue dot curve are respectively
the best fit to Eq. (5.10) for HFR and the expected LFR
estimated by the Cole-Cole relaxation model (Eqg. (5.18)).
Arrhenius plot of the LFR of the as-samples for the
Lio.0sTig.0sNigooO Lig.osTio15Nigg0O ceramics sintered at

1280 °C.
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Frequency dependence of dielectric properties at 30 °C for
as-sample, polished-sample, and Ar-sample of Li,Ti,Nij.,., O
ceramics sintered at 1280 °C for 4 h; inset shows the
frequency dependence of the dielectric constant of these
four samples at -40 °C.

Complex impedance plane plot at 30 °C of Li,Ti,Nij..,O
ceramics sintered at 1280 °C for as-sample, polished-
sample, and Ar-sample; inset is an expanded view of high
frequency data close to the origin.

Frequency dependence of dielectric properties at various
temperatures for Ar-samples of Li,Ti;Nij.,O ceramics
sintered at 1280 °C for 4 h.

Frequency dependence of dielectric properties at -60 °C for
Ar-samples of Li,Ti,Nij.,.,O ceramics sintered at 1280 °C
for 4 h.

Schematics of (a) NiO, (b) Li-doped NiO, and (c) Ti-doped
NiO, showing the formation of defect.

(a) Idealized ceramic microstructure of the brick-well model
or IBLC structure model, and (b) Equivalent circuit
corresponding to the microstructure model.

Impedance spectrum at 120 °C for the Lig 19Ti005NiggsO
ceramic (polished-sample) sintered at 1280 °C fitted by
equation (5.15); inset shows the fitted result at -60 °C.

(a) Idealized ceramic microstructure of the IBLC/SBLC
structure model, and (b) Equivalent circuit corresponding to
the microstructure model.

Impedance spectra at 30 °C of (a) Lig.05Ti0.0sNio.90O and (b)
Lig 0sTio 15Nig 80O ceramics (as-samples) sintered at 1280 %C
fitted by equation (5.24); inset shows an expanded view of

high frequency data close to the origin.
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Figure 5.46
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Impedance spectra of (a) LigosTioosNioooO and (b)
Lig.05Tio.15Nig 80O ceramics (as- and polished-samples) fitted
by equation (5.24) using the same parameters as revealed in
Table 5.7, but given R=0.

Frequency dependence of dielectric constant (g) of
Li,Ti)Nij..,O ceramics sintered at 1280 °C for as- and
polished-samples; inset shows surface morphology.
Schematics of (a) NiO and Li-doped NiO structure with
different types of charge compensation: (b) oxygen vacancy
and (c) Ni**, respectively.

(a) Schematics of Li-doped NiO structure with oxygen
compensation and (b) the related band structure.

Schematics of Li-doped NiO structure with Ni**
compensation: (a) before annealing and (b) after annealing.
Schematics of the changes in (a) electrostatic potential and
(b) defect concentrations as a function of distance from
grain boundary for the segregation of the Ti doping ions in
Li, Ti,Nij.,O ceramics.

Microstructural models proposed for  Li Ti,Nij,,O
ceramics; (a) double-IBLC/SBLC model and (b) IBLC
model.

Effect of annealing on the microstructure the double-
IBLC/SBLC model for the polished-samples.

Dielectric constant and loss tangent of the Lig o5Tio.15Nio.800
ceramic fitted by equation (5.27); (a) polished-sample and
(b) Ar-sample.

The dependence of the dielectric constant at 30 °C and 10°
Hz on the concentration of Li and Ti doped in Li, Ti,Nij...,O
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Figure 5.56
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(a) Fractured surface of the LigosFe 10NiggsO sample and
(b) shows Ni and Fe element profiles obtained from the
EDS spectra at different points; inset shows SEM image of
surface morphology.

Frequency dependence of (a) dielectric constant and loss
tangent for LFNO-1Be (symbols) and LFNO-1Af (solid
lines) samples at various temperatures from -40 to 200 °C
with the step increase in temperature is 30 °C.

(a) Impedance spectra of LFNO samples before and after
surface polishing at 20 °C. (b) Impedance spectra as a
function of dc bias of LFNO-1Be; inset shows impedance
spectra of LENO-1Af.

Frequency dependence of dielectric constant at various
applied voltages at room temperature for LFNO-1Af
sample; inset shows its frequency dependence of loss
tangent at different applied voltages.

Frequency dependence of Z'' at various temperatures for
LFNO-1Af sample. Inset shows the frequency dependence
of Z'" at different applied voltages for LENO-1Af sample.
XRD patterns of the LVNO powders and sintered ceramics;
(@) LioosV002Nioo3O (b), LigosVoosNiggO, and (c)
LigosVo.10Niggs0; (d) is XRD pattern of Lig.os5Vo.10Nio.850
with polished surface.

The element profile obtained from EDS spectra.

