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Abstract 

 

In this research, CaCu3Ti4O12 (CCTO), NiO-based, CuO and (1-x)CaCu3Ti4O12-

xLi0.30Ti0.02Ni0.68O (CCTO-LTNO) nanocomposite ceramics were synthesized. X-ray diffraction 

(XRD) and scanning electron microscope (SEM) with energy dispersive x-ray spectrometer (EDS) 

were used to characterize the phase formation and microstructure of theses ceramics, respectively. The 

dielectric and electrical properties of the synthesized ceramics were investigated in the frequency and 

temperature ranges of about 102-107 Hz and -50-200 oC, respectively. The research is divided into 

four parts as the following.      �
First, the dielectric properties of CCTO ceramics prepared by three different methods—a simple 

PVA sol-gel, an egg white, and a polymerized complex—are investigated. It is found that the 

synthesized ceramics exhibit the microstructure that consists of grains and grain boundaries. The values 

of �� of the CCTO ceramics prepared by these three methods are found to be in the range of 

1.0�104-2.0�104 at the frequency of 103 Hz. Interestingly, �� of the CCTO ceramics prepared by 

egg white and polymerized complex routes is nearly frequency independent in the frequency range of 

about 102-105 Hz. The dielectric relaxation behavior exhibited in the CCTO ceramics can be well 

ascribed by using the Cole-Cole relaxation model. The giant dielectric response in the CCTO ceramics 

may be attributed to the electrically heterogeneous structure, consisting of semiconducting grains and 

insulating grain boundaries.  As a result, the internal barrier layer capacitor (IBLC) effect exhibited in 

the special structure can result in the giant dielectric response of the CCTO ceramics.  

Second, the investigation of the giant dielectric response in LixTiyNi1-x-yO (x = 0-0.10 and    

y = 0-0.15) prepared by a polymer pyrolysis route are studied. 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 LixTiyNi1-x-yO ceramics. It is found that the Ti4+ doping 

ions prefer to form the second phase of NiTiO3 phase; in contrast, the Li+ ions can easily substitute the 

Ni2+ sites in the NiO crystal lattice. Interestingly, Li doping has a large contribution to the substitution 

of the Ti4+ ions on the Ni2+ sites. It is observed that the NiTiO3 particles largely accumulate along the 

grain boundaries and on surfaces of the LTNO ceramics with Ti � Li. However, such large 

accumulation can be removed by increasing the Li doping concentration. The microstructural evolution 

can suitably be ascribed based on the liquid-phase sintering mechanism. For the dielectric properties, 

all of the LixTiyNi1-x-yO ceramics exhibit the giant dielectric constant, �� ~ 103-105. Two sets of 

relaxations are observed in the dielectric spectra of LTNO ceramics with Ti � Li. 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 in the ceramics induced by annealing in Ar atmosphere have a great 



 

 

influence on both of the LFR and HFR processes. The total resistance and grain resistance of the LTNO 

ceramics increase with increasing the oxygen vacancy concentration. These changes in the resistances 

can cause a dramatic change in the dielectric properties in both the LFR and HFR processes. The 

increase in the total resistance is attributed to the transformation of the semiconducting surface to the 

insulating surface. Consequently, the additional polarization at the interface of surface layer and the 

inner part can raise the low-frequency �� of the LTNO ceramics. The decrease in �� at a high 

frequency range is attributed to the increase in the resistance of the grain. Besides the LixTiyNi1-x-yO 

ceramics, the LixTiyNi1-x-yO ceramics, which are prepared by a direct thermal decomposition method 

and a PVA method, as well as other NiO-based systems, i.e., LixVyNi1-x-yO, LixFeyNi1-x-yO, and 

LixAlyNi1-x-yO, are also studied in this research. The giant �� exhibited in these ceramics can be 

ascribed based on the interfacial polarization mechanism, resulting from the inhomogeneous structure.  

Third, the influences of the heat treatment in Ar and uniaxial compressive stress on the 

dielectric properties of the CCTO-LTNO nanocomposites are investigated comparing to the CCTO 

ceramic. The results reveal that oxygen loss in the structure due to the effect of annealing in Ar results 

in the increase in the �� value of the CCTO ceramic, but no effect on the dielectric properties of the 

CCTO-LTNO nanocomposites. It is also found that both of �� and tan� gradually increase with 

increasing the applied compressive stress; while, �� and tan� of the CCTO-LTNO nanocomposites 

remains constant. As a result, the dielectric properties of the CCTO ceramic can be modified by adding 

LTNO nanoparticles. The experimental results can be well explained based on the IBLC effect. �
The last, the dielectric and electrical properties of CuO ceramics are investigated. It is found 

that the CuO ceramics can exhibit the giant �� of about 104-105. The dielectric relaxation behavior 

exhibited in the CuO ceramics nearly coincide with the ideally Debye relaxation model. The observed 

giant �� in the CuO ceramics may be attributed to the electrical responses of the grain boundary and 

inside the grain.� The low-frequency �� value corresponding to the electrical response of the grain 

boundaries is found to be decreased with increasing an applied dc bias, which is related to the increase 

in the resistance of the grain boundary due to the effect of dc bias.                           
 

 

Keywords:  Synthesis; Nanoparticles; Nanocomposite; Ceramic; Oxide; Giant dielectrics; Crystal 

structure; Microstructure; Dielectric constant; Dielectric properties; Electrical properties; Polarization; 

Dielectric relaxation; Cole-Cole model; IBLC model; Annealing; Uniaxial stress; Oxygen vacancy     
 

 

 

 



 

 

Executive Summary 

 

Recently, high dielectric constant materials have been playing an important role to the 

electronic industrial because of their potential applications. CaCu3Ti4O12 and NiO-based ceramics, the 

giant dielectric materials with ��~103-105, have been investigated intensively both technologically and 

scientifically. However, the suitable dielectric properties and the clear explanation of the origin of the 

giant dielectric response in theses ceramics are still missing. Therefore, the aims of this research are to 

improve the dielectric properties of the CaCu3Ti4O12 and NiO-based ceramics and to ascribe the origin 

of the giant dielectric response in these materials.  

In this research, we have successfully prepared the CCTO and NiO-based nanoparticles. Four 

kinds of giant dielectric materials, i.e., CCTO, NiO-based, CuO and (1-x)CaCu3Ti4O12-

xLi0.30Ti0.02Ni0.68O (CCTO-LTNO) nanocomposite, have been synthesized. Throughout the research, 

several techniques are used to characterize the prepared powders and the synthesized ceramics.—phase 

formation and crystal structure can be confirmed by the XRD result, surface morphologies and chemical 

compositions in the microstructure are revealed by SEM images and the EDS profiles, respectively. The 

dielectric properties and electrical response(s) of the synthesized ceramics are investigated in the 

frequency and temperature domains (102-107 Hz and -50-200 oC).  

The first part of the research is to prepare the nanoparticles of CCTO by three different solution 

routes—a simple PVA sol-gel, an egg white, and a polymerized complex and investigate the dielectric 

properties of the synthesized CCTO ceramics. The giant �� is found to be about 1.0�104-2.0�104 at 

the frequency of 103 Hz for all of the CCTO ceramics prepared by these three methods. We have 

found that the CCTO ceramics exhibit the microstructure that consists of grains and grain boundaries. 

The superior dielectric properties of the CCTO ceramics prepared by egg white and polymerized 

complex routes is obtained—�� is nearly frequency independent in the range of 102-105 Hz. To 

ascribed the origin of the giant dielectric response in the CCTO ceramics, the dielectric relaxation 

behavior exhibited in the CCTO ceramics are fitted by the Cole-Cole relaxation model. It is found that 

the experimental results can be well described by using this model. Hence, the giant dielectric response 

in the CCTO ceramics may be attributed to the electrically heterogeneous structure, consisting of 

semiconducting grains and insulating grain boundaries. Consequently, the internal barrier layer 

capacitor (IBLC) effect exhibited in the special structure should result in the giant dielectric response 

of the CCTO ceramics.  

The second part of the research is to investigate the giant dielectric behavior in LixTiyNi1-x-yO 

(x = 0-0.10 and y = 0-0.15) ceramics, which have successfully been prepared by a polymer 

pyrolysis route. The XRD and SEM-DES results reveal that the Li and Ti doping concentrations can 

strongly result in the changes of the phase formation and microstructural evolution of the LixTiyNi1-x-yO 



 

 

ceramics. We have found that the Ti4+ doping ions prefer to form the second phase of NiTiO3 phase, 

which appears in the microstructure both of grains and grain boundaries. In contrast, the Li+ ions can 

easily substitute the Ni2+ sites in the NiO crystal lattice. Interestingly, high-doping concentration of Li 

ions can promote the substitution of the Ti4+ ions on the Ni2+ sites. As a result, the NiTiO3 phase 

cannot be detected in the LTNO ceramics that contain Li doping ions more than Ti ions. The 

microstructure analysis reveals that the NiTiO3 particles largely accumulate along the grain boundaries 

and on surfaces of the LTNO ceramics with Ti � Li. However, such large accumulation can be 

removed by increasing the Li doping concentration, corresponding to the phase formation analysis. The 

microstructural evolution can suitably be ascribed based on the liquid-phase sintering mechanism. For 

the dielectric properties, all of the LixTiyNi1-x-yO ceramics exhibit the giant dielectric constant, �� ~ 

103-105. We have found that two sets of relaxations are exhibited in the dielectric spectra of LTNO 

ceramics with Ti � Li. Both of the LFR and HFR behavior can be well fitted by the Cole-Cole 

relaxation equation combined with the dc conduction term. This part of the research has also 

investigated the effect of oxygen vacancies on the dielectric and electrical properties of the LTNO 

ceramics. We found that the oxygen vacancies in the ceramics, which are induced by annealing in Ar 

atmosphere, have a great influence on both of the LFR and HFR behavior. The total resistance (Rtotal) 

and grain resistance (Rg) of the LTNO ceramics increase with increasing the oxygen vacancy 

concentration—Rtotal is enhanced after annealed the samples in Ar. These changes in the resistances can 

cause a dramatic change in the dielectric properties that relate to both of the LFR and HFR processes. 

The increase in Rtotal  is attributed to the transformation of semiconducting surface to insulating surface. 

Consequently, the additional polarization at the interface of the surface layer and the inner part can 

raise the low-frequency �� of the LTNO ceramics. The decrease in �� at a high frequency range is 

attributed to the increase in the Rg value because the concentration of charge carriers has been reduced. 

Besides the LixTiyNi1-x-yO ceramics prepared by a polymer pyrolysis route, the LixTiyNi1-x-yO ceramics 

are also prepared by a direct thermal decomposition method and a PVA method. The dielectric 

properties of other NiO-based systems, i.e., LixVyNi1-x-yO, LixFeyNi1-x-yO, and LixAlyNi1-x-yO, are also 

studied in this research. The giant �� exhibited in these ceramics can be ascribed based on the 

interfacial polarization mechanism, resulting from the inhomogeneous structure just like in the LTNO 

ceramics. �
The next part of the research is to study the effects of heat treatment in Ar and uniaxial 

compressive stress on the dielectric properties of the CCTO and CCTO-LTNO nanocomposites. �����
We have demonstrated that the dielectric properties of the CCTO can be improved by adding the LTNO 

nanoparticles. The results reveal that oxygen loss in the structure due to the effect of annealing in Ar 

results in the increase in the �� value of the CCTO ceramic, but no effect on the dielectric properties of 



 

 

the CCTO-LTNO nanocomposites. We have also found that both of �� and tan� gradually increase 

with increasing the applied compressive stress; while, �� and tan� of the CCTO-LTNO 

nanocomposites remains constant. The experimental results can be well explained based on the IBLC 

effect. �
The last part of the research is to study the dielectric and electrical properties of CuO ceramics, 

which are prepared from high purity CuO powder (99.999%). It is found that the CuO ceramics can 

exhibit the giant �� of about 104-105. The dielectric relaxation behavior exhibited in the CuO ceramics 

nearly coincide with the ideally Debye relaxation model. The observed giant �� in the CuO ceramics 

may be attributed to the electrical responses of the grain boundary and inside the grain.� The low-

frequency �� value corresponding to the electrical response of the grain boundaries is found to be 

decreased with increasing an applied dc bias, which is related to the increase in the resistance of the 

grain boundary due to the effect of dc bias.�
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 ������+I@��
�?�?

#
�	�� �I#
�	��;��(�* ���
�	��������"$&� 	
���A���>�����$���?�$����

�+�	��;�*�����$(���"���"$���� (SEM) 

������+I;���*�	�9�9��
9��#"�#
��)+"�&�?�(� 	
���A���>�����$���?����A����A�	)�������(�	��%)��

���$(��$  

������+I TMEC 	
���A���>�����$���?����A����A��+�	��;�*�����$(���>��)*�����?��"���"$���� 

(FE-SEM) 

������+I�I#
�	��;��(�* ���
�	������?
�����& 	
���A���>�����$���?����A����A��+�	��;�*

�����$(���"��	������?�� (TEM) 

������+I  Prof. Dr. Supapan Seraphin, Department of Materials Science and Engineering, 

University of Arizona, USA 	
���A���>�����$���?����A����A��+�	��;�*�����$(���"��	������?�� (TEM) 

"�#����
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����A�(&��� �
�F<�$������������*	
���<$=��&
����$����$;<$=��#)����������$����>���$�* 

(���?�
���*��(�*  ������+�)  

������+I )�.K
�#:�K*  "���
�=* 	
�%)�����'���<$=��$
��
$�����A����A�	)�������(�	��%)�����$(��$ 

	P=�
	��%)�����$(��$ "�#$��
�����#�*��	��%)�����$(��$ �
�	����'�"�#�'�	
�)
��������A���$��;<$=�"�#$��

	'�
����)���
��)+%)�����$(��$ �
�F<�$������������*	
���<$=��&
����$����$;<$=��#)��������(�
 9	 "�#��$

����>���$�* (��)�#�#�
�� 8 ��	
��&���� 

����+I��$;<$=��#)��������(�
 (����+
���* (���
������� "�#���;��
+K  �B����)  �#)��������

9	 (�����#��	K��  	����) "�#�#)����������$ (���?�
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�

�
�&
��&
���$��	'�
������9���$���
�)�
��
���+&�����  	+&��	"�#(��������� 	+$��	'�����(��	
�"�#��+$$�����
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�%)����������A��������	
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$���%)��&
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�**?' 1 �*�"��
 

1.1 ����
"��
4��%*?'��9��$D4#�*?'*"������	
�  

������+����	�9�9��
	��)���%�9�������$	����$�*%)��
$��:����%���&���
)���
"�#%)�����
������

��&��$
����
�� ��A�����$�
��(���$�����A����A�"�#�+�$�I*�����$	����$�*	
��
���)���$����$� "�#�


��#��	K�@�:��$��	'������$�<�� )������
��)+%)�����$(��$	
��
�&���	
�%)�����$(��$��� (high dielectric constant 

materials) �<�%)��������
�	��	�'����	��)���%�9�������$	����$�*������&����$ 	����
���A�����$
&�
��)+���&��
�

�����F�'�����#)�= *̂�����+�$�I*	�������$	����$�*	
��'����(&��� )���?&� (�
�$����#�+ (capacitor) "�#

������#)�= *̂�
���'� (memory devices) 9)��&���	
�%)�����$(��$�F�( (static dielectric constant, �S)  ���
��)+

�#(�
"�����$��$���)���)"(&����#��	K�@�:����+�$�I*���&��
�%)� (Homes et al., 2001) 9)�	��
%�
��)+	
�

�
9��������"���:���>�*%$(* (perovskites) ��)����$�+&�
��)+	
��
�&���	
�%)�����$(��$��� "�#�'�����#)�= *̂����

�+�$�I*	�������$	����$�*	
��?�$�����&��&��":�&����������+��� 9)�
��)+�:���>�*%$(*	
��
�&���%)�����$(��$���

$
&� 1,000 �����F"�&���$%)��������$�+&� 9)�$�+&�"�$�A� 
��)+�>��*9������$(��$ (ferroelectric) �?&� 

Pb(Zr, Ti)O3 (PZT) "�# BaTiO3 
��)+$�+&��
�����
��)+	
��
%)9:�9����(*F�
� (permanent dipole moment) 

9)�%)9:�%>>B����&��
������F	
��#��)��
��(�
(��	�;	���������%>>B�@����$	
����%)� �&�������$�)$��

(������	��%)�����$(��$	
������$ "�#$�+&�	
�����A� �>��*9������$(��$"���
"�$�,��* (relaxor-ferroelectric) 

,<��%)�"$& PbMg1/3Nb2/3O3 (PMN), Pb(Zn1/3Nb2/3)O3 (PZN), Pb(Sc1/2Ta1/2)O3 (PST) "�# (Bi, Sr)TiO3 


��)+��$%,)*$�+&��
��
$��(������	���>��*9������$(��$	
��+I�@���(�'�"�#@���(�����%>>B���� ��&��%�$�(��

�&���	
�%)�����$(��$���
��)+	������$�+&��
��
$�����
���"���(���+I�@���������&����$��$ 9)��Q:�#?&
�

�+I�@������$�����
���9����������<$ ��A�	
���
�$
&� �+I�@������
 ��)��$�&�
�
��&�������$�)����'�$�)"�#��������	
�

%�&(���$���'�����$���'�%���#�+$(*�?����������� )��� (Wu et al., 2002) (�
��&���?&� ��$����#)�= *̂   

(�
�$����#�+�'������?������
���%>>B����� 
��)+%)�����$(��$	
��?�$����#�
&��"�&������$9	�)���(�
�$����#�+

�'�����(����
�&���	
�%)�����$(��$	
���F
���:A�����	'����%)������$(�@���(��@�
#(&��� "(&��$
��)+	
��?���#)�= *̂ 

�
�&���	
�%)�����$(��$	
����
���"���$���+I�@�����&����$"��
 ������#)�= *̂	
�%)��#%�&"���"��	�	��"�#���

��
����%)� $&�����$�)�
����
����(&�
���%>>B�"�#�+�$�I*	�������$	��*��$	
��������$
���%>>B�)��$�&�
�
� 

��$��$�
�
��)+�:���>�*%$(*9)��&
����&�
(#$��
 (lead) �������*��#$��,<���������:�=  )�
���(+��)��$�&�


���&��
� 
��)+	
��
�&���	
�%)�����$(��$���"�#%�&�
(#$��
�����&
���#$�� �
�	����
�
����F
��	���
��������?&
�

�+I�@���$
��� �<�����
��)+	
�(���$��"�#%)�����
��������&����$�'�����$���'����?��������   

%)��
������$��;<$=�����(�	��%)�����$(��$���
��)+��$%,)*�:���>�*%$(* CaCu3Ti4O12 (CCTO) ,<��

:�
&�����
��)+	
��
�&���	
�%)�����$(��$�����$ 9)��
�&���#��I 104-105 (	
��
��F
�(�'�$
&� 105 Hz) ,<�������&�	
�

��$$
&��&���	
�%)�����$(��$���
��)+ PZT ��A� PMN "�#	
��'�����&���	
�%)�����$(��$��� CCTO �
�&�	
��&������

��	
�(��)?&
��+I�@��� 100-600 K (Subramanian et al., 2000; Ramirezetal et al., 2000) ��$��$�
�"��
 

CCTO �������
��)+	
�%�&�
(#$��
�������*��#$�� (lead-free) �
$)�
� ��$�+I����(�	��%)�����$(��$	
��������;
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)��$�&�
�
�	'���� CCTO ����
��)+%)�����$(��$	
�%)�����
������������&����$	�����)������$��;<$=�:A��^��	��


�	��;��(�*"�#��)������$����#�+$(*�?���� (&��� Wu et al. (2002) %)�������$�����:�
��)+��$%,)*    

	
��
�&���	
�%)�����$(��$�����$ (9)��
�&���#��I 105 	
��+I�@�������"�#�
��F
�(�'�$
&� 105 Hz) "�#�


:P(�$���	��%)�����$(��$�����$�� CCTO ��$ "(&�
9��������%�&�����:���>�*%$(* (non-perovskite) 
��)+

)��$�&�
�
��A� NiO 	
�9)�)�
�%������� Li "�# Ti ��A���
��"	�)�
���(����
 LixTiyNi1-x-yO (LTNO) 9)�	
�


��)+�,����$ LTNO %�&����
��)+�>��*9������$(��$ (non-ferroelectric) "�#%�&�
(#$��
�������*��#$�� 

��$���A���$
��)+ LTNO "��
 �&���	
�%)�����$(��$	
�����	
���	&�$��
��)+�,����$ LTNO ��������F:�%)���


��)+�,����$ NiO $�+&��A��� �?&� LixTayNi1-x-yO (Hsiao et al., 2007), NaxTiyNi1-x-yO (Jana et al., 2008), 

KxTiyNi1-x-yO (Jana et al., 2006), LixZryNi1-x-yO (Mana et al., 2010), LixWyNi1-x-yO (Chen et al., 

2009), LixVyNi1-x-yO (Chen et al., 2009), LixSiyNi1-x-yO (Lin et al., 2005a), LixPryNi1-x-yO (Dakhel, 

2010) "�# LixAlyNi1-x-yO (Lin et al., 2004) ��&��%�$�(�� 
��)+ LTNO ���������
��)+%)�����$(��$	
�

�&�����	
��+)��$�+&� NiO ���&��
� ��A�����$�
$��$�#���(�
����&���	
�%)�����$(��$(���
��F
�����	
��+)  

��A�����$
&�
��)+ CCTO "�# LTNO ����
��)+	
��
����(�	��%)�����$(��$	
��������; )������
��)+	������?��)

�
��<�%)�����
������"�#�
$��;<$=���&��$
����
�� 9)����
�����&
���$%)��+&���#�)��%�	
�$��;<$=��$
��
$��

$��������+�����(�	��%)�����$(��$���)
�����<�� �
���&$��$��
�����:A��;<$=�������(+���$���
�&���	
�%)�����$(��$

	
������$,<��������
���	
����F$�F
��$�����&��F<�����+��� ���&
����$��:����"�#������+�����(�	��%)�����$(��$

���� �����&
�	
�%)�����
������"�#%)��
$��;<$=���&��$
����
���:A����������F�'�%��?����%)����� (Bender, 

Pan, 2005; Kobayashi, Terasaki, 2005; Shao et al., 2007; Patterson et al., 2005; Kwon et al., 2009; 

Liu et al., 2006,2007; Sun et al., 2008) 9)���<����
�K
	
���)
&��#�����F������+�����(�	��%)�����$(��$

���
��)+�,����$%)� �A� �
1. ���$�
�$�����-?������?�� ��A�����$
��)+�,����$ CCTO �&
����&��������
����%)�F�$�������#�*

9)�
�K
$��	'��Z�$�����"���F��#���"��� (Solid state reaction, SSR) ,<������
�K
	
��(�
��	
����
��)+���
���)

��+@�����#)��%�����"�#�
���)	
����'����� �
�	���%�&�����F�
��+����*��#$��%)���&��"�&��� )������


��)+�,����$	
�%)�����#�
9��������	���+�@��	
�%�&����#���'�����$���'�%���#�+$(*�?�������� �?&� �$�)��:�+�

��9�������� ��A��
$���(��9(����$��	
���)�$(�,<���#�&���(&�����(��?��$����
��)+�
$)�
� ��	��(��$������

$���(�
��
��)+���,����$ CCTO "�# LTNO 9)�
�K
	�����
(&��� �����F�������#�*
��)+��	
��
���)��+@��

���#)����9���(� "�#�
�
�����'����� (homogeneity) �
�	�����������F�
��+����*��#$��%)�"�&��� 

(precise composition control) (Liu et al., 2006,2007; Sun et al., 2008) ��A�����$���)��+@����	
�%)��


���)���#)����9���(� $��":�&���%����(&��� ��
��)+,<������$�%$�	
��$
��
����$��$���$�)�Z�$��������
 

��A�$���$�)�>��������<��$�)�<��%)���&���
)���
 )�
���(+)��$�&�
�
� $���������#�*
��)+��9)��?�
�K
$��	�����


�<��?��+I�@�����$�#�
�$���(�
��	
�(�'�$
&� �
$	�����������F�?�����
�(F+)��(���(����$�#�
�$�������>��*����

(&�%�%)�)�
� )������
��)+���,����$ CCTO "�# LTNO 	
�%)���$$���(�
��9)�
�K
	�����
�#�
���)��+@����
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�#)����9���(� �#�?��������(���(����$���(�
��
��)+�,����$ CCTO "�# LTNO 	
��
����(�	
�)
"�#�
�&���	
�

%)�����$(��$���%)�  

2. ���*"������
�� (composite) ,<������$���'�
��)+�����?��)��<��%������ (reinforcement) ��
��)+

���$ (matrix) �:A��	'����%)�
��)+���&	
��
����(������&��)
�<����A��
����(�:��;=�����&��"($(&��$����$%�

��	��	
�(���$��  

��$���A���$
��)+�,����$ CCTO "�# LTNO "��
 ��$������
�����&��+)%)�:�
&�
��)+�,����$ CuO 

�����
$��<��
��)+�,����$	
��
�&���	
�%)�����$(��$	
������$ 9)��
�&����&��?&
� 104 F<� 105 (	
��
��F
�(�'� 105 Hz) 

(Sarkar et al., 2006; 2008; Li et al., 2009) 9)�	
��&���	
�%)�����$(��$	
������$)��$�&�
�
������F�$�)�<��9)�

(�
���
��)+��� ,<��%�&(����&��$�#�
�$��9)�)�
�%����(&��� )���?&���
��)+%)�����$(��$$�+&� NiO ��A�%�&(���

�&��$�#�
�$������������$�;	
�(����
��+�"��:��;= ��A�����$
��)+�,����$ CuO ����
��)+	
������F�(�
��

%)�	
��+I�@���(�'�$
&�
��)+�,����$ CCTO "�# LTNO �
�	�����������F�(�
��%)��������I	
���$ �
$	����������


��)+	
��
����(��	+�$�����(	
��&������(�'���A���	
��$��
��)+�,����$ CCTO "�# LTNO )������
��)+ CuO �<�����

�
$��<��
��)+%)�����$(��$	
��&�������$ "�#F�������F������+��+I����(������&�����)
�<��%)� �#�&������
��)+ 

CuO $���$�������
��)+%)�����$(��$�
$?��)	
������F�?���#)�= *̂�����&
���#$������+�$�I*�����$	����$�*

(&��� %)� 

)�����������
�����
��<��+&�����$��;<$=�����(�	��%)�����$(��$���
��)+�,����$ CCTO "�# LTNO 	
�

�(�
��)�
�
�K
"�����&����
�K
 (	
����%�&�
��������$��
����) ,<������
�K
$���(�
��	
��&��"�#�����	
��
���)

��+@�����#)����9���(� �?&� $���(�
��9)�
�K
:


��9,���� 
�K
%�&��
 
�K
:�������*�?��,��� 
�K
$������(�


	���
������ "�#
�K
:�������*%:9�%�,
� ��$��$�
�"��
 �����
�����
����%)�	'�$���(�
��
��)+�,����$ NiO�
$�+&��A��� �
$)�
� �?&� LixFeyNi1-x-yO,�LixAlyNi1-x-yO, LixInyNi1-x-yO "�# LixVyNi1-x-yO��'�����
��)+�,����$ 

CuO �����
�����
�%)��(�
����$
��)+�� CuO 	
��
�
������+	K����$ (99.999%) ��$���=�	 Cerac "�#��

���
�����
����%)��(�
��
��)+�,����$��9����9:��(��� CCTO-LTNO �:A�����%)�
��)+���&	
��
����(�(&��� 	
�)
�<�� 

9)���)
&��#�
�&���	
�%)�����$(��$	
������$"�#�&�$�������
�	��%)�����$(��$ (tan�) 	
�(�'� �
�	����
�
����F
��

(&�$�����
���"������*��#$��	�����
@����
��)+"�#�@�
#"
)����(&��� �?&� $���
����(�	��%)�����$(��$

	
���	
�"��
&��#�
$�������
���$,������9������������&
� ��A��
�
����F
��(&��
������	
�%)������$�@�
#

"
)���� ,<������(�	��%)�����$(��$���
��)+�,����$ CCTO "�# LTNO @���(��
���������%�&����
������

$��;<$=���$&�� �'�����
��)+�� CCTO "�# LTNO 	
��(�
��%)��#;<$=�9)��	����  TGA/DTA, XRD, 

Raman Spectroscopy, FT-IR, SEM "�# TEM ��$����
��)+��	
��(�
��%)��#F�$�'�����)�<�����"�#;<$=�

:P(�$���$�������<$ (sintering)  "�#
��)+�,����$ CCTO, 
��)+�+&� NiO "�# CuO 	
�%)���$$�������<$�#F�$

�'�%�;<$=�9��������	���+�@�� (microstructure) "�#$��(������	��%)�����$(��$9)��?��	����  

Impedance analysis "�# Board-band dielectric spectrometry ���
�����
���$��$�#;<$=�$��������+�����(�

	��%)�����$(��$���
��)+"��
 "��
���;<$=�����(+��A��+)�����(�����$���
�&���	
�%)�����$(��$	
������$ �
�F<�

��	K�:����$��������
������ (heat treatment) �������$�;���*$��, ��	K�:�����
������, ��	K�:����
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$��"��)��%>>B�$�#"�(�� "�#��	K�:����
��)+�����	
��
(&�����(�	��%)�����$(��$���
��)+�,����$(�
��&�� 

"�#
��)+��9����9:��(  ��$������	
�%)���$���
����	�����)�
�  ���
������)
&��#�����F�(�
��
��)+�,����$$�+&� 

CCTO 	
��
����(�	��%)�����$(��$	
�)
"�#%)����*�
��������&��$���(�
��
��)+$�+&� CCTO, LTNO "�# CCTO-

LTNO ��9����9:��( �
�	������*�
������$
��
$��:P(�$���$��(������	��%)�����$(��$	
������$ 9)���)
&�

�#�����F�K��������(+��A��+)�����(�����$���
�&���	
�%)�����$(��$	
������$��
��)+$�+&��
�%)� "�#��(��	���

���9���$����)
&��#%)�������:A��^��	
��'�����'�����$���(�
��>��*�������
��)+$�+&��
�(&�%�������(�
�

1.2 �
�F�$�%
���9��������� 

1.2.1 �:A��;<$=�$���(�
��
��)+��+@����9���� CCTO "�#
��)+%)�����$(��$$�+&� NiO 	
��(�
��)�
�


�K
"�����&��&���&��"�#�(�
��
��)+ CCTO-LTNO ��9����9:��( �
�	���
��)+�,����$ CuO 

1.2.2 �:A��;<$=�:P(�$���$�������<$"�#9��������	���+�@�����
��)+�,����$	
��(�
��%)� 

1.2.3 �:A��;<$=�����(�	��%)�����$(��$���
��)+	
��(�
��%)� 

1.2.4 �:A��;<$=���	K�:����$��������
������@���(������$�;���*$�� ��	K�:�����
������"��

"$��)
��
 ��	K�:����"��)��%>>B�$�#"�(�� "�#��	K�:����
��)+�����	
��
��(&�����(�	��

%)�����$(��$���
��)+ CCTO, 
��)+$�+&� NiO, CuO "�#
��)+ CCTO-LTNO ��9����9:��( 

1.2.5 �:A���K��������(+��A��+)�����(�����$���
�&���	
�%)�����$(��$	
������$��
��)+$�+&� CuO, 

CCTO, 
��)+$�+&� NiO "�#
��)+ CCTO-LTNO ��9����9:��( 

1.2.6 ���(��$
�����+&����&)���
��)+�?��>���$�*����������I��(�#)����������$�'��
� 2 �� 

��
1.3 9���9�9�������	
� 

1.3.1 �(�
��
��)+�,����$ CuO, CCTO, 
��)+$�+&� NiO "�#
��)+ CCTO-LTNO ��9����9:��( 

)�
�
�K
 SSR "�#
�K
	�����
��&���&��"��(&��� 

1.3.2 ;<$=�:P(�$���$�������<$"�#9��������	���+�@�����
��)+�,����$	
��(�
��%)� 

1.3.3 ;<$=�����(�	��%)�����$(��$ �
�	�����	K�:����$��������
������@���(������$�;���*$�� 

��	K�:�����
������"��"$��)
��
 ��	K�:����"��)��%>>B�$�#"�(�� "�#��	K�:����
��)+

�����	
��
(&�����(�	��%)�����$(��$���
��)+�,����$	
��(�
��%)� 

 

1.4 
F��*?'*"���	
� 

1.4.1 @��
�?�>���$�* �I#
�	��;��(�* ���
�	��������"$&� �. ��A�� �. ���"$&� 40002 

1.4.2 
�	��;��(�* ���
�	��������"$&� �. ��A�� �. ���"$&� 40002 

1.4.3 @��
�?�>���$�*"�#
��)+;��(�* �I#
�	��;��(�* ���
�	������?
�����& �. ��A�� �. �?
�����& 

50200 
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1.4.4 ;���*�	�9�9��
9��#"�#
��)+"�&�?�(� (MTEC) 114 �+	���
�	��;��(�*��#�	;%	�            

F.:��9�K�� (.������<�� �.������
� �.�	+�K��
 12120 

1.4.5 ;���*�	�9�9��
%�9�������$	������* (TMEC) 51/4   �. 1    F. �+
��	
�;*    �. ��A��               

�. Q#�?���	�� 24000 

 

1.5 $�%��1��*?'����2�	%��&�
� 

1.5.1 %)���������*�
������$
��
$��
�K
$���(�
��
��)+�� CCTO "�#
��)+$�+&� NiO ��&���&��	
������F

�������#�*������
���)��+@�����#)����9���(� "�#�
$��$�#���(�
��&�����'����� 

1.5.2 �����F�������#�*
��)+%)�����$(��$	
��
�&���	
�%)�����$(��$	
������$"�#�
�&�$�������
����� 

�
�	����
�
����F
��	��%)�����$(��$(&���	K�:���$������@����$"�#@����(&��� �?&� 

"��)��%>>B�$�#"�(�� �
������ �+I�@��� "�#$�����
���"������*��#$�����
@����
��)+

�,����$  

1.5.3 �����F�K�����+)�����(����A�����(+���$���
�&���	
�%)�����$(��$	
������$���
��)+�,����$ 

CCTO, CuO "�#
��)+$�+&� NiO 

1.5.4 �����F�������$
�����+&����&	
��
�
��?'����)���
��)+�?��>���$�*����������I��(�#)��������

��$�'��
� 2��� ()�. ?�
����(�*  ������*�+�  "�# )�.��#��	K��  	����) 

 

1.6 ����
�&��9�������� 

��������
�����
� ��#$��)�
� 5 �&
� %)�"$& �		
� 1 �	�'� ,<��%)��K����F<��
���'����"�#	
������

����������
���� �
�	�������#��
�)�A��� 9)�@�:�
�������
���� �		
� 2 
��I$���"�#���
����	
��$
��
���� 

���	�
�%)��K����"�#�
��
����
����	
��$
��
����$�����
�����
�9)�����F<������(&��� 	
��$�)�<��	
��$�)�<����

���
����(&��� 	
��&���� "�#�������"�#�$
��
$��$��������+�����(�	��%)�����$(��$����
�
�������F	
��#

�'�%��?����%)����� �&
�����		
� 3 $��	)��� �#%)��K����F<�
�K
$��	)���9)��#��
�)"�#����#��
�)���

�	����	
��?���$��
�����#�*(&��� ���		
� 4 ��$��
����"�#�@������� %)���������$��
����	
��'����	�����)	
�

%)�	'������
�����
� �
�	���$��
�����#�*��$��	)���)�
��	����(&��� ��&���#��
�) (��)��$���@�������

$��	)���	
��$�)�<��9)���;��:A��^��	��)���>���$�*������"���"�#	��%>>B� �	�+)	����A� �		
� 5 ��+���

$��	)���"�#�������"�# ����$����+���$��	)���	
��'����	�����)"�#����������"�#�$
��
$�����
������

��
�����A���$��:��������(�	��%)�����$(��$���
��)+	
��
�&���	
�%)�����$(��$	
������$	
��#	'�������( �
�	���%)�

��+������	
��$�)�<��	�����)�����
�����
�      
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�**?' 2 ����������%�����	
�*?'��?'��9&�� 
 