Frequency dependence of (a) the dielectric constant (&) and
(b) dielectric loss (&) at different temperatures. Inset is the
temperature dependence of the relaxation time for the

different LVNO samples.
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Temperature dependence of relaxation times of LVNO
ceramics.

Impedance spectra as a function of temperature for the
Lig 05V 10Nig 850 ceramic; inset shows impedance spectra at
a low-temperature range.

Temperature dependence of grain (a) and (b) grain boundary
conductivity.

SEM images of the surfaces for the (a) Lig 05T10.02Nig.930,
(b) Lig.osFeo.02Nio930, and (c) LigosV0.02Nig93O ceramics;
inset of Fig. 5.67(c) shows the fractured surface of the
LVNO sample. (d) EDS spectra of the grains and grain
boundary for Lig05V0.02Nig.930 ceramic.

Frequency dependence of dielectric constant and loss
tangent at 30°C for the Lig 05Ti0.02Ni0.930, Lio 0sF€0.02Ni0.930,
and LigosVo02Nige3O ceramics. (b) The temperature
dependence of dielectric constant at selected frequencies for
the Lig.05V0.02Nig930 ceramic.

The complex impedance plane plots for the (a)
Lio.o5V0.02Nig93O and (b) LigosTio.02Nio.930 ceramics at
various temperatures; insets show the corresponding
impedance spectra at low temperatures. (¢) and (d) are the
Arrhenius plots of the conductivities of the grains and grain
boundaries, respectively.

XRD patterns of LigsTio02Nig930 powder and ceramics
sintered at 1200 and 1280 °C.

SEM images of surface morphologies of Lig05Ti0.02Nig.930
ceramics sintered at (a) 1200 and (b) 1280 °C.

SEM images of surface morphologies of Lig o5Ti0.02Nig930
ceramics sintered at (a) 1200 and (b) 1280 °C.
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(a) and (c) Temperature dependence of &' for the LTNO-1
and LTNO-2, respectively. (b) and (d) Temperature
dependence of tans for the LTNO-1 and LTNO-2,
respectively.

(a), (c) Frequency dependence of dielectric constant for the
ceramics sintered at 1200 and 1280 °C, respectively. (b), (d)
Frequency dependence of dielectric loss (&") for the
ceramics sintered at 1200 and 1280 °C, respectively. Inset of
Fig. 5.74(b) shows the comparison of dielectric constant at
30 °C over the measured frequencies. Inset of Fig. 5.74(d)
demonstrates the Arrhenius plots of the relaxation process.
XRD patterns of (a) LANO powders and (b) LANO sintered
samples.

SEM images of surface morphologies for (a) LANO-04, (b)
LANO-06, and (c) LANO-10 sintered samples.

EDS spectrum of grain boundary (point 2) for LANO-06
ceramic sample; inset (a) is the fractured surface of the
LANO-06 sample; inset (b) is the Al element profile
obtained from the EDS spectrum at different measured
locations as displayed in the inset (a).

Temperature dependence of (a) dielectric constant and (b)
loss tangent of LANO-04 sample at frequency range of
100 Hz to 5 MHz.

Frequency dependence of (a) dielectric permittivity and (b)
dissipation factor of LANO-04 sample at various
temperatures; inset shows the Arrhenius plots of the
relaxation process.

(a) Comparison of impedance spectra for LANO samples at
-60 °C and (b) the Arrhenius plots of the grain conduction of
LANO samples.
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XRD patterns of LiFe,Nij.., O ceramics for the samples of
(a) Feo.02Nig 930, (b) Lio.02Fe0.02Nio.960, (¢)
Lio.05Fe0.02Nio.930, (d) Lio.10Fe0.02Nio 830, (€)
Lig.0sFeo.0sNio.900, and (f) Lig.osFeo.10Nio 850.

SEM images of surface morphologies for (a) Feg 02Nig 93O,
(b) Lio.o2Fe0.02Ni0.960, (¢) Lio.osFe0.02Nio 930, (d)
Lig.10Fe0.02Nio 880, (€) Lio.osFe0.0sNio.900, and (f)
Lig.05Feo.10Nig.850.

The effect of Li concentration on frequency dependence of
(a) dielectric constant and (b) loss tangent for the LFNO
ceramics at room temperature.

The effect of Fe concentration on the frequency dependence
of (a) dielectric constant and loss tangent of the LFNO
ceramics at room temperature.

Frequency dependence of dielectric constant and loss
tangent for LigoFeo2NiggsO [(a) and (b)] and
LigosFeo 10NiggsO [(¢) and (d)] samples at the selected
temperatures. The inset of figure (a) and (b) shows
frequency dependence of the dielectric constant of
Feo 02Nig 93O sample at temperature range of 50-190 °C. The
inset of figure (¢) and (d) shows two Gaussian peaks (blue
lines) which are least-squares fitting of experimental data at
100 °C; the red line is fitted result; (1) and (2) are the LFR
and HFR, respectively.