2.1 ������&*
'��$��?'���
�����
�&����%
��
��*��������������9�� CCTO 

2.1.1 ������&*
'��$��?'���
�����
�&��,�;�9�� CCTO 


��)+	
��
�&���	
�%)�����$	��$�F�( (static dielectric constant, �0) ��$$
&�,���$��%�%	�)* (�0 

> 7) ��)����
��)+	
��
�&���	
�%)�����$(��$��� (high-dielectric constant material) (Homes et al., 2001) $�+&�


��)+	
��
9����������<$"���:���>�*%�(* (perovskite) ��)����$�+&�
��)+	
��
�&���	
�%)�����$(��$��� "�#����
��)+

	
��
�
���'������&����$��$����#�+$(*�?����	��)���$����#)�= *̂�+�$�I*�����$	����$�* �?&�(�
�$����#�+ "�#

�+�$�I*�
���'� (memory device) 9����������<$"���:���>�*%�(*����9��������	
��
��(�	�����
�A� AMO3 

9)��
9����*)���?���������* (coordination number) ���%�����
$ M "�# A �A� 6 "�# 12 (���'�)�� 

@����9���������#��#$��)�
����	��"�)���� (octahedra) ��� MO6 (Subramanian, Sleight, 2002)   


��)+$�+&� ACu3Ti4O12 "�#$�+&� A2/3Cu3Ti4O12 (��A�� A �A� Ca Cd La Sm Dy Y "�# Bi) 

����$�+&�
��)+	
��
9����������<$"���:���>�*%�(* (Subramanian et al., 2000) $�+&�
��)+)��$�&�
�
��
�&���	
�

%)�����$(��$	
������$ 9)� CaCu3Ti4O12 ����
��)+	
��
�&���%)�����$(��$����+) 9)��
��#��I 1.2×104 (	
�

�+I�@�������"�#�
��F
� 1 kHz) 9����������<$��� CaCu3Ti4O12 ����"����$��;$*)��"�)���@�:	
� 2.1($) 

9)��#(�����"���,
�� (Ca) ���& I ('�"��&�"(&�#�+������$��;$*"�#�
$��<���#(�����&	
��+);���*$������

��$��;$* @����9����������$��;$*��#$��)�
����	��"�)������� TiO6 �'��
� 8 ��&
� )��"�)���@�:	
� 

2.1(�) 9)�"(&�#��&
����	��"�)�����
��$=I#��
��%���	�;	��	
��#$&��$�)�����#�������
����
�����(+���	
��


��$,�������& I ('�"��&�����+�	����
� "�#	
��+)����(�����#�������
����
�����(+����#����('�"��&����	��")� 

(Cu) ��A��:����I����+����	
�$
����<�� �#�����F����$(%)���&��?�)���
&�"(&�#��&
��,��*��$��;$*���

9����������<$ CaCu3Ti4O12 �
$���?A���(&�$��)�
��#����
����
�����(+���	
��
�#(�������$,�������& I ('�"��&�

"(&�#�+�����
����
���"�#�������%������� Cu2+ (Y Liu et al., 2005) ���"��$����)��
��(�
)��$�&�


���A��
&��
$���$�)�#����
����
�����(+������ CuO4 ��9����������<$ )��"�)���@�:	
� 2.2 

9)�	��
%� $��;<$=�9����������<$���
��)+�����F	)���%)�9)�(�� 9)��?��	����$��

��
��
����������
��$,* (X-ray diffraction, XRD) ����<$ ���"��$����
��
����������
��$,*��
��)+�,����$ 

CaCu3Ti4O12 "�)�)��@�:	
� 2.3 ���"��$����
��
����������
��$,*	
�%)���$$��	)���)��$�&�
�
���)

��)�����$����������(�^��$����
��
�������
��$,*��
��)+�� CaCu3Ti4O12 (JCPDF No. 75-2188) 

(Thongbai et al., 2007) �&�?
�
&� CaCu3Ti4O12 �
9����������<$����"����$��;$* 

�
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6��*?' 2.1 ($) "���'����9����������<$��� CaCu3Ti4O12 "�# (�) ��<����&
�9����������<$��� 

CaCu3Ti4O12 ()�)"�����$ Homes et al., 2001; Subramanian, Sleight, 2002 (���'�)��)  

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 2.2 "���'����9����������<$��� CaCu3Ti4O12 "�)�$����
������������$��������	��"�)���� 

TiO6 �?A���(&�$�������#������ CuO4 ()�)"�����$ Y Liu et al., 2005) 

($) (�) 

Ca 

Cu 

O 

TiO6 TiO6 

TiO6 TiO6 TiO6 TiO6 

�#��� CuO4 
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6��*?' 2.3 ���"��$����
��
�������
��$,*����<$���
��)+�,����$ CaCu3Ti4O12 	
��&��$�������<$	
��+I�@��� 

1100 oC (Thongbai et al., 2007) 

(1)�?��
����$�������<$ 6 ?��
9��  

(2)�?��
����$�������<$ 16 ?��
9�� 

(3)
��)+(�
��&�� (1) ������$����
������@���(������$�;���*$�� 

(4)
��)+(�
��&�� (2) ������$����
������@���(������$�;���*$��      

 

9)�	��
%� ��������F�)�����I�����$,������9����������<$���
��)+�,����$	��
� %� %)�

9)�$���'�
��)+����� %�������
������(����A���%�	
�����#��@���(������$�;���*$�� (Ar) ��A�%�9(���� 

(N2) ���"��$����
��
�������
��$,*��@�:	
� 2.3 �&�?
�
&�9����������<$���
��)+�,����$ CaCu3Ti4O12 %�&�
$��

���
���"���(�������I�����$,������9��������	
��)�� 9)�('�"��&�����#���(&��� ������"��$��

��
��
�������
��$,*����<$ CaCu3Ti4O12 	���$&��"�#����$��������
������@���(������$�;���*$��%�&�
$��

���
���"���  


��)+	
��
�&���	
�%)�����$(��$��$$
&� 103 9)�	��
%�"��
����
��)+	
�"�)�����(�	��

�>��*9������$(��$ ,<������
��)+	
��
�&���	
�%)�����$(��$���
���"���(��9����������<$ ��A�����$$�����
���"���

����+I�@��� I �+I�@������$�����
���"���9����������<$ (Curie temperature) �&���	
�%)�����$(��$�
$��

���
���"����&���&���
)���
 ,<����)��$�&�
�
���������	
�%�&(���$���'�����$���'�
��)+%���#�+$(*�?���������#�@	

	
�(���$���
����F
��	���
������ (Homes et al., 2001)  ��$��;<$=�9����������<$��� CaCu3Ti4O12 	
�

�+I�@���(&��� 9)��?��	���� neutron powder diffraction �&�?
�
&�
��)+ CaCu3Ti4O12 %�&"�)�����(�	���>�*9���

���$(��$ ��A�����$%�&:�$�����
���"���9����������<$(��$�����
���"����+I�@���  "���#�)�+I�@�����%�F<� 

35 K�������'����(&��� �$
��
$��$��;<$=�9����������<$��� CaCu3Ti4O12  	
��+I�@��� 100 K "�# 35 K  
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��+�)��(����	
� 2.1 (Subramanian et al., 2000) ������9����������<$��(�����A����F<��
����F
��	���
��

�������9����������<$ CaCu3Ti4O12 $�����
����>����9��������%�&�����F�$�)�<��%)�"��
&��#�)�+I�@�����%�

F<� 35 K $�(�� 

   

�����*?' 2.1  ���������9�����������<$���
��)+ CaCu3Ti4O12  	
��+I�@��� 100 "�# 35 K 

�����%��������
�-%6��0�����
�&��9�� 

CCTO *?'���#6����2��I 
����%��?���2��I 9������
�&��

,�;� CCTO 
100 K 35 K 

�+��#�
&���#(��   

O-Ti-O� 89.420(3) (deg) 89.479(3) (deg) 

O-Ti-O 90.580(3) (deg) 90.521(3) (deg) 

O-Ti-O 180.000 (deg) 179.980(0) (deg)

O-Cu-O 95.46(4) (deg) 95.39(4) (deg) 

O-Cu-O 85.54(4) (deg) 84.61(4) (deg) 

�
����
:��K#   

Ca-O 2.6024(7) (Å) 2.6006(6) (Å) 

Ti-O 1.9611(2) (Å) 1.95890(2) (Å) 

Cu-O 1.9675(7) (Å) 1.9642(6) (Å) 

�&���	
�"�		�, (a) 7.39347(3) (Å) 7.38246(3) (Å) 

                                                                          ()�)"�����$  Subramanian et al., 2000) 

 

"��
&�9����������<$��� CaCu3Ti4O12 �#�
9��������"���:���>�*%�(*�����$��9��������

��<$���
��)+�>�9������$(��$	��
%� "(&9����������<$���
��)+�,����$ CaCu3Ti4O12 %�&�����F���
���"���(��

�+I�@���%)���� )������:P(�$���	��%)�����$(��$���
��)+ CaCu3Ti4O12 �<�%�&�$
��
:��K*$�����$Z$��I*	��

�>��*9������$(��$ :P(�$������$���
�&���	
�%)�����$(��$�����$ (:P(�$���	��%�"��(*%)�����$(��$) ��
��)+

$�+&��
��#�
�
���$
��
����$�����$Z$��I*�#%����� "�#��$���A���$���$Z$��I*	�� �>��*9������$(��$"��
 

�#�
���$Z$��I*�)����	
�����%�%)�	
������F�&������
��)+ CaCu3Ti4O12  �����F"�)�:P(�$���	��%�"��(*

%)�����$(��$%)� ����#��
�)	
��&�����)��$�&�
�
��#%)�$�&�
����
���(&�� %� 
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2.1.2 ����$�?'���$���
����#6���9��
��
��*��������������9�� CCTO  

$��;<$=������$�����
���"����+I�@���(&�����(�	��%)�����$(��$�
�
���'�������&������ 

��A�����$����(�	��%)�����$(��$ (�?&� �&���	
�%)�����$(��$1 �&�"	����(*���$�������
�	��%)�����$(��$ 

(dielectric loss tangent ��A���
��"	�)�
� tan�) "�#�A���) ���
��)+�,����$�)� �#����(�
$'���)�
��

����#�����
��)+%)�����$(��$�'�����$����#�+$(*�?������)���(&��� (Hench, West, 1990) ��A�����$
��)+%)��

���$(��$	
��
�&���	
�%)�����$(��$"��(���+I�@�����)����
��)+	
�%�&����#���'�����$����#�+$(*�?���� )������$��

��A�$�?�
��)+%)�����$(��$��#)�= *̂����?����&
�����+�$�I*�����$	����$�*�<��'�������&������	
�
��)+	
��?�(����
�&���	
�

%)�����$(��$	
���F
��(&��
������ F���?�
��)+	
��
�&���	
�%)�����$(��$"��(���+I�@���"��
���	'����
���%>>B�	
��


�+�$�I*)��$�&�
�
������&
���#$���$�)�
����
����%)� (Wu et al., 2002)   

 Subramanian et al. (2000) %)�;<$=�����(�	��%)�����$(��$��� CCTO ��?&
�

�+I�@�������F<� 450oC ��$��	)��� )��"�)���@�:	
� 2.4 :�
&��&���	
�%)�����$(��$	
��+I�@��������
�&�	
����

��$ 9)��
�&���#��I 104 (	
��
��F
� 1 MHz) "�#�
�&�	
����
���"���(���+I�@������$������?&
��+I�@�������

F<� 250oC "�#��A��:����I��&�"	����(*���$�������
�	��%)�����$(��$ :�
&��
�&�������$	
��+I�@�������F<� 

300oC "(&��A���+I�@�������<�� (��$$
&� 300oC) �&�"	����(*���$�������
�	��%)�����$(��$�#�
�&��:�����$�<�� 

,<����������A�����$�����$���'�%>>B�$�#"�(������A����� (dc conductivity) (Wu et al., 2002) 9)������

$���'�%>>B�$�#"�(���#���$Z?�)�����$�<����A���+I�@����:�����$�<��"�#�
��F
��)(�'��� 

 

 
 

6��*?' 2.4 �&���	
�%)�����$(��$"�#�&�"	����(*���$�������
�	��%)�����$(��$��� CCTO ��?&
��+I�@��� 

25 F<� 450oC 	
��
��F
� 1 MHz ()�)"�����$ Subramanian et al., 2000) 

 

 

                                                           
1 ��������	
��
������� ��������
������� ����������	�����������! (relative permittivity, r� )  
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Ramirez et al. (2000) %)�;<$=�������+I�@���(&�����(�	��%)�����$(��$��� CCTO 

9)�����?&
�����+I�@�����$��;<$=�%�	
��+I�@���(�'� �A���$�+I�@��������)��F<� -263oC :�
&� �&���	
�  

%)�����$(��$	
��+I�@��������
�&��$����
��$���&�	
�%)���$������
������� Subramanian et al. (2000) "�#�
�&�	
�

���
���"���(���+I�@���������$(��)?&
��+I�@��������)��%�F<��+I�@�����#��I -173oC ��A���)�+I�@���

(�'�$
&� -173oC �&���	
�%)�����$(��$�
$���)����&��Q��:��� 9)�	
��+I�@�����#��I -213oC �&���	
�%)�����$

(��$�)����#��I 100 �	&� )��"�)���@�:	
� 2.5($) ,<��?&
�$���)������&���	
�%)�����$(��$)��$�&�
�
�

��)�����$��$���$�)��)$��>����&�"	����(*���$�������
�	��%)�����$(��$ )��"�)���@�:	
� 2.5(�)    

��$������$��
�������	������$�+&�	
�$�&�
���
������F��+�%)�
&� �&���	
�%)�����$(��$

��� CCTO �
�&��&��������	
�(��)?&
��+I�@��� -173 F<� 250oC "�#	
��+I�@�����#��I -173 oC �&���	
�

%)�����$(��$������)��$���+I�@�����&��Q��:��� ��A��:����I��&�"	����(*���$�������
�	��%)�����$(��$ :�
&�

�$�)��)$��>^��$
����<��	
��+I�@�����#��I -213 F<� -193 oC ,<����)$��>	
����$Z)��$�&�
�
���)�����$��

$���)������&���	
�%)�����$(��$ 9)������$��:P(�$���	
�:���$�+&�
��)+�>��*9������$(��$ "(&��?&
����$��

�$�)��)$��>)��$�&�
�
�%�&�
$��(�
�:�$�����
���"���9����������� CCTO ��A�%�&�
$�����
����>����

9�������� ��)��$�&�
�
�%�&��)�����$������(�	���>��*9������$(��$ �
$	�����A��:����I�$��>�
�����:��K*

�#�
&���&���	
�%)�����$(��$$���+I�@��� :�
&���$=I#���$��>%�&�&���$F<�:P(�$���	���>��*9������$(��$ 

 

�
 

6��*?' 2.5 $�����
���"���$���+I�@������ ($) �&���	
�%)�����$(��$ "�# (�) �&�"	����(*���$�������
�

	��%)�����$(��$ ���
��)+�,����$ CCTO ���(�
��&��	
�(&��$�� 	
��
��F
� 1 kHz ()�)"�����$ 

Ramirez et al., 2000)�

(�

(9)
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@�:	
� 2.6 "�)�$�����
���"���$���
���+I�@����������(�	��%)�����$(��$ (�&���	
�%)��

���$(��$ (��) "	����(*���$�������
� (tan�) "�#$�������
�	��%)�����$(��$ (���)) 	
��
��F
�(&��� �'�����


��)+ CCTO 	���	
�������<$�)
��
"�#������<$ (Homes et al., 2005; Wang, Zhang, 2007) �&���	
�%)�����$

(��$���
��)+��<$�)
��
�
�&���$$
&�
��)+�,����$"��������<$ 9)�
��)+	�������
�&���	
�%)�����$(��$��#��I 

105 "�# 104 (	
��
��F
� 100 Hz "�#�+I�@��� 250 K) (���'�)�� ��&��%�$�(��:P(�$���	��%)�����$(��$

���
��)+ CCTO 	������?��)�
��
��$=I#�����$��������&����$ 9)������F��+�������#�)��	
��'����%)�)��(&�%��
� 

(1) ��A��:����I�	
��
��F
���#��I 100-200 Hz �&���	
�%)�����$(��$�
�&����
���"���(���+I�@���������$

��?&
��+I�@������$
&� 50 K (2) ��A���)�+I�@�����(�'�$
&� 50 K �&���	
�%)�����$(��$��?&
��
��F
��)
�
$���
��


�&��)����&��Q��:���"�#�
�&���#��I 102 	
��+I�@��������$���+I�@���;���*��;�������I* ��?&
��+I�@���	
��
$��

�)����&��Q��:�������&���	
�%)�����$(��$ 	���$�������
�	��%)�����$(��$"�#"	����(*���$�������
��
�&�

�:����<����&���
)���
,<������$�����
���"�����	�;	��(��$������$���&���	
�%)�����$(��$ )������$���)��Q��:���

����&���	
�%)�����$(��$�
��
�
�����:��K*$��$���$�)��)$��>���$�������
�	��%)�����$(��$ ��A�	
���
�$
&�

$���&������	��%)�����$(��$ (3) ��A���:����
��F
��������%>>B�@����$ 	���?&
��+I�@���	
��
$���)����&��

Q��:�������&���	
�%)�����$(��$"�#:
����$�������
�	��%)�����$(��$ �
�	���:
����"	����(*���$�������
�

�
$����A���('�"��&�%���	�;	������+I�@���	
�����<�� )������$���&������	��%)�����$(��$���
��)+ CCTO ����

$�%$	
������F$�#(+��)�
��
������ � 

     

 

 

 

 

 

 

 

 

 

 

 

6��*?' 2.6 $�����
���"���$���+I�@����������(�	��%)�����$(��$���
��)+ CaCu3Ti4O12 "�� ($) ��<$�)
��
 

"�# (�) 
��)+�,����$"��������<$ 	
��
��F
�(&��� ()�)"�����$   Homes et al., 2001; 

Wang, Zhang, 2007  (���'�)��) 

�

(�) (") 

Temperature (K) Temperature (K) 

D
ie

le
ct

ric
 c

on
st

an
t 

D
ie

le
ct

ric
 c

on
st

an
t 

Lo
ss

 ta
ng

en
t  

D
ie

le
ct

ric
 lo

ss
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2.1.3 ,�9������F?'�2�
��
��*��������������9�� CCTO *?'���#6����2��I 

)��	
�%)�$�&�
��"��
����
���	
��&���� ����(�	��%)�����$(��$���
��)+ CCTO �����F"�)�

:P(�$���$���&������	��%)�����$(��$%)� "�#����:P(�$���	
������F$�#(+��)�
�
������� �:A������&��(&�

$���K����"�#�&��(&��
�������� $���K����:A��^�����$�%$$���&������	��%)�����$(��$���
��)+ CCTO 

�����F�K����%)�9)���;��:P(�$���$�����
���"���$���
��F
��������(�	��%)�����$(��$ I �+I�@���(&��� 

�&���	
�%)�����$(��$���
��)+Q�
����������I	
��&���$F<��
�������F��$��(������	��%>>B��&��

$�#�
�$��9:��%��,?�� ��$@�:	
� 2.7 ��A��:����I�	
��+I�@����)� :�
&� �&���	
�%)�����$(��$�
�&�����#�
�&�	
�

�����?&
��
��F
�(�'� "(&��A���
��F
��������	
�����:����<�� �&���	
�%)�����$(��$�
�&��)����&���
)���
 ��)��$�&�
�
�

�&�?
�%)�9)�(��
&� $��9:��%��,?��	��%>>B���
��)+�����F�$�)%)���&�������I*	
��
��F
�(�'� "(&��A���
��F
��:���

��$�<��$��(������	��%>>B��&��$��9:��%��,?�������F(������%)�������$ :P(�$���	��%)�����$(��$

)��$�&�
�
������F�K����%)�)���
� 9)�	��
%�$��(������(&�����%>>B����$��9:��%��,?�������F�$�)�<����

?&
��
������� ?&
���<�� ��
�$
&� “�
�����$���&������ (relaxation time)” 	
��
��F
�(�'� $��$���	�;���

����%>>B��
$���?��
��	
���
���$
&�	
��
��F
����  )������$��(������	��%>>B�	
��
��F
�(�'��#�����F�$�)�<��

%)���&�������I* �:��#�
�����$��$���	�;���������
���$
&��
�����$��(������ ��A���
��F
��������

�:�����$�<�� $��$���	�;��������?��
����&���
)���
 )������$��9:��%��,?��%�&�����F�$�)�<��%)� ��A������


$��$���	�;$&��	
��#�
$��(������	��%>>B� (�
�����$��$���	�;�����������$
&�$
&��
�����$��

(������) )�������&���	
�%)�����$(��$��� CCTO �#�
�&��)����A���
��F
�����<�� )��"�)���@�:	
� 2.7 ��A��

�+I�@����:�����$�<�� ?&
��
��F
�	
������F$&�����$�)$��(������	��%>>B���A�?&
�	
��
$��9:��%��,?���$�)�<��

��&�������I*�#������$%���?&
��
��F
�	
�����<�� ��A���+I�@����:�����$�<��:����������#��	
��$
��
����$��$��

(������	��%>>B��:�����$�<���&�������
��	
��?���$��(������)��$�&�
�
��)�� ($��9:��%��,?������F�$�)

%)����
��	
��
)���
�<�� ��A���(��$��9:��%��,?���:�����$�<��) )������F<�"��
&��
��F
��#����<�� (�
�����$��$���

	�;��������)��) "(&$��9:��%��,?����&�������I*��������F�$�)�<��%)���&�������I*(&���A��� ��A�����$$��

(������	��%>>B����@�
#�+I�@�������#�?��
��	
�������$
&��)�� 
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3  

4  

5  

 

 

 

 

 

 

 

6��*?' 2.7 $�����
���"���$���
��F
�����&���	
�%)�����$(��$��?&
��+I�@��� 80 K F<� 280 K �'�����
��)+�,��

��$ CaCu3Ti4O12 	
��&��$�������<$	
��+I�@��� 1000 oC �����
�� 3 "�# 48 ?��
9�� @�:"	�$

)�����"�)���$=I#:A����
�������
��)+�,����$ CaCu3Ti4O12 ()�)"�����$ Krohns et al., 2008)�
�

2.1.4    
��#��9������?�2���*?'������������
��9�� CCTO 

)��	
�%)�$�&�
��"��
��(��(��
&� 
��)+	
��
9��������"���:���>�*%$(*��)����$�+&�
��)+	
��


�&���	
�%)�����$(��$�����$ "�#�����F"�&���$%)��������$�+&� 9)�$�+&�"�$�A� 
��)+�>��*9������$(��$"��

�$(� �?&� Pb(Zr, Ti)O3 (PZT) "�# BaTiO3 �&
��
$$�+&���<���A� 
��)+�>��*9������$(��$"���
"�$�,��* �?&� 

Pb(Mg1/3Nb2/3)O3 (PMN), Pb(Zn1/3Nb2/3)O3 (PZN), Pb(Sc1/2Ta1/2)O3 (PST) "�# (Bi, Sr)TiO3 
��)+	���

���$�+&��
�%)�F�$;<$=���&��$
����
���'�����$����#�+$(*�?����	��)��������$	����$�* �?&� DRAM (Dynamic 

Random Access Memory) ��&��%�$�(�� �&���	
�%)�����$(��$���
��)+	������$�+&��
�&�	
����
���"���$��

�+I�@���������&����$ ,<�������$�����
���"���$���+I�@�������&���	
�%)�����$(��$��������'�$�)�'�����$��

��#�+$(*�?���� (Wu et al., 2002)  �

��)+��$%,)*�:���>�*%$(* CCTO ����
��)+	
��
�&���	
�%)�����$(��$	
������$ (103-105) �
$

	���������
���"���$���+I�@���������$��?&
��+I�@��� -173 F<� 250oC (Subramanian et al., 2000; Ramirez 

et al., 2000; Homes et al., 2001) )�
��+I����(�	��%)�����$(��$	
��������; 	'����
��)+)��$�&�
�
�%)�����
��

����������&����$	�����)������$��;<$=����^��	��
�	��;��(�*"�#)���$����#�+$(*�?���� "�#	'�����$�)

�'�F��	
��&�����(�����A�  

                       (1) 	'�%��&���	
�%)�����$(��$��� CCTO �<��
�&�	
������$ 

                "�#  (2) 	'�%��&���	
�%)�����$(��$�<��)����&��Q��:���	
��+I�@���(�'�$
&� 100 K  

�:A��	
��#(���'�F��)��$�&�
�
��<�%)��
$��;<$=�����(�	��)���(&��� ��� CCTO "�#���&
�

�����$��;<$=�����(�	��%)�����$(��$%)�:�������	
��&����������#$��	
��$
��
����$��$��������'�(��

D
ie

le
ct

ric
 c

on
st

an
t 

log10[frequency(Hz)] 

3 h 

48 h 
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)��$�&�
 ��#$��"�$�A��$�):
�����&�"	����(*���$�������
�	��%)�����$(��$ (@�:	
� 2.6) ,<����$=I#

)��$�&�
�
������$��:P(�$���	
�:���
��)+�>��*9������$(��$"���$(� "�#��#$��	
�����A� $����A���('�"��&�

���$�����
���"����&���	
�%)�����$(��$��&��Q��:���(���
��F
� (@�:	
� 2.6) 9)���$=I#)��$�&�
�
������$��

:P(�$���	
�:���
��)+��#�@	�>��*9������$(��$"���
"�$�,��* )���������(�^�����"�$�'�����$��������
��

�������$���
�&���	
�%)�����$(��$	
������$��� CCTO �<��+&���#�)��%�	
�����(�	���>��*9������$(��$"���$(�

"�#�>��*9������$(��$"���
"�$�,��* "(&���(�^��)��$�&�
�
�(����+(��� ��A�����$��$��$��;<$=�$�����
���

�>�9����������A�����$�
������)�
��	����$����
��
��������
(��� (Subramanian et al., 2000) "�#

�	����$����
��
����������
��$,*�
��������� (high-resolution X-ray) (Ramirez et al., 2000) :�
&�

9����������� CCTO ���������"����$��;$*���A���)��"�#%�&�
$�����
����>��$�)�<��(��)?&
��+I�@������

$��	)�������(�	��%)�����$(��$ ��$��)��$�&�
�
������F�&�?
�%)�
&� CCTO %�&�
����(�����
��)+�>��*9������$(

��$ "�#���&
����$��	)�������(�	���>��*9������$(��$"���
"�$�,��* �����F�A����%)�
&� CCTO %�&�


�+I����(�)��$�&�
�
� ��A�����$��(+�������#$���A� ��$��$��;<$=�9��������	
��+I�@���(&��� (Subramanian 

et al., 2000; Ramirez et al., 2000) :�
&� %�����
$��� Cu, Ca "�# Ti ��9���������������)��
��(�
$��

��&�������#��
�� (no cation disorder) "�#�&���	
�%)�����$(��$���
���"���$���+I�@���������$	
��+I�@������� 

,<��(��$������$��:P(�$���"�����
-%
,* (Curie-Weiss) 	
��+I�@����������>��*9������$(��$"��"�$�,��* 

(Moulson, Herbert, 2003)  

�'�����$�����������(+���$���
�&���	
�%)�����$(��$	
������$��� CCTO ���� �
��$
��������

$�+&�%)�:�����;<$=�����
��F<��
������%�%)���"�&�+�(&��� ��&��$
����
�� 9)�	+$$�+&�%)��+&�%�	
������#�)��

���$ 9)���#�)��"�$ �A��$�)��$�����K���?�(���(�
��� (intrinsic physics effects) ,<����������(�	
��$
��
����

$��$��9����������<$ (Subramanian et al., 2000) "�#�
$��#�)���+&�%�	
�����A�����$��	K�:�@����$ 

(extrinsic effects) �?&�$���$�)9��������	���+�@��	
���#$��)�
��&
�����$��	
��
����(��������$<��(�
�'� 

(semiconducting grain, SG) "�#�&
����?���Q�
�����
I�����(�#�
&���$�� (grain boundary) 	'����)�

�����$��
&�@������A�������#$��)�
�(�
�$����#�+"��?����
��$���@���� (internal-barrier-layer capacitor, 

IBLC) 9)��$��	'�����	
����������$9	�)"�#?���Q�
�	
�$����#�
&���$��	'�����	
�����%)�����$(��$ ��$=I#

9��������)��$�&�
�
��$�)%)�	����� CCTO "��������<$"�#"����<$�)
��
 9)���$�I
�����<$�)
��
���� ���

�$���$�)�<������
I�����(��& (twin boundary) �����&
��,��* (Subramanian et al., 2000; Sinclair et al., 

2002) "�#�
$����� ������@����$ �?&� $���$�)9:��%��,?���#�
&����
 (interfacial polarization) ���
��)+

(�
��&��$�������$9	�) (Lunkenheimer et al., 2004; Zhang, 2005) 9)�����#��
�)���$��;<$=���"(&�#

��#�)���
)��(&�%��
� 

 

2.1.4.1 ��������	
��
�������� (intrinsic physics effects) 

Homes et al. (2001) %)�������$��;<$=�:P(�$���"�#����(�	��%)�����$(��$

�����<$�)
��
 (single crystal) CCTO 	
��+I�@��� -263 F<� 27oC ��?&
��
��F
� 20 Hz F<� 1 MHz )��"�)���

@�:	
� 2.8 :�
&��&���	
�%)�����$(��$�
�&����$
&� CCTO "��������<$	
�������9)� Ramirez et al. (2000) 
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(~104) 9)��
�&���#��I 105 (	
��+I�@�������"�#�
��F
�(�'�) "(&:P(�$���	��%)�����$(��$�
��$=I#�����$��

	
�:��� CCTO "��������<$ �A��
$����A���('�"��&�$���)����&��Q��:�������&���	
�%)�����$(��$"�#��)

$��>���"	����(*���$�������
�	��%)�����$(��$ 	
���)�����$��$�����
���"����
��F
� �:A��	
��#������

:P(�$���	��%)�����$(��$��� CCTO ��<$�)
��
�'�����$���K��������(+���$���
�&���	
�%)�����$(��$	
������$ 

%)��
$���&�?
�
&�$�#�
�$��	��$��@�:���#���$�)�<����A�����$�����K���?�(�$���&������	��%)�����$(��$

(��"���'��������)��� (Debye model) ,<������$���&������	��%)�����$(��$��A�����$%)9:�%>>B�"�#

���$Z��&���)&�?�)��$��$��$��	)��� (@�:	
� 2.9) $��(������(&��
��F
����%)�����$(��$�����F

�K����%)�)����$�� (Homes et al., 2001) �
�

                                       � � � �
� �2

0

1
1~
	


	


�	�

i
iP

�
�

�� 
                               (2.1) 

                                       

9)�  
�� ��
 00P  ��A�� 0P  �A� %)9:�9����(*, 
�  �A��&���	
�%)�����$(��$	
��
��F
����, 0�  �A��&���	
�%)�����$

(��$	
��
��F
�(�'�,  
  �A��
�����$���&������	��%)�����$(��$ "�# f�	 2�  ��$$������(�
"����

"���'��������)������%)�$��>(��$��$��>��$��$��	)���)��"�)���@�:	
� 2.9($) 	'���������F��

�
�����$���&������	��%)�����$(��$ (relaxation time, 
) 	
��+I�@���(&��� %)�)��@�:	
� 2.9(�) :�
&�	
�

�+I�@�������$���$�)$���&������	��%)�����$(��$�?��
����&���
)���
 (
 � 500 ns) "�#�����?����(��$��

�)������+I�@��� 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 2.8 $�����
���"���$���+I�@������ ($) �&���	
�%)�����$(��$ "�# (�) �&�"	����(*���$�������
�

	��%)�����$(��$ �����<$�)
��
 CCTO  ��?&
��
��F
� 20 Hz F<� 1 MHz ()�)"�����$ Homes et 

al., 2001) 

(�) 

Temperature (K) 

D
ie

le
ct

ri
c 

co
ns

ta
nt

 
L

os
s t

an
ge

nt
  (") 
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6��*?' 2.9 ($) "�)�$�����
���	
���&���	
�%)�����$(��$��$��$��	)��� (�+)) $��"���'��������)��� 

(����	<�) 	
��+I�@���"�#�
��F
�(&���  "�# (�) $��>"�)��
�����:��K*�#�
&�� log10(
) $�� 

100/T ()�)"�����$ Homes et al., 2001) 

 

��$$��>"�)��
�����:��K*�#�
&�� log10(
) $�� 100/T :�
&��
$�����
���"�����&����$

��� 
 $���+I�@��� 9)� 
 �
�&��)����&���
)���
��A���+I�@����:�����$�<�� ,<����������	
��&�?
�
&��
$��$���:����<��

����
�����"�&����%)9:�%>>B�"�#�
$���$�)9:��%��,?����&���
)���
 "�#��$�
��?�����$��>)��$�&�
�
�

�����F�'����'��
I:������$�#(+��$���$�)$���&������	��%)�����$(��$ (activation energy, U) %)�)��

��$�� 

 

                                            � �TkU B/exp0

 �                                    (2.2) 

 

��A�� kB �A��&���9��*,��� (Bolzmann constant) "�# 
0 �A� preexponential factor :�
&�:������$�#(+��$��

�$�)$���&������	��%)�����$(��$�
�&��	&�$�� 54 meV �
��$��$��;<$=�:P(�$���"�#����(�	��%)�����$(��$��� CCTO ��<$�)
��
 Homes et al. 