Arrhenius plots of the relaxations of the LFNO ceramics.
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Impedance spectrum of Ligg2Feg02Nig 96O sample at room
temperature; inset shows the impedance spectrum of
Lio.osFeo.10NiggsO sample at room temperature. The vertical
lines are used to separate the bulk polarization (1#) and
interfacial polarization (2#).

XRD patterns of Li,TiyNij.,O powders and ceramic
samples prepared by a PVA method.

SEM micrographs of Li, Ti,Nij..,O ceramics for the samples
of (a) LTNO-05, (b) LTNO-10, and (c¢) LTNO-20.

(a) SEM micrograph of the fractured surface of LTNO-05
sample, (b) EDS spectra at point 2 in (a), and (c¢) Ti element
profile obtained from the EDS spectra.

(a) Temperature dependences of dielectric constant (g") and
loss tangent (tand) for LTNO-05 at selected frequencies and
(b) the temperature dependence of dielectric constant and
loss tangent for LTNO-05, LTNO-10, and LTNO-20 at
1 kHz.

Frequency dependences of (a) ¢’ and (b) & of LTNO-05 at
various temperatures. The solid curves are the best fits to
equations (5.42) and (5.43) for ¢ and ¢", respectively, which
include both a Cole—Cole relaxation and a complex
conductivity contribution. (c) The evolution of the
relaxation and dc conductivity contribute to the dielectric
loss. (d) Arrhenius plots of the relaxation time and dc
conductivities.

Dielectric constant of (a) LigsTio.02Nip93O0 and (b) CuO
(CuO-1 sample) ceramics.

SEM images of CuO ceramics: (a) CuO-1 sintered at 920 "G
and (b) CuO-2 sintered at 980 °C.
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Figure 5.95

Figure 5.96
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(a) The frequency dependence of dielectric constant for
CuO-1 at various temperatures; inset (1) shows the
frequency dependence of dielectric loss for CuO-1 and inset
(2) displays the frequency dependence of dielectric constant
for CuO-2. (b) The Arrhenius plot of the dielectric
relaxation time for the CuO-1 and CuO-2.

The frequency dependence of dielectric constant for CuO
ceramic at various temperatures; the solid lines represent

calculated values of equation (5.18) for a Cole-Cole model.
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Surface charge density

Electric filed

The permittivity of free space (8.854x10™"? Fm™)
The vacuum permeability

The speed of light in vacuum

The permittivity of a dielectric material

The dielectric constant
The capacitance of the free-space capacitor

The capacitance
The electric dipole moment

The electric charges

The polarization

The number of the displaced molecules per unit volume
The bound charge density

The charging current

The sinusoidal voltage (V =V, exp( Py a)t))
The conductance

The total current

The loss current

The loss angle

The complex dielectric constant

The real part of & (the dielectric constant)
The imaginary part of ¢ (the dielectric loss)

The angular frequency
The loss tangent or the dissipation factor

The total electric displacement field
The complex permittivity of a dielectric material

The electric susceptibility

The number of dipoles of type i per unit volume
The average dipole moment

The polarizability

The local electric field
The external applied field

The electronic polarizability
The atomic polarizability
The orientational polarizability
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The space charge polarizability

The total polarization

The electronic polarization

The atomic polarization

The orientational polarization

The high-frequency polarization

The dielectric constant at a high frequency range
The low-frequency dielectric constant or the relaxed

static dielectric constant

The relaxation time

The probability of a jump

The valence of the ion

The zero-frequency value of the hopping polarization

The Boltzmann constant (1.38 x 10 J/K)
The absolute temperature (K)

The distance separating the potential well

The Cole-Cole constant parameter (0 <a <1)
The total current density

The conduction current or current density

The dc electrical conductivity

The ac electrical conductivity

The complex admittance
The activation energy

The frequencies at the peak of &”
The frequencies at the peak of tand

The complex impedance

The real part of the complex impedance

The imaginary part of the complex impedance
The resistances of grains and grain boundaries,

respectively

(C,,Cg) The capacitances of grains and grain boundaries,

polaron

respectively
The dielectric constant of the grain boundary

The grain size
The thickness of grain boundary

The polaron conductivity
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g The activation energy for conduction inside grain
gb The activation energy for conduction at grain boundary

4 The Ti ion sitting on the Ni lattice site with two positive

charges
Va The Ni vacancy with double negative charge

£ The complex dielectric permittivity of grain
The complex dielectric permittivity of grain boundary

Tais The Ta ion sitting on the Ni lattice site with three

positive charges
Li}, The Li ion sitting on the Ni lattice with a single

negative charge
v The oxygen vacancy with double positive charges

V51 The concentration of oxygen vacancy

The Ni ion in the interstitial lattice site

-~

The equilibrium constant

The reactance

The conductance

The susceptance

The dissipation factor

The resistance

The capacitance of the parallel plate capacitor

AN

The structure factor

The atomic scattering factor

The diffusion coefficient or diffusivity
The limiting grain size

The radius of the including particles
The capacitance of surface layer
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The resistance of surface layer
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