(2001) %)�����
&�$���
�&���	
�%)�����$(��$	
������$��� CCTO �$�)9)�K���?�(����(�

��)+��� 9)�����


����(+��A�����$$���
:P(�$���	
������$��:P(�$���	���
"�$�,��* "�#	
��+I�@���(�'�%)9:�%>>B���9)���

�#)����9���(��
$��$'�����)���$�����
���"���(&�����%>>B�@����$ )��	
����$Z�)&�?�)��$���:����<�����

(�) 

(") 
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�
�����$���
"�$�,?�� "�#$���)����&��Q��:�������&���	
�%)�����$(��$��A���+I�@����)(�'��� ��&��%�$�(��

$��	
�%�&:�$�����
���"���9�������������<$ 	'�����������)��$�&�
%�&F�$(���"�#�$�)�'�F��	
�(������$��

�K����F<�����(+���$���
�&���	
�%)�����$(��$	
������$��� CCTO �
 Subramanian et al. (2000) %)�����
&�$���
�&���	
�%)�����$(��$���	
��+)��� CCTO ��$�+&�


��)+ ACu3Ti4O12 �
����(+��A�����$9���@�����������<$ 9)�%)�;<$=��
�����:��K*�#�
&������(�	��%)�����$

(��$��� CCTO $��$����A���('�"��&����%���� Ti4+ �	
��$��
��)+ BaTiO3 :�
&�$������(����('�"��&� 

Ti4+ �� CCTO �
����$
&��� BaTiO3 �&�������
������%�%)���$�����
����>�	���>��*9������$(��$��A�����$

$����A���('�"��&���� Ti4+ �)��  "�#�&�������$�)"��(<� (tension) �#�
&��:��K#��� Ti-O ��$�<�� 	'�����


�
�������F��$��9:��%��,?�� (polarizability) �:����<�� ��$��	
�$�&�
��	'����$�����
����F��#%���&�F��#

�>��*9������$(��$��� CCTO F�$�'�$�)9)�	��"�)������� TiO6 	
���
����9�������� ��&��%�$�(�� ��A��

:����I�
��)+	
��
9��������"���)
�
$��$�� CCTO �?&� CdCu3Ti4O12 "�# YCu3Ti3FeO12 :�
&��&���	
�     

%)�����$(��$���
��)+	�������
�&�	
�������$ (Sinclair et al., 2002) ��$������)��$�&�
�
������	'�����������	
�

$�&�
������(���
�����"�#%�&�����F�K����F<�����(+���$���
�&���	
�%)�����$(��$	
������$��� CCTO %)�

�?&�$�� 

 

2.1.4.2 ������������
��
�������� (extrinsic effects) 
����	
�	���$��)

&�
��)+��$%,)*	
���#$��)�
� TiO2 "�# (Ca, Sr, Ba)TiO3 ����


��)+Q�
�	
������F�)�@�:(���	��%>>B�%)�9)�$���)�'��
���$,������9�������� (�
��&���?&� �@�:

(���	��%>>B���� BaTiO3-� 	
��+I�@��������
�&���#��I 1012 �cm "(&@��������$����
������	
��+I�@��� 

1,300oC @���(��
��)�������$�;��� 5% H2/95% N2 ( 002.0�� ) �@�:(���	���#�)����&����$9)��


�&���#��I 10 �cm "�#$���������$���$�)�Z�$�������$,��)?����
��)+�,����$ 9)�$������
���������@���(�

�
��)��(�'�$
&��
��)�������$�;"�#��A���%�	
�����#���A��� �����F���
��
�'�����$�)?������Q�
����� 

(����
�������
��)+(�
��&����A��$�)(��"�
�����(�#�
&���$��"�#����
I@����$���"(&�#�$��%)� 

9��������	���+�@����$=I#)��$�&�
�
���
�$
&� IBLC ,<��$���
9��������	���+�@���?&��
��#�
��	'�����&���	
�

%)�����$(��$���
��)+�
�&������$ (Sinclair et al., 2002) )�������<��
�
������%�%)�	
��&���	
�%)�����$(��$	
����

��$��� CCTO ����
����(+��A�����$$���$�)9��������	���+�@��"�� IBLC �
"(&����	
�	���$��)

&�������+���(�
�$����#�+	
���#)�= *̂��$
��)+�,����$	
��


9��������	���+�@��"�� IBLC 	
�:���	���(��)	��
%��&
����&���(��$
��)+�,����$	
���#$��)�
� (Ba, 

Sr)TiO3 ,<������
��)+�,����$	
��?�$�#�
�$���������#�*	
��+&���$,��,���"�#��������(�� �A�(����������#�*	
�

�+I�@������ �
��)�������$�;(�'���$ �
$	���(����
��+�$��":�&�����$,������A�(�����A����)�
�%����

(&��� �:A�������?���Q�
��#�
&���$�� (Moulson, Herbert, 2003) )��������A��:����I�F<��+)�
�"��
 �
������%�

%)���� CCTO 	
��#�
9��������"�� IBLC �&����������%�%)���$��$  
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��&��%�$�(�� Sinclair et al. (2002) %)�����
&� �
�
������%�%)�	
� CCTO �#�


9��������	���+�@��"�� IBLC 9)�%)�;<$=��@�:�'�%>>B�"�#�
���+%>>B�	���@�����$��"�#�����(

�#�
&���$����� CCTO 9)�$��
�����#�*)�
��	�������:
")�,*���$9	��9$�� (impedance spectroscopy) 

���$$��
�����#�* �A��?�"���'�������
���%>>B�	
���#$��)�
�
��� RC "���������?+)"�#"(&�#?+)(&�$��

"����+$�� 9)�?+)"�$"	��&
�����$��	
��������$<��(�
�'�"�#?+)	
����"	��&
����?���Q�
�����
I�����(

�#�
&���$�� ��$��	)��� (	
��+I�@�������) �����F�&�?
�%)�
&� CCTO ����
��)+�,����$	
��
$��(������	��

%>>B�����&
� �A� �&
�����$��	
��
����(��������$<��(�
�'� (�g~ 62 �cm "�# �g � 250 pFcm-1) "�#�&
�

���?���Q�
�����
I�����(�#�
&���$�� (�gb~ 4.5 M�cm "�# �gb ~ 2.2 nFcm-1) ��$����������@�:

(���	��%>>B������F�'��
I�&��@�:�'�%>>B�����$�� (�g) "�#?���Q�
��#�
&���$�� (�gb) "�#�����F

�'��
I�&�:������$�#(+��$���
"�$�,?��%)� 9)���
��$��>�
�����:��K*�#�
&�� log(�(Scm-1)) $�� 

1,000/T (K-1) :�
&� Ea(�b) = 0.08 eV "�# Ea(�gb) = 0.60 eV )��"�)���@�:	
� 2.10 �&�	
�(�'���$��� 

Ea(�g) ��)�����$���&�	
�:������$<��(�
�'�%		���(�:���>�*%$(* (semiconducting titanate perovskites) 

�?&� Li-BaTiO3 "�#�&��
���+%>>B�	
��+I�@��� -169oC ����$�� (Cg) �
�&���#��I 9 pF/cm (� ~ 110)  

,<�������&�	
��	
���	&�$��
��)+%		���(�:���>�*%$(* (titanate perovskites) $�+&��A��� �?&� CaTiO3, 

CdCu3Ti4O12 "�# Bi2/3Cu3Ti4O12  

 

 
 

6��*?' 2.10 $��>�
�����:��K*�#�
&�� log(�(Scm-1)) $�� 1,000/T (K-1) ()�)"�����$ Sinclair et al., 

2002) 

 

��A���'�
��)+(�
��&��%��������
�������
$�����	
��+I�@��� 1,000oC @���(������$�; 

N2 :�
&��@�:(���	��%>>B�����$��%�&���
���"��� "(&�@�:(���	��%>>B����?���Q�
��#�
&���$���
�&�

�)����$�)����$ 9)��
�&���#��I 7 k�cm (	
��+I�@�������) ����(�	��%>>B�	
�(&��$���#�
&��
��)+(�
��&��	
�

�������$�;"�#�����$�; N2 �
����A�������$�����I	
�(&��$�������$,������9������������,����$	
�
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�������#�*%)� $���'�$�)$���$�)�Z�$�������$,��)?�����#�
&������(��$���)�+I�@��� �
��	'�����
��������

?���Q�
��#�
&���$���)�� (Moulson, Herbert, 2003) ��)��$�&�
�
������&
�	
��'������&��������$���:���

�&���	
�%)�����$(��$��� CCTO ��A�����$�
9��������	���+�@��"�� IBLC )������ CCTO �<�����(�
��&�����%	

	���(�:���>�*%$(*	
������F�������#�*����$�)9��������"�� IBLC %)�9)�����(���)
�
 (one-step internal 

barrier layer capacitor)�
   ��$$��;<$=�����(+���$���$�)?���Q�
��#�
&���$�� :�
&��
�
������%�%)���$��

�$�) IBLC %)����$�I
 �A� �$�)��$$�������
������$,����"�#�$�)��$$��	'��Z�$����������$,����	'�����$�)

����?���Q�
��>�	
���� (Adams et al., 2002) ��$$��;<$=�����(�	��%)�����$(��$��� CCTO ��<$�)
��


:�
&� �&���	
�%)�����$(��$�
�&����F<� 8 � 104 	
� �+I�@�������"�#�
��F
�(�'�$
&� 20 kHz (Homes et al., 

2001) ��$�+))��$�&�
�
�����&�������$�)�'�F��	
�(�����A� CCTO �
�&���	
�%)�����$(��$	
������A�������$ IBLC 

������A�%�& "�#F�������$�)�<��%)���&��%� ��$$��;<$=�9����������<$�)
��
��� CCTO )�
��	����$����
��
���

�����
(���"�#����
��$,* (neutron and X-ray diffraction) :�
&�9����������<$F�$"�$��$������&� 9)�

@������<$��#$��%�)�
�?�����������(��& (twin boundary layer) 	
����&�#�
&����&�����&
��,��* )��"�)���

@�:	
� 2.11 $���$�)���*��#$�����?���)��$�&�
�
��<��$�������I��� Cu ��A�����$����(�	��%)�����$(��$��� 

CCTO �<��$����(���&
���� Cu/Ca ��9��������������&����$ (Subramanian et al., 2000) )�������<��
�
��

����%�%)�	
�?���	
����&�#�
&����&�����&
��,��*�
��	'�����$�)9������������� IBLC ����<$��� CCTO 	
�����

����(+	'������<$�)
��
��� CCTO �
�&���	
�%)�����$(��$	
������$ 

 

 
 

 

6��*?' 2.11 9����������<$�)
��
��� CCTO 	
���#$��%�)�
�?�����������(��&@������<$�)
��
 (Kovel et 

al., 2002) 
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��$��;<$=��:A��������(+���$���
�&���	
�%)�����$(��$	
������$��� CCTO ��

���(�^�������	K�:�@����$ ��$���A���$$��;<$=�����A������$���
9��������	���+�@��"�� IBLC "��
 

%)��
$��;<$=���"�&�+��A��� �:A���A����$���
�&���	
�%)�����$(��$	
������$��� CCTO 
&��
����(+��A�����$

��	K�:�@����$ (extrinsic) %�&�?&�$�)��$K���?�(���(�
��� "�#��$$��;<$=����$�+&�
����(&��� :�
&�

�&���	
�%)�����$(��$��� CCTO ����<��$��?��)"�#
�K
$���(�
�����
�����$9	�)�
�	����
��������
��)+(�
��&�� 

	'����%)������+�
&�$���
�&���	
�%)�����$(��$	
������� CCTO �$�)��$$��9:��%��,?��	
���
 (interfacial 

polarization) �#�
&�������$9	�)$��
��)+(�
��&�� ��A�	
���
��������(�#�
&���$�� 9)�%)��K�������	����� 

Maxwell-Wager relaxation (Lunkenheimer et al., 2004; Yang et al., 2005; Zhang, 2005; Liu et al., 

2005) ��$��$�
�"��
���:�
&��
�������A��� 	
��
��(&��&���	
�%)�����$(��$��� CCTO �?&� ���)����$��"�#

�
��������?���Q�
�	
�$����#�
&���$�� (Zhang, 2005; Zang et al., 2005) �����$�#�
�$���(�
��
��)+

�� CCTO (Bender, Pan, 2005) "�#�����$����A����"�#$�����9:��( CCTO )�
�
��)+(&��� 9)��#$�&�


��&���#��
�))��(&�%��
��
 

2.1.5 ,�9��1�����%��-?������?���������*����%����#��9���

���
���2���2�
��
��*�� 

������������9�� CCTO 

��$$��;<$=����(&��#�
&�������$9	�)$����
�������
��)+�,����$ CCTO :�
&��&���	
�%)��

���$(��$��� CCTO �<��$��?��)"�#
�K
$���(�
�����
�����$9	�) 9)�
��)+�,����$ CCTO 	
��&��$������
������	
�

�+I�@��� 750oC �����
�� 8 ?��
9�� @���(������$�; N2 "�#�����$9	�)	'���$9��#":		���� (Pt) �#���

�&���	
�%)�����$(��$��$	
��+) ��A���	
��$�� CCTO 	
��

�K
$���(�
�������$9	�)"���A��� (Yang et al., 2005) 

)��"�)���@�:	
� 2.12 ��$��	)���)��$�&�
�
������&
���<��	
�������+�
&�$���
�&���	
�%)�����$(��$	
������$

��� CCTO �
����(+��A�����$������@����$ "�#��$��$��	)���)��$�&�
�
������F�K�������$Z$��I*	
�

�$�)�<��%)�9)����(�^��$���$�)$'�":�;�$�*"��,��(�
�*2 (Schottky barriers) �#�
&�������$9	�)"�#��
����

��� CCTO (Lunkenheimer et al., 2004) ����A���(�����(&��#�
&����
������� CCTO $�������$9	�)%�&

�����F�$�)�������(&�"��,��(�
�*%)� ��A�����$�@�:(���	��%>>B�	
���
�������CCTO �
�&������$ (1.2 � 

108 �cm) "(&@��������$$������
������	
��+I�@��� 750oC �����
�� 8 ?��
9�� @���(������$�; N2 :�
&�

�@�:(���	��%>>B������
�����
�&��)�� 9)��
�&���#��I 3.1 � 107 �cm ,<�������$���)������@�:

(���	��%>>B� �&���������(&��#�
&����
������� CCTO $�������$9	�)�$�)�������(&�"��,��(�
�*%)� ��A��

9��#	
��?���#)�= *̂�����$9	�)�
>��$*?����� (work function) 	
�����#�� 9)�>��$*?������������"�#":		�����


�&� 4.21 "�# 5.36 eV (���'�)�� ,<����$�I
)��$�&�
�
����(&��#�
&��":		����$����
������� CCTO 	
��


�@�:(���	��%>>B�(�'� �
9�$���$�)$'�":�;�$�*"��,��(�
�*%)���$$
&����(&��#�
&������$����
������� CCTO 

�&�������&���	
�%)�����$(��$��� CCTO 	
��
":		�������������$9	�)�
�&���$$
&���A���	
��$�� CCTO 	
��
����

                                                           
2 �#�$��%���!$&&'*�����! 
��
+��������"��-�����-���/���������5������#���&6��/������79��&���:����������/$� 
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���������$9	�) ��$�I
 CCTO 	
��&��$������
������	
��+I�@��� 750oC �����
�� 16 ?��
9�� @���(������$�; 

O2 :�
&��@�:(���	��%>>B����:A����
 CCTO �
�&������$ (4.3 � 109 �cm) �&�������&���	
�%)�����$(��$

��� CCTO 	
��

�K
$���(�
�����
�����$9	�))�
�
�K
�
��
�&�(�'�$
&�$���(�
�������$9	�)"���A��� ��A�����$���(&�

�#�
&����
������� CCTO $�������$9	�)�
9�$���$�)���(&�"��,��(�
�*%)�����	
��+) 

��$��$�
�"��
 Lunkenheimer et al. (2004) ���:�
&��
��������
��)+(�
��&��

���I#	)�������(�	��%)�����$(��$%)��
��(&��&���	
�%)�����$(��$���
��)+�,����$ CCTO )��"�)���@�:	
� 

2.13 9)�	
��
��F
�(�'��&���	
�%)�����$(��$���
��)+(�
��&���)
�
$����A���
�
�������$$
&��#�
�&���	
�%)�����$

(��$���$
&���A��
��)+(�
��&��F�$��)�������� ��$��$��	)���)��$�&�
�
������F�A����%)�
&��&���	
�%)�����$(��$	
�

�����$��� CCTO %�&%)��
����(+��A�����$��	K�:���(�
��� "(&��������A�����$��	K�:���$@����$ �A�$���


9��������"�� IBLC "�#$��9:��%��,?��	
���
�������
��)+(�
��&��$�������$9	�) �
�	������*��#$��	�����


	
���
�������
��)+(�
��&�� 

 

 
 

6��*?' 2.12 $�����
���"���$���
��F
�����&���	
�%)�����$(��$��� CCTO 	
��+I�@������� 9)������$9	�) 

                 	'���$9��# "�#
�K
$���(�
��	
�(&��$��  

                  ($) �����$9	�)	'���$$�
���� (silver paint) 

                  (�) 
��)+�,����$ CCTO 	
��&��$������
������	
��+I�@��� 750
o
C �����
�� 8 ?��
9�� @���(� 

                        �����$�; N2 "�#�����$9	�)	'���$$�
���� 

                  (�) 
��)+�,����$ CCTO 	
��&��$������
������	
��+I�@��� 750
o
C �����
�� 8 ?��
9�� @���(� 

                        �����$�; N2 "�#�����$9	�)	'���$9��#":		����  

                  (�) 
��)+�,����$ CCTO 	
��&��$������
������	
��+I�@��� 750
o
C �����
�� 16 ?��
9�� @���(�  

                        �����$�; O2 "�#�����$9	�)	'���$9��#":		���� 

                        ()�)"�����$ Yang et al., 2005) 

 

 (�) 
(") 
(�) 
(�) 
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6��*?' 2.13 $�����
���"���$���
��F
�����&���	
�%)�����$(��$���
��)+�,����$ CCTO 	
��
�
�����(&��$�� 

()�)"�����$ Lunkenheimer et al., 2004) 

 

 

2.1.6 ,�9��9��������2�
��
��*��������������9�� CCTO (Brize et al., 2006) 

$��;<$=�����(+���$���
�&���	
�%)�����$(��$	
������$��� CCTO 9)���;�����(�^�����

$���$�)9��������	���+�@��"�� IBLC 9)��
"�
�
����)
&� @����9����������#$��)�
��$��	
��
����(�$��

�'�%>>B�	
�)
"�#�
?���Q�
�$������&�#�
&���$��	'�����	
��B��$��$���'�%>>B��#�
&���$�� �&�������&���	
�%)�����$

(��$��� CCTO �
�&�	
������$ ��$"�
�
����))��$�&�
�
� ���)����$��"�#�
��������?���Q�
��<�����

������	
��
��(&��&�%)�����$(��$ "�#��$$��;<$=�:�
&����)����$���
��(&��&���	
�%)�����$(��$��� CCTO 

(@�:	
� 2.14) ��$@�:	
� 2.15 :�
&��&���	
�%)�����$(��$��� CCTO �
�&��:�����$�<��(��$���:������)���

�$�� ��$��	)���)��$�&�
�
���)�����$�����
������� Jha et al. (2003) ,<��:�
&��&���	
�%)�����$(��$��� 

CCTO 	
��
���)�$�� 1 �m �
�&���#��I 3,000 "�#��)�����$�����
������� Sinclair et al. (2002) ,<��

:�
&��&���	
�%)�����$(��$��� CCTO 	
��
���)�$�� 5 �m �
�&���#��I 9,000 9)���$��	)���	�����)	
�

$�&�
���
������F�?��������������+�(��"���'������� IBLC ��$���K��������(+���$���
�&���%)�����$(��$

	
������$��� CCTO 
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6��*?' 2.14 @�:F&��:A����
���
��)+�,����$ CCTO 	
��&��$�������<$	
� 1,000oC �����
�� 20 ?��
9�� 

  ($) ���)�$�� 1.2 � 0.4 �m 
��)+��"��%,�*	
��+I�@��� 750oC �����
�� 2 ?��
9�� 

  (�) ���)�$�� 1.3 � 0.4 �m 
��)+��"��%,�*	
��+I�@��� 650oC �����
�� 20 ?��
9�� 

  (�) ���)�$�� 4.1 � 1.8 �m 
��)+��"��%,�*	
��+I�@��� 500oC �����
�� 20 ?��
9�� 

  ()�)"�����$ Brize et al., 2006)�
�
�

�
�

6��*?' 2.15 ��������)�$��(&��&���	
�%)�����$(��$��� CCTO:  ($) 
��)+�,����$ CCTO 	
��
���)�$�� 

1.3 � 0.4�m, (�) 
��)+�,����$ CCTO 	
��
���)�$�� 1.2 � 0.4�m, (�) 
��)+�,����$ 

CCTO 	
��
���)�$�� 4.1 � 1.8 �m ()�)"�����$ Brize et al., 2006) 

 

($) (�) 

(�) 

($) 

(�) 

(�) 
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2.1.7 ,�9����%���������?���2�
��
��*��������������9�� CCTO 

$��;<$=�
�	��;��(�*����
�?�
��)+;��(�* $�#�
�$���(�
��
��)+��"�#
��)+�,����$FA�
&�

����:A��^��"�#��������(��	
��
�'����������&������ $�#�
�$���(�
������������	
��
��(&�����(����
��)+��)���

(&��� ��A���
$��(�
�
�)"�#
�����#�*����(����
��)+�,����$��$�#�
$���?A���9��"�#�������F<�$�#�
�$��

�(�
������ )������$��;<$=�����(�	��%)�����$(��$���
��)+�,����$ CCTO FA�
&������$�#�
�$���(�
������

�
$��<��������	
��
�
���'����"�#�
��(&�����(�	��%)�����$(��$ ��$������$��;<$=�(��)������	
��&���� 

:�
&��&���	
�%)�����$(��$��� CCTO 	�����<$�)
��
 "�#������<$�
�	���>��*���� �
�&����&��?&
� 478 – 

300,000 (Subramanian et al., 2000; Ramirez et al., 2000; Homes et al., 2001; Sinclair et al., 2002; 

Fang, Chen, 2003; Jha et al., 2003; Zhang et al., 2005;  Bender, Pan, 2005) %)��(�
��
��)+�,����$ 

CCTO 9)�
�K
$��	'��Z�$������F��#���"��� "�#%)�;<$=������$�#�
�$���(�
��
��)+��"�#
��)+�,����$  

(&�����(�	��%)�����$(��$��� CCTO 9)�%)�;<$=������ �	����(&��� ���$��������(���(�� �+I�@�����$��

���"��%,�* �+I�@�����$�������<$ �
�����$�������<$ "�#�����$������
������"$&
��)+(�
��&���
$�������

�����$�;���*$���
�	���;<$=���������)�$��"�#�
�����"�&�(&��&���	
�%)�����$(��$ �'��������(���(��	
�

�?��A� CaCO3 (99.98%), CuO (99.5%) "�# TiO2 (99.5%) ����#��
�)"�#��A���%����$���(�
��
��)+��

"(&�#?��)��+�%)�)��(����	
� 2. 2 9)�
��)+��	
��&��$��"��%,�*�#�'�%��)����#��
�)�
$����� ($&��$���<�����

"�#$���������#�*
��)+�,����$) �:A�����%)����)��+@��	
��#��
�)�'�����������+�$���$�)�Z�$����� 
��)+��	���

���?��)	
��(�
��%)�F�$�'�%��<�����9)�$����))�
��
������"��"$��)
��
����"�&�$�������&��;���*$��� 13 

�������(� "�#�
�
����� 1.5 �������(� 
��)+	
��&��$���<�����F�$�'�%������<$ ��?&
��+I�@��� 990–1100oC 

9)��?��
�� 3–16 ?��
9�� 9)���A�$
��)+�,����$	
������<$	
��+I�@��� 1100oC �����
���
�� 3 ?��
9������

��(�^���'��������
���	
����$��	)��� ��A���%�$���(�
��"�#����(�(&��� ���
��)+(�
��&���,����$ CCTO 

�
�	�����$��;<$=�����(�	��%)�����$(��$��+�%)�)��(����	
� 2.3 

@��������$$���'�
��)+(�
��&��%��������
�������
$�����	
��+I�@��� 1,000oC �������$�;

���*$�� �����
�� 6 ?��
9�� "�#�'���	)�������(�	��%)�����$(��$:�
&� �&���	
�%)�����$(��$��� CCTO �
�&�

�:������F<� 106 	
��+I�@������� )��"�)���@�:	
� 2.16 @��������$$���'�
��)+(�
��&��%��������
�������
$

����� ��A���'���
�����#�*9����������� CCTO )�
��	���� XRD :�
&�%�&�
$�����
���9����������A�%�&:�$��

�$�)�<������>�	
����"�#%�&:�$�����
���"����
�"�#�
�����"�&� �
$	�����$=I#��I^�����
��)+�,����$

������
��$=I#�?&��)�� 9)�$���:����<����&����$����&���	
�%)�����$(��$����
����(+��A�����$$���:����<������&�

�@�:�'�%>>B�@�����$��,<���&���9)�(��(&�$���:����<������&���	
�%)�����$(��$ 9)�$���:����<������&���	
�%)��

���$(��$����$=I#)��$�&�
�
�	'����$�������
�	��%)�����$(��$��� CCTO �
�&��:�����$�<��(��)�
� (Bender, 

Pan, 2005) 

 

�
�
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�����*?' 2.2   ��A���%�$���(�
��
��)+�� CCTO 9)�
�K
 SSR "�#��$=I#
��)+�� 

�

��,� 
�*�������,
�

,� 
�
����� 

���#6���  (
o
C)  ��%

���� (1
'����) 0����

����!�� 

9������6�� 

��%�
�(�%�

��,� 

MP1 mortar and pestle �#,
9(� (acetone) 

960oC, 8 h 

"��%,�*��$$
& �  2 

����� 

� � $ 
& � � # % )� � > � 	
�

����+	K�� 

1-3 �m, 

%�&(�
�:�$���$�#(� 
$�����

��+@���� 

AM1 attrition milling 

��' �����+	K��������

?& 
 � $ � � $ � # � � � 

Tamol 901 

 �����	
� 1   1,000oC, 

8 h 

 �����	
� 2   930oC, 4 h

 �����	
� 3   970oC, 4 h

2-3 �m, 

�
"�
9������$���$�) $���$�#(�


$�������+@���� 

AM2 attrition milling 

��' �����+	K��������

?& 
 � � ) " � � (< � �� 
 

Triton CF-10 

�����	
� 1   970oC, 8 h

�����	
� 2   940oC, 4 h

1-3 �m, %�&(�
�:�$���$�#(�


$�������+@����"�#�
$��$�#���

(�
�����+@������&�����'����� 

                                                                                                           (Bender, Pan, 2005) 
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�����*?' 2.3  ��A���%�$���(�
��"�#����(�(&��� ���
��)+�,����$ CCTO 9)������<$	
��+I�@��� 1,100oC 

 

9���9������ 

(���������) 
 

�
 
 ��

�
���2�� 

�

��,�

*?'01& 

� � � � 

(1
'����) 

0 � � � �

�,�,�;� 

� � � �

#����2�



��
*-� 

(%) 
Gs Gb Gs/Gb

 

�
r 

 

tan�

 

%��
r 

(%) 

MP1-3 MP1 3 91.8 2.6�0.2
30 F<� 

170 
25/75 11,700* 0.047 �9.4 

AM1-3 AM1 3 94.3 2.6�1.5
30 F<�

180 
50/50 60,500 0.052 �16.9 

AM1-16 AM1 16 94.5 
�$�)$���(��9(����$��	
�

��)�$(� 
109,800 0.052 �13.2 

AM2-3 AM2 3 97 2.9�0.5
15 -

60 
10/90 95,800 - - 

(Bender, Pan, 2005) 

 

#����#��    Gs     �A� ���)����$�����$,    Gb    �A� ���)����$�����&,   Gs/Gb �A� ��(���&
����$��

�$�)�$�����$(&��$�����&��
��)+(�
��&��,   �r    �A� �&���	
�%)�����$(��$	
��+I�@�������"�#�
��F
� 1 kHz,  

%��r  �A� ����*�,��(*$�����
���"����&���	
�%)�����$(��$��?&
��+I�@��� -60 F<� 100oC �	
��$���&�	
�

�+I�@��� 22oC "�#�
��F
� 1 kHz, 11,700* �����&�	
�$����
��$���&�	
�������9)� Subramanian et al. 

(2000) 
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6��*?' 2.16 $�����
���"���$���+I�@�������&���	
�%)�����$(��$"�#�&�"	����(*���$�������
�	��       

%)�����$(��$ ��� CCTO @������$������
������	
��+I�@��� 1000oC @���(������$�;

���*$�� �����
�� 6 ?��
9�� ()�)"�����$ Bender, Pan, 2005)  

  

 

2.1.8 ,�9������	:���%��������
���2�
��
��*��������������9�� CCTO 

��$$��;<$=�������(&��� 	
��
��(&�����(�	��%)�����$(��$��� CCTO :�
&���$���A���$

������	
�%)�$�&�
��"��
 $����A����"�#$��	'����9:��(�����
$��<��������	
��
��(&�����(�	��%)�����$(��$��� 

CCTO (Capsoni et al., 2004; Chiodelli et al., 2004; Grubbs et al., 2005; Patterson et al., 2005; 

Kobayashi, Terasaki, 2005) 9)���$$��;<$=������$����A�����:A��"	�	
�('�"��&����%�����
$��

9����������� CCTO :�
&�$����A�����
����&����$(&�����(�	��%)�����$(��$��� CCTO )��"�)���(����	
� 

2.4 ,<������(����"�)��&��
���+%>>B� �&���	
�%)�����$(��$ "�#�&��
��(���	��%>>B�����$��"�#?���Q�
�	
�

$����#�
&���$�� �
��$(����	
� 2.4 :�
&�$����A����"	�	
�('�"��&����%�����
$�
��������$(&�$���:���

�
���+%>>B�����$�� 9)� 8 � Cg � 16 pFcm-1 (��A� 90 � �r � 180) "�#��A��:����I��
�����:��K*

�#�
&���&��
���+%>>B�"�#�&���	
�%)�����$(��$���?���Q�
��#�
&���$�� ((����	
� 2.4) $�������I����>���A�

�� CuO 	
�:���9��������������$$�#�
�$���(�
��
��)+�,����$ ((����	
� 2.5) :�
&��&��
���+%>>B�"�#

�&���	
�%)�����$(��$���?����#�
&���$���
�&��:�����$�<��(�������I�>� CuO 	
�(�
�:� (�$�
�� Fe) 9)��


�
������%�%)�
&��>���� CuO 	
�"�$��$�������&
�	
�?&
��:����&��
���+%>>B����?���Q�
��#�
&���$��

��A�����$$���:����
��%�&�����#��
����9��������	���+�@�� ��A��;<$=�����(�	��$�����&� (transport 

properties) 9)�$��
�)�&������#��	K��,
���3 (Seebeck coefficient) ���
��)+�,����$ CCTO :�
&��
�&���#��I 

                                                           
3 ���;�/�����<'�
&� (Seebeck coefficient) 
;=�������&��&��>5��#����"�����-��	����+�������?��"�����
7-��  	����+�������?�� (thermoelectric 

material) 
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-99 F<� -60 �V/K ��?&
��+I�@��� 200 F<� 400oC ��$�&�)��$�&�
�
�"�)�
&���#�+:��#�� CCTO �A�

�����$(��� �&�:������$�#(+��$���
"�$�,?������$��	
��'��
I��$�@�:�'�%>>B�@�����$��	
��+I�@���(&��� 

�A� 0.07 eV ���I#	
�:������$�#(+��$���
"�$�,?�����?���Q�
��#�
&���$��	
��'��
I��$�@�:�'�%>>B��
�&�

��?&
� 0.54 F<� 0.76 eV 

 

 

�����*?' 2.4   �&��@�:(���	��%>>B� �
���+%>>B� "�#�&���	
�%)�����$(��$ ����$��"�#����$�����
��)+ 

CCTO, Ca1-xAxCu3Ti4O12 "�# CaCu3Ti4-yByO12 (��A�� A = La "�# Sr "�# B = V, Cr, 

Mn, Ni, Fe "�# Co) 

 

���� 1
U��%#�2������ 
�

���
���2�� 

� (�cm) C (pFcm
-1

) �
g
 � (�cm) C (pFcm

-1
) �

gb,exp
 

CCTO ����+	K�� 75 12 136 6.8 � 107 8700 98,000

La 2% 267 16 180 1.3 � 109 300 3,400

Sr 5% 158 14 158 1.3 � 108 2,300 26,000

Co 2% 88 12 136 1.4 � 107 5,200 59,000

Co 5% 112 13 147 3.1 � 106 13,000 147,000

Ni 2% 75 15 170 1.0 � 107 8,800 99,000

Ni 5% 207 11 124 1.1 � 106 10,000 113,000

Fe 2% 2.2 � 107 12 136 6.6 � 108 6,000 68,000

V 2% 5.3 � 106 8 90 3.1 � 108 400 4,500

Cr 2% 1.1 � 107 9 102 1.0 � 107 500 5,600

Fe 5% 1.5 � 107 10 113 13 � 107 4,000 45,000

Mn 2% 2.1 � 108 14 158 ~1 � 107 - - 

Mn 5% 1.4 � 108 9 102 ~4 � 107 - - 

(Capsoni et al., 2004)   

 

�����*?' 2.5   �����I�����A��� (% 9)���'����$) 	
�(�
�:���
��)+�,����$ CCTO 	
���A�)�
�%����(&��� 

 


��*?'�	:� 
$�����*?'�	:� 

(%) 

$����� CuO *?'���	�� 

(%) 

$����� CaTiO
3
 *?'���	�� 

(%) 
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CCTO ����+	K�� - 0.5 - 

La 2 - - 

 5 - - 

Sr 5 - - 

V 2 - - 

Cr 2 - - 

 5 1.5 - 

Mn 2 - - 

 5 - - 

Fe 2 0.6 - 

 5 2.3 - 

Co 2 1.5 - 

 5 4.6 0.7 

Ni 2 1.7 0.6 

 5 6.3 2.2 

  (Capsoni et al., 2004) 

 

��A�����$$����A����)�
�%�������9��#(&��� �:A��"	�	
�('�"��&�%�����
$��� CCTO 

�����F�:����&���	
�%)�����$(��$��� CCTO %)�"(&
��)+	�����)	
��������#�*%)��
�&�"	����(*���$�������
�	��

%)�����$(��$	
������$(��$���:�������&���	
�%)�����$(��$ )��������$��������+�����(�	��%)�����$(��$��� 

CCTO �<��?�
�K
$��	'����9:��($��
��)+	
��
�&�"	����(*���$�������
�	��%)�����$(��$(�'� �?&����#�����9:

��( CCTO/CaTiO3 (Kobayashi, Terasaki, 2005) "�#�#�����9:��( CCTO/ZrO2 (Patterson et al., 

2005) �#�����9:��(	�����������F������+�����(�	��%)�����$(��$��� CCTO �������#��$��$��

��#�+$(*�?����%)� 9)��&���	
�%)�����$(��$"�#�&�"	����(*���$�������
�	��%)�����$(��$���
��)+���9:��( 

CCTO/CaTiO3 �
�&���#��I 1,800 "�# � 0.02 (��?&
��
��F
� 102–105 Hz "�#?&
��+I�@��� -53 F<� 

27oC) (���'�)�� "�#�&���	
�%)�����$(��$"�#�&�"	����(*���$�������
�	��%)�����$(��$���
��)+���9:��( 

CCTO/ZrO2 �
�&���#��I 5,030 "�# 0.016 (	
��+I�@�������"�#�
��F
� 1 KHz) (���'�)�� $���)�����

�&�"	����(*���$�������
�	��%)�����$(��$ �
����A�����$ CaTiO3 "�# ZrO2 	
����9:��(�� CCTO �$�)$��

�#��	
�����
I�����(�#�
&���$�� "�#	'�����	
�����Q�
�$����#�
&���$��"�#?���)��$�&�
�
��
�&��@�:(���	��

%>>B�	
������$ �&�������&�"	����(*���$�������
�	��%)�����$(��$���
��)+���9:��()��$�&�
�
��
�&��)�� 

 

2.2 ���

�����%#���%
��
��*��������������9�� NiO *?'�	:��&�� Li ��% Ti (LTNO) 

2.2.1 ������&*
'��$��?'���
�����
�&����%���

�����%#�  LTNO 



 32

���$����$%,)* (Nickel oxide, NiO) ����
��)+	
�%)�����
��������&����$ ��A�����$����
��)+	
�

�����F��#�+$(*�?����	��)��������$	����$�*%)���&����$��� 9)� NiO ����+	K����)���&��$�+&�
��)+Q�
� ‘Mott-

Hubbard insulator’ ,<������$�+&�
��)+	
��
�&��@�:�'�%>>B�(�'�$
&� 10-13 Scm-1 "(&��A����A�����'�:
$�
���(*

�����$(����)
��
 (monovalent) �?&� Li+ ����"	�	
� Ni2+ ��9�������� NiO �#�����F�:����+I����(���$���'�

%>>B��������<��%)�  �
 Wu et al. (2003) %)�������$���������#�*"�#;<$=�����(�	��%)�����$(��$���
��)+ NiO 	
�

��A����)�
� Li "�# Ti (LixTiyNi1-x-yO, LTNO) 9)��������#�*
��)+�,����$ LTNO 9)�
�K
���(���(��"��,��(

�	 (citrate precursor method) �'�����$�#�
�$���(�
�� �����(��)�
�$�������� Ni(NO3)26H2O, LiNO3 

"�#$�),�(��$ ����'�����+	K�� ������$�����(����� [CH3(CH2)3O]4Ti ��%�������#�����&��?��� :����$�����

�
������"�#����&��(&���A�����%)����"��� ������$�����'����"���%�"��%,�*	
��+I�@��� 800oC �����
��     

1 ?��
9�� (&����'�%��<���������"�&�$�������&��;���*$�����#��I 10 �������(� ����(���+)	����'����

(�
��&��	
��&��$���<�����%������<$	
��+I�@��� 1280oC �����
�� 4 ?��
9��  


��)+�,����$(�
��&��	
��������#�*%)�F�$�'�%�;<$=�9���������>� 9)��	����$����
��
�������


��$,* (XRD) )��@�:	
� 2.17 :�
&����"��$����
��
�������
��$,*��
��)+�,����$ LTNO ��)�����$��������

��(�^��$����
��
�������
��$,*��� NiO "�#%�&:��>���� Li "�# Ti (��A�������I��� Ti ����$
&���A�

�	&�$�� 0.05 9��) $����A���� NiO )�
� Li �&���(&�$�����
���"���9����������� NiO ������$ ��A�����$

��;�
����
���(*��& (bivalent) ���%���� Ni "�# Li �
�&��$����
��$�� �A� 0.69 Å "�# 0.68 Å (���'�)�� 

)������%������� Li �����F"	�('�"��&����%������� Ni ��"�(	�,���9��������%)�9)����;��$$����)

��
��
���"�(	�, )���������"�$����
��
�������
��$,*��
��)+(�
��&�� LTNO �<�%�&���
���"���(�������I��� 

Li 	
��:����<�� "(&��A�������I��� Ti �
�&���$$
&���A��	&�$�� 0.1 9�� �#�����F(�
�:��>�	
�����$�)�<���A�

�>���� NiTiO3 ,<����������	
��&�?
�%)�
&��
�>�	
�����$�)�<���� LTNO ��A��9)�)�
� Ti "(&�����F(�
�:�%)�����

��$��$$��
�����#�*)�
��	���� XRD ��A�������I��� Ti �
����$
&� 0.05 9�� (Wu et al., 2003) 

�
6��*?' 2.17 ���"��$����
��
�������
��$,*��
��)+�,����$ LixTiyNi1-x-yO (Wu et al., 2003) 
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2.2.2 ,�9�����#6�����%����F?'�2�
��
��*��������������9�� LTNO  

Wu et al. (2002) %)�������$��;<$=�����(�	��%)�����$(��$���
��)+ Li0.05Ti0.02Ni0.93O 

(LTNO) ��?&
��
��F
� 100 Hz F<� 1 MHz "�#
�)��?&
��+I�@��� -60 F<� 200oC :�
&��&���	
�%)�����$(��$

��� LTNO �
�&�	
������$ 9)��
�&���#��I 104-105 (��)?&
��+I�@������$��
�) (	
��
��F
�(�'�) ��A��:����I�

	
��
��F
�(�'�$
&� 10 kHz :�
&��&���	
�%)�����$(��$���
���"���$���+I�@���������$(��)?&
��+I�@������$��


�) )��"�)���@�:	
� 2.18($) ��&��%�$�(�� ��A���
��F
����$
&� 10 kHz �&���	
�%)�����$(��$�#�)����&��

Q��:�����A���+I�@����)(�'��� 9)��)����#��I 100 �	&�����&���	
�%)�����$(��$	
��+I�@������  

:P(�$���	��%)�����$(��$���
��)+�,����$ LTNO �
��$=I#�����$��:P(�$���	
�:���
��)+

�,����$ CCTO (Ramirez et al., 2000; Homes et al., 2001) $�&�
�A��
$���)����&��Q��:�������&���	
�

%)�����$(��$	
��+I�@���(�'�9)�%�&%)��
����(+��A�����$:P(�$���	���>��*9������$(��$ (%�&(�
�:�$�����
���

9���������>���A�����$$�����
���"����+I�@���) "(&�
����(+��A�����$�����:�������
����������(�
$�#(+��

����$�)$�#�
�$���&������	��%)�����$(��$ )������ ��A���+I�@����)(�'���%)9:�%>>B��#F�$(�<�"�#�QA���(&�

����%>>B�@����$ �&������$��9:��%��,?��	
��$�)��9���$+��������)$'������ 9)������F����$(%)���&��

?�)�����$$���)����&��Q��:�������&���	
�%)�����$(��$ ��$@�:	
� 2.18(�) ��)$��>����&�"	����(*���

$�������
�	��%)�����$(��$��"(&�#�
��F
���)�����$��$���)����&��Q��:�������&���	
�%)�����$(��$ (@�:	
� 

2.18($)) "�#��A���
��F
��)(�'��� ��)$��>����&�"	����(*���$�������
�	��%)�����$(��$�#��A���('�"��&�

%����?&
��+I�@���	
�(�'�$
&� �����$����A���('�"��&�)��$�&�
�
���������	
��&�?
�F<�$���$�)$���&������	��%)�����$

(��$��A�����$F�$$�#(+��)�
��
������ ��A��:����I���?&
��+I�@������� :�
&��&�"	����(*���$�������
�	��

%)�����$(��$�
�&������$ 9)��
����(+��A�����$�����$���'�%>>B�$�#"�(�� (dc conductivity) @������A����� 

"�#�����F����$(%)���&��?�)���	
��+I�@������"�#�
��F
�(�'��
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6��*?' 2.18 $�����
���"���$���+I�@������ ($) �&���	
�%)�����$(��$ "�# (�) �&�"	����(*���$�������
�

	��%)�����$(��$ ���
��)+ LTNO ��?&
��
��F
� 100 Hz F<� 1 MHz (@�:"	�$"�)�@�:F&��

��
�������
��)+(�
��&��)�
��	���� SEM) (Wu et al., 2002) 

 

�:A������$�)�
��������:P(�$���	��%)�����$(��$��� LTNO ���)
�����<�� Wu et al. (2002) 

%)�;<$=�$�����
���"���$���
��F
�����&���	
�%)�����$(��$ "�#�&�"	����(*���$�������
�	��%)�����$(��$ 

:�
&������$�����
���"���$���
��F
�����&���	
�%)�����$(��$ (@�:	
� 2.19) �����F�K����:P(�$���	��

%)�����$(��$%)�9)��?�"���'����$���&������	��%)�����$(��$����)��� "�#��$�����$�����
���"���$��

�
��F
�����&�"	����(*���$�������
�	��%)�����$(��$ (@�:	
� 2.19(�)) :�
&���A���+I�@����:�����$�<�� ��)

$��>����&�"	����(*���$�������
�	��%)�����$(��$�#��A���('�"��&�%���	�;	���)
�
$��$��$���:������

�
��F
� ��)��$�&�
�
���������	
�"�)�F<��
����)�����$����$=I#���$���&������	��%)�����$(��$ ��$������

���$��;<$=�$�����
���"���$���
��F
�����&���	
�%)�����$(��$ "�#�&�"	����(*���$�������
�	��%)�����$

(��$ �����F�'��
I���
�����$���&������	��%)�����$(��$ (dielectric relaxation time, 
) %)�9)�$��

����(�
"����"���'��������)������%)�$��>(��$��$��>��$�����������$��	)����
��$$��>"�)��
�����:��K*�#�
&�� log(
) $�� 1000/T (@�:"	�$��@�:	
� 2.19(�)) 

:�
&���A���+I�@����:����<���
�����$���&������	��%)�����$(��$�#�)����&���
)���
 ,<����������	
��&�?
�
&��
$��

�:����<������
�����"�&�%)9:�%>>B�"�#�
$���$�)9:��%��,?����&���
)���
 ��$$��>"�)��
�����:��K*

�#�
&�� log(
) $�� 1000/T "�#��$��$��	
� (6.2) �����F�'��
I�&�:������$�#(+��$���$�)$���&������

	��%)�����$(��$ (U) %)���$�
��?�����$��> "�#:�
&� U = 0.313 eV ,<���&���� U �
��
�&��$����
��$���&� Ea 

= 0.309 eV ,<������:������$�#(+��	
�	'�����$�)$���'�%>>B�@�����$�����
��)+�,����$ LTNO ,<���&�?
�
&��$�)

(�) 

($) 
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$��$�#(+��)�
��
��������&���+�"�����$�#�
�$���&������	��%)�����$(��$���
�
�����:��K*��&����$$��

$���'�%>>B�@�����$���
�

�
 

6��*?' 2.19 $�����
���"���$���
��F
���� ($) �&���	
�%)�����$(��$ "�# (�) �&�"	����(*���$�������
�

	��%)�����$(��$ ��� LTNO 	
��+I�@���(&��� (@�:"	�$"�)��
�����:��K*�#�
&�� log(
) $�� 

1000/T) ()�)"�����$ Wu et al., 2002) 

     

2.2.3 
��#��9������?�2���*?'������������
��9�� LTNO (Wu et al., 2002)  

LTNO ��)����
��)+%)�����$(��$�,����$	
��
�&���	
�%)�����$(��$�����$ 9)��&���#��I 105 ,<��

�����&�	
��	
���	&�$���&�	
�:���$�+&�
��)+�>��*9������$(��$"���$(�"�#"���
"�$�,��* �$��� $���+I�@������
 

(Curie temperature) ��$:P(�$���$�����
���"���$���+I�@�������&���	
�%)�����$(��$ �&�?
�
&�$�%$���$��

�$�)9:��%��,?���� LTNO %�&%)��$�)�<����$:P(�$���	���>��*9������$(��$ 9)��&���	
�%)�����$(��$	
������$

��� LTNO ����
����(+��A�����$$���
9��������	���+�@��"�� IBLC  

��$��$��;<$=���$=I#��
����"�#$��
�����#�*:A����
�����$���
��)+�,����$ LTNO :�
&� 

Ti 	
����������%��� NiO �����F(�
�:�%)��������I��$	
�����
I�����(�#�
&���$�� "(&(�
�:�%)�����

��$	
�����
I@�����$�� �&
� Li �����F(�
�:�%)��������I��$@�����$�� )������@�����$���<��
����(�

�������$<��(�
�'� (NiO F�$��A�)�
� Li) ���I#	
�����
I�����(�#�
&���$��,<���
�����I Ti �'��
���$�
����(�

����Q�
�"�#	'�����	
��
��$���$���'�%>>B��#�
&���$�� ��A��:����I�9����������� LTNO ���#)���+�@��

($) 

(�) 
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:�
&��
��$=I#�����$��(�
�$����#�+��&���&��	
���#$��)�
�"�&�(�
�'���&����@��������+)�
�Q�
� (%)�����$

(��$) ��$=I#���9��������	���+�@��)��$�&�
�
���
�$
&� IBLC "�#��$"���'������&���&����� IBLC �&���	
�

%)�����$(��$���
��)+�,����$(�
��&���
�&�)����$�� 

 

                                                           
t
dgb

r

�
� �                                   (2.3) 

 

��A�� d  �A� ���)����$�� (�
�&���#��I 2-5 �m )�%)���$@�:F&�� SEM), t  �A� �
��������?���Q�
�

����
I�����(�#�
&���$�� (grain boundary layer) "�# gb�  �A��&���	
�%)�����$(��$���?���Q�
�"�#�


�&���#��I 10-50    

��$��$��	
� (2.3) :�
&��&���	
�%)�����$(��$���
��)+�,����$�#�
�&��)����A���
��������

?���Q�
��:����<�� "�#�
��������?���Q�
�@���� LTNO �#�
�&��:����<��(�������I��� Ti 	
��:����<�� ,<��

��)�����$����$��	)��� )��"�)���@�:"	�$	
� 2.20 �����A��&���	
�%)�����$(��$�
�&��)����A�������I��� 

Ti 	
��?�������
�&��:�����$�<�� "�#��	��(��$�������&���	
�%)�����$(��$��� LTNO �#�
�&��:�����$�<��(��

�����I��� Li 	
��:����<�� (��@�:	
� 2.20) ,<������F<�$���:��������I��� Li ����$���:��������I���:��#

(�
�'�@�����$�� (�$���
�@�:�'�%>>B�����<��) "�#��A��
�� LTNO ������%>>B��#�&�������$�)$���#�����

��#�+ I ����
I��
	������)������?���Q�
�	
�$����#�
&���$�� �&�������&���	
�%)�����$(��$��� LTNO �
�&����

��$ ��$��$�
�"��
���:�
&������I��� Li "�# Ti 	
�������
��(&�$�����
���"���$���+I�@�������&���%)��

���$(��$ "��
&�:P(�$���$�����
���"���$���+I�@�������&���%)�����$(��$���
��)+�,����$ LTNO ?��)�A��� 

(�����I��� Li � 0.3 9�� "�# Ti �  0.1 9��) �#�
��$=I#�����$��@�:	
� 2.20 "(&�+I�@��� I ('�"��&�

��)$��>����&�"	����(*���$�������
�	��%)�����$(��$ 	
��
��F
���<��� �#�$�)	
�('�"��&��+I�@���	
�(�'�$
&�

��A���:��������I��� Li ��A��)�����I��� Ti  

 

 

 

 

 

 

6��*?' 2.20 $�����
���"����&���	
�%)�����$(��$��� LixTiyNi1-x-yO $�������I��� Li "�# Ti               

(	
��+I�@�������"�#�
��F
� 1 kHz) ()�)"�����$ Wu et al., 2002)  
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2.3 ���$�%�����01&����

���������������!����� 


��)+%)�����$(��$��A�Q�
�����
��)+	
�%�&�'�%>>B���A��
�&��@�:(���	��%>>B������$ ��$�+I����(�

:A��^��)��$�&�
�
�	'����%)�����$(��$���?��)F�$�'����?����9)�(�� �A�����	
�����
��)+�B��$��$��%���&�����

$�#"�%>>B� ��$��$�
�"��
%)�����$(��$�������
��)+	
������F�'�����#)�= *̂�����+�$�I*:A��^��	��

�����$	����$�*	
��'���� �?&� (�
�$����#�+ 9)�(�
�$����#�+	
�:�(��	���(��)	��
%������F"�&���$%)�����

?��) �<�����&$������&��"�#?��)������	
��?�	'�%)�����$(��$ ,<���&��
���+%>>B����(�
�$����#�+	+$?��)�#�<��$���&�

%)�����$(��$���
��)+	
��'�����#)�= *̂ (�
��&���?&� (�
�$����#�+"���,����$$�+&�(&��� )��"�)���@�:	
� 2.21  

��$@�:	
� 2.21 "�#(����	
� 2.6 "�# 2.7 �����F:����I�%)�
&� �
�
������%�%)���$���'�
��)+ 

CCTO ����#)�= *̂����(�
�$����#�+ "�#�����F��)(�
�$����#�+)��$�&�
�
����&��(�
�$����#�+$�+&�	
� 2 "�# 3 

"��
&�(�
�$����#�+	������$�+&��
�%)��
$���?��������&����
��� "(&
��)+	
��?���$����#)�= *̂�&
����&����
��)+	
��
 

BaTiO3 �������*��#$�� ,<���
�&���	
�%)�����$(��$���
���"���(���+I�@���������&����$ �
$	���
��)+)��$�&�
�
��


$�#�
�$���(�
��	
��+&���$,��,���"�#�?��+I�@�����$���������#�*��� (complex multi-step processing) 

���I#	
� CCTO �?�$�#�
�$���(�
��	
��&�� (one-step processing) (Sinclair et al., 2002) �
�&���	
�%)�����$

(��$���"�#��	
���?&
��+I�@���	
�$
�����$ (��#��I -200 F<� 300oC) )�
���(+�
��<�$&�����$�)�
���
����$��

��#)�= *̂(�
�$����#�+	
������F�?����%)���?&
��+I�@���	
�$
����<��"�#�?�(��	+���$�����(	
�(�'��� "(&��������

$���'� CCTO ����#)�= *̂����(�
�$����#�+ �A� $���
�&�"	����(*���$�������
�	��%)�����$(��$ 	
���� 9)��&�	
�

����#���'�����
��)+%)�����$(��$	
��'�����#)�= *̂����(�
�$��$�+&�	
� 2 "�# 3 �
��
�&����&��?&
� 0.01-0.05 )��

"�)�@�:	
� 2.22 "�#��$��$��;<$=��
������%���$���'�
��)+ CCTO ����#)�= *̂����(�
�$����#�+ 

(Kobayashi, Terasaki, 2005) )��"�)�)��@�:	
� 2.22 :�
&�����(�	��%)�����$(��$���
��)+���9:��( 

CCTO/CaTiO3 ��)���&��$�+&�
��)+	
������F��#)�= *̂����(�
�$����#�+��(�^��"�� X5R "�# X7R %)� 9)�


��)+	
��?���#)�= *̂(�
�$����#�+$�+&�)��$�&�
�
���#$��%�)�
� BaTiO3 "�# Pb(Sc1/2Ta1/2)O3 ,<��
��)+	�������
�%)�

F�$�?���#)�= *̂����(�
�$����#�+	
��?�$����&��":�&����������+��� ��A�����
���	
��$��
��)+���9:��( 

CCTO/CaTiO3 :�
&�$�����
���"�������&���	
�%)�����$(��$��� CCTO/CaTiO3 �A� � 1.0% ,<�������&�	
�

����	
��+)��$�+&�
��)+	
������F��#)�= *̂����(�
�$����#��(�^��"�� X5R "�# X7R �
$	����
�&���	
�%)�����$

(��$	
���	
���?&
��+I�@���	
�$
���$
&��
$)�
� )�����������F��+�%)�
&� CCTO/CaTiO3 ��)����
��)+	
��
����(�	��

%)�����$(��$	
�)
	
��+)��$�+&� X5R "�# X7R "�#	
��'������&������$���(�
��
��)+ CCTO/CaTiO3 �?�(��	+���

$�����((�'�$
&�
��)+?��)�A����$�+&��)
�
$�� ��A�����$�
$�#�
�$���(�
��	
��&�� %�&(����
��+�����A�������
��

)�������$�; "�#�?��+I�@�����$���(�
��(�'�$
&�
��)+	
��?���#)�= *̂(�
�$����#�+"��)����)�� 
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6��*?' 2.21 (�
�$����#�+"���,����$$�+&�(&��� (Moulson, Herbert, 2003) 

 

�����*?' 2.6   ��#��	K�@�:(&���&
������(� (volumetric efficiency) "�#:������	
��?�(&���&
������(����

(�
�$����#�+?��)(&��� 

1���9���
�����$�%	� 

(Capacitor type) 

$�%
�*-�6���2�#�2��

$������ (Volumetric 

efficiency) (�F cm-3) 

��
����*?'012�2�#�2��

$������ 

(mJcm-3) 

Electrolytics   

Aluminium 10 500 

Tantalum chip 600 30 

Double layer carbon(Supercapacitors) ~3�10
6
 ~2,500 

Polymer film   

Wound 0.02-2 1-10 

Multilayer polymer ~5 ~1 

Single layer ceramic   

NP0/C0G ~10
-4
 0.25 

Z5U/Y5V 8�10
-2
 1.5 

Ceramic multilayer   

NP0/C0G 0.5 1.5 

X7R 30 35 

Z5U/Y5V 300 40 

(Moulson, Herbert, 2003) 
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�����*?' 2.7   �������(�
�$����#�+$�+&�	
� 2 "�# 3 �'�����$����A�$�?������?&
��+I�@���(&��� ��?&
�$��  

���
���"�������&��
���+%>>B�(&��� 

 

EIA Code 12�����#6��� (oC) EIA Coded 
����$�?'���$��9���2�����	��77\� 

(%) 

X5 -55 F<� +85 D � 3.3 

X7 -55 F<� +125 E � 4.7 

X8 -55 F<� +150 F � 7.5 

Y5 -30 F<� +85 P � 10 

Z5 +10 F<� +85 R � 15 

  S � 22 

  T -33 F<� +22 

  U -56 F<� +22 

  V -82 F<� +22 

(Moulson, Herbert, 2003) 

#����#��  EIA (Electronics Industries Alliance) Codes D-R �A�$�+&� 2 "�# EIA Codes S-V �A�$�+&� 3 

(�
��&�� �?&� Z5U �A� (�
�$����#�+$�+&� 3 	
�(���$���?������?&
��+I�@��� 10 oC F<� 85oC  "�#�
$��

���
���"�������&��
���+%>>B�%�&�$�� -56% F<� +22% 
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6��*?' 2.22 �
�����:��K*�#�
&���&���	
�%)�����$(��$"�#�&�"	����(*���$�������
�	��%)�����$(��$ ���


��)+�,����$%)�����$(��$	
��?���#)�= *̂����(�
�$����#�+ "�#�
������%�%)���$���'�
��)+�,����$ 

���9:��( CCTO/CaTiO3 (CCT-CT-1 ��A� Ca2Cu2Ti4O12) ����#)�= *̂����(�
�$����#�+ : 

(A) CaTiO3, (B) BaTiO3, (C) Pb(Sc1/2Ta1/2)O3, (D) Pb(Ma1/3Nb2/3)O3, (E) CCTO, (F) 

CaCu2.97Mn0.03Ti4O12, (G) CaCu2.94Mn0.06Ti4O12, (H) Ca0.95Na0.05Cu3Ti4O12, (I) 

Ca0.95La0.05Cu3Ti4O12, (J) Ca0.95Sr0.05Cu3Ti4O12, (K) CaCu3Ti3.8Sn0.3O12 "�# (L) 

CaCu2.85Zn0.15Ti4O12 (Kobayashi, Terasaki, 2005)  

  

��$��$$����#�+$(*�?����
��)+%)�����$(��$��$����#)�= *̂����(�
�$����#�+"��
 ��������F�'����?�	'�

����������#)�= *̂	�������$	����$�*	
��'���� �A� ������#)�= *̂�
���'� (memory devices) )���?&� DRAM 

(Dynamic Random Access Memory) ,<��������&
��
���'�	
��
�
���+��� 9)�9��������@������#$��)�
� 

	���,
��(��*"�#?������(�
�$����#�+ (capacitance layer) )������$�����	<$���������� DRAM $��A�$��F&��

��#�+%>>B�%��$��%
����,��*���(�
�$����#�+������� "(&$��	
�@���� DRAM ��#$��)�
��,��*���(�
�$����#�+

,<��	'�����
������$
��
$��$�����
,<������#�+�����A�������$�
$�������
�	��%)�����$(��$�$�)�<�� (Waser, 2003) 

)������$��:�����+�$�I* DRAM �<�(���:����
��)+%)�����$(��$�
���&$��%�)�
� �
���+%>>B�����,��*(�
�$��

��#�+	
����&�� DRAM �����F�'��
I%)�)����$�� 
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phys

S
rS t

AC �� 0�                                            (2.4) 

 

��A�� SC  �A��
���+%>>B�����,��*(�
�$����#�+�� DRAM, r�  �A��&���	
�%)�����$(��$���
��)+	
��'�����#)�= *̂

�,��*(�
�$����#�+, SA  �A�:A��	
���
��������$9	�) "�# 
physt  �A��
�����������?���%)�����$(��$@�����,��* 

��$��$��	
� 2.4 :�
&�F��(���$���:����
���+%>>B�����,��*�� DRAM (����:���:A��	
���������$9	�)"�#�)

�
������,��*(�
�$����#�+@���� DRAM "�#�?�
��)+%)�����$(��$	
��
�&���	
�%)�����$(��$���"�#�����F�(�
��

����>��*����%)� "(&��$���?����������+���,<��(���$�� DRAM ����
���)���$��$ )�������<�%�&�����F�:���:A��	
�

��������$9	�) $���:����&��
���+%>>B�@���� DRAM �<�(���$��
��)+	
��
�&���	
�%)�����$(��$	
������$��

��#)�= *̂�����,��* 	'����$��:����������+�����(���� DRAM �A���A�������$$�����:� CCTO "�# LTNO 

	'����
��)+)��$�&�
�
�%)�����
������������&����$��$��	
��#�'�����#)�= *̂�����,��*(�
�$����#�+�� DRAM 

��A�����$
��)+	
��
�&���	
�%)�����$(��$���9)��Q:�#��&������ CCTO �����F�(�
��������&��������>��*����%)�9)�

:P(�$���	��%)�����$(��$������
��$=I#���A���)��	+$��#$��"�#�
�&���	
�%)�����$(��$���&��?&
� 103-104  
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�**?' 3 ��-?���*���� 

 

3.1 ���

�����%#��

��,�9�� CCTO 

$���������#�*
��)+��+@���#)����9����  CCTO �����
�����
�%)��?�
�K
$���(�
��9)�
�K
��&���&�� 3 
�K
 

�A� 
�K
9,����"��:


�� (PVA-sol gel solution) 
�K
%�&��
 (egg white) "�#
�K
:�������*�?��,��� 

(polymerized complex method) 9)�����#��
�)���
�K
$���(�
��"(&�#
�K
��+�%)�)��(&�%��
� 

3.1.1 ��-?�!��	�����?�?�� 

���(���(��	
��?���$�#�
�$���������#�*
��)+�� CCTO 9)�
�K
9,����"��:


�� �A� 

poly(vinylalcohol) (PVA) (Mn = 72,000), Cu(NO3)2·4H2O (99.5%), Ca(NO3)2·4H2O (99.9%) "�# 

Titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-propanol (99%) �����(��$���(�
��)�
�$���(�
��

����#������ PVA 5% ����'�����+	K�� 9)���)�
�"	&�"�&����$	
��+I�@��� 80 oC ��$�#	���%)���������:���

����* PVA ��$�����(��%����9��#������(���(�� Ca(NO3)2·4H2O Cu(NO3)2·4H2O "�#����#���%		�

��
�� ��������#���)��$�&�
�
� "�#����&��(&���A���	
��+I�@��� 100 oC ��$�#	���%)����"��� ���"���	
�%)�F�$

�'�%��)����#��
�)"�#�'�%����"��%,�*	
��+I�@��� 700 oC "�# 800 oC ����$�;�����
�� 8 ?��
9�� 

3.1.2 ��-?�929�� 

���(���(��	
��?���$�#�
�$���������#�*
��)+�� CCTO 9)�
�K
%�&��
 �A� Cu(NO3)2·4H2O 

(99.5%), Ca(NO3)2·4H2O (99.9%) "�# Titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-

propanol (99%) "�#%�&��
 �����(��$���(�
��)�
�$���(�
������#������%���
 (60 mL) ����'�����+	K�� (40 

mL) 9)���)�
�"	&�"�&����$	
��+I�@���������$�#	���%)�����#����� ��$�����(��%����9��#������(���(�� 

Ca(NO3)2·4H2O Cu(NO3)2·4H2O "�#����#���%		���
�� ��������#������%�&��
)��$�&�
�
� "�#����&��

(&���A���	
��+I�@��� 100 oC ��$�#	���%)����"��� ���"���	
�%)�F�$�'�%��)����#��
�)"�#�'�%����"��%,�*	
�

�+I�@��� 700 oC "�# 800 oC ����$�;�����
�� 8 ?��
9�� 

3.1.3 ��-?����������1��!&�� 

���(���(��	
��?���$�#�
�$���������#�*
��)+�� CCTO 9)�
�K
:�������*�?��,��� �A� citric 

acid (99.7%), ethylene glycol (99.5%), Cu(NO3)2·4H2O (99.5%), Ca(NO3)2·4H2O (99.9%) "�#   

Titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-propanol (99%) �����(��$���(�
��)�
�$���(�
��

����#������ citric acid �� ethylene glycol ����(���&
� 4 : 16 9)�9�� 9)���)�
�"	&�"�&����$	
��+I�@��� 

80 oC ��$�����(��%����9��#������(���(�� Ca(NO3)2·4H2O Cu(NO3)2·4H2O "�#����#���%		���
�� ��

������#���)��$�&�
�
� "�#����&��(&���A���	
��+I�@��� 280 oC ��$�#	����$�)����������
��'����� ���	
�%)�F�$

�'�%������"���	
��+I�@��� 350 oC �����
�� 1 ?��
9�� ���"���	
�%)�F�$�'�%��)����#��
�)"�#�'�%����"��%,�*

	
��+I�@��� 600 oC, 700 oC "�# 800 oC ����$�;�����
�� 8 ?��
9��  
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3.2 ���

�����%#��

���!����� CCTO 

$���������#�*
��)+�,����$ CCTO �����F�������#�*9)������(��)�
�$���'�
��)+��+@����9���� CCTO 

	
��������#�*%)���$$���(�
��	��� 3 
�K
�
� �'�%��<������������)"�&�$�� 9)�$����)���))�
�"������"��"$��)
��
 

��$�����'����)���	
�%)���$$���<�����%������<$�:A���������#�*
��)+�,����$ CCTO 	
��+I�@��� 1100 oC �����
�� 

16 ?��
9������$�; 

 

3.3 ���

�����%#��

�����6���%�
�����9�� LTNO 

$���������#�*
��)+��+@���#)����9����  LTNO �����
�����
�%)��?�
�K
$���(�
��9)�
�K
��&���&�� 3 
�K
 

�A� 
�K
9,����"��:


�� (PVA-sol gel solution) 
�K
$������(�
	���
������ (thermal decomposition 

method) "�#
�K
:�������*%:9�%�,
� (polymer pyrolysis method) 9)�����#��
�)���
�K
$���(�
��"(&�#
�K


��+�%)�)��(&�%��
� 

3.3.1 ��-?�!��	�����?�?�� 

���(���(��	
��?���$���������#�*��+@����9����
��)+�� LTNO 9)�
�K
9,����"��:


�� �A� 

Ni(NO3)2.6H2O (99.9%), LiNO3 (98%), Titanium(diisopropoxide) bis(2,4-pentanedionate) 75 wt% 

in 2-propanol (C16H28O6Ti) (99%), citric acid (C6H8O7.H2O, 99%) "�# polyvinyl alcohol (PVA)   

([–CH2CHOH–]n, Mn = 72000) �����(��)�
�$���(�
������#������ PVA "�# citric acid ����'�����+	K�� 

"�#����&��(&���A���	
��+I�@��� 200 oC ��$�#	���%)��������A) ��$�����(��%����9��#������(���(�� 

Ni(NO3)2.6H2O, LiNO3 "�#����#���%		���
����������#��� PVA )��$�&�
�
� "�#����&��(&���A���	
�

�+I�@��� 280 oC ��$�����'����"���%���	
��+I�@��� 350 oC �����
�� 1 ?��
9�� ���"���	
�%)�F�$�'�%��)����#

��
�)"�#�'�%�"��%,�*	
��+I�@�����#��I  650 oC �����
�� 10 ?��
9�� 

3.3.2 ��-?���
����
�*�������&�� 

���(���(��	
��?���$���������#�*��+@������� LTNO 9)�
�K
9,����"��:


�� �A� 

(CH3COO)2Ni.4H2O (99.0%), C2H3LiO2.2H2O (97.0%) "�# Titanium(diisopropoxide) bis(2,4-

pentanedionate) 75 wt% in 2-propanol (C16H28O6Ti) (99%) $���(�
�����9)�
�K
)��$�&�
�
�����
�K
$��

�(�
��
��)+��	
��
�
���&�� �����(��)�
�$���#������(���(��	������?��)������'�����+	K�� "�#�'�����#���

)��$�&�
�
�%�"��%,�*	
��+I�@��� 650 °C �����
�� 10 ?��
9�� 

3.3.3 ��-?���������������!?
 

���(���(��	
��?���$���������#�*��+@����9����
��)+�� LTNO 9)�
�K
:�������*%:9�%�,
� 

�A� Ni(NO3)2.6H2O (99.9%), LiNO3 (98%), Titanium(diisopropoxide) bis(2,4-pentanedionate) 75 

wt% in 2-propanol (C16H28O6Ti) (99%), (NH4)2S2O8 "�# acrylic acid �����(��)�
�$���#������(���(��

��� Ni(NO3)2.6H2O (99.9%), LiNO3 (98%) "�# C16H28O6Ti ��������#������ acrylic acid 	
����$��

��'�����+	K��)�
���(���&
� 70 : 30 9)���'����$ )�
�$����)�
�"	&�"�&����$��&��(&���A���	
��+I�@��� 100 oC 

��$�����(������#��� 5% ��� (NH4)2S2O8 ����'�����+	K�� ��������#������%�������9��#������(���(�� 
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��$�����'����	
�%)�%���"���	
��+I�@��� 350 oC �����
�� 1 ?��
9�� ���"���	
�%)�F�$�'�%��)����#��
�)"�#�'�%�

"��%,�*	
��+I�@�����#��I  700 oC �����
�� 5 ?��
9���
 

3.4 ���

�����%#��

���!����� LTNO 

$���������#�*
��)+�,����$ LTNO �����F�������#�*9)������(��)�
�$���'�
��)+��+@����9���� LTNO 

	
��������#�*%)���$$���(�
��	��� 3 
�K
�
� �'�%��<������������)"�&�$�� 9)�$����)���))�
�"������"��"$��)
��
 

��$�����'����)���	
�%)���$$���<�����%������<$�:A���������#�*
��)+�,����$ LTNO ��?&
��+I�@��� 1200- 

1280 oC ����$�;�����
�� 4 ?��
9�� 

�'�����$���(�
��
��)+��"�#
��)+�,����$ NiO $�+&��A��� �A� (Li,Fe)NiO, (Li,Al)NiO, "�# 

(Li,V)NiO %)��(�
��9)�
�K
$�����&��
�"(&���
������(���(����$ C16H28O6Ti ���� Fe(NO3)3.9H2O, 

C10H14O5V "�# C2H5O4Al (���'�)�� 

 

3.5 ������?���

��,���%�

���!����� CCTO-LTNO ���������
��    


��)+�� CCTO-LTNO ��9����9:��( �#�(�
��)�
�
�K
�,����$"��)����)�� (conventional powder 

processing route) 9)��?���(���&
����� (1-x)CCTO-xLTNO 9)�	
� 0.10 � x � 0.5  ��$���(�
��	'�9)�

$���'�
��)+�� CCTO ���$�� LTNO ����K����"�#	'�$���))�
���$�) ZrO2 �����
�� 12 ?��
9�� ��$����

�'�
��)+���9:��(��� CCTO-LTNO %����"��� (��)�
��)"�#�&���:A�����%)�
��)+�� CCTO-LTNO ��9�

���9:��( 
��)+����9����9:��(	
�%)�F�$�'�%��<������������)"�&�$�� 9)�$����)���))�
�"������"��"$�

�)
��
 "�#�����<$	
��+I�@��� 1100 oC ����$�;�����
�� 6 "�# 16 ?��
9�� 

 

3.6 ���

�����%#��

���!����� CuO 

$���������#�*
��)+�,����$ CuO �����F�������#�*9)������(��)�
�$���'�
��)+�������� CuO 	
��
�
��

����+	K����� (99.999%) ��$���=�	 Cerac �'�%��<������������)"�&�$�� 9)�$����)���))�
�"������"��"$�

�)
��
 ��$�����'����)���	
�%)���$$���<�����%������<$�:A���������#�*
��)+�,����$ CuO 	
��+I�@��� 920-980 oC 

�����
�� 10 ?��
9������$�; 

 

3.7 ���+;�(��
�(�%9���

��,� CCTO ��% LTNO  

3.7.1 TGA-DTA 
��)+�� CCTO 	
��������#�*%)��#F�$�'���;<$=�)�
��	���� Thermogravimetric-

differential thermal analysis (TGA-DTA)  �:A����#��I�+I�@������$������(�
 (decomposition)  "�#$��

���
���"����>� (phase change)  	
��$�)�<����
��)+(���(�����	
��(�
��%)�  9)���$��	)��� ��
��)+(�
��&���#

F�$����
������)�
���(��$���:����+I�@���  10-20 oC/��	
  ��?&
��+I�@���  20-1000 oC�
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3.7.2 X-ray diffraction (XRD) �	���� XRD �#F�$�?��:A�����>����9�����<$ (crystal phase 

identification) "�#�����#��I���)�����<$  (crystallite side, D) %)�9)�:����I���$ line broadening  ���

:
�  XRD  	
��$�)�<��"�#�?���$�����  Scherrer (Scherrer formula)  �'��
I�� D  ��$�
�
������������������������������������

��
�

cos
kD � ��������������������������������������(3.1) 

                                     

 

9)�	
�  � �A��+���
��
���, � �A��
����
��A����� X-ray (��$�I
��� CuK�, � =0.15406)  k  �A��&���	
� 

(=0.89) "�#  � �A�  line width at half maximum (LWHM)  ,<�� 

 

                   22
0 i��� ��                                   (3.2)   

 

9)�	
�  �0 "�#  �i  �A�  LWHM  ��$:
�  X-ray  	
�
�)%)�"�#��$��	K�:�������A����A� (
�)9)��?�
��)+���

�	
��) (���'�)�� 

3.7.3 Raman Spectroscopy (RS) �	���� RS �?�;<$=����*��#$���>�"�#9�����������
��)+ 

3.7.4 FT-Infared Spectroscopy (FT-IR)  �?��'�����;<$=��:A�����������?���+I@�:�$
��
$��
�K
	
�

9���$+�	
�)�)$�A�����
���>���)
&��$�#����:��K#$��$����
  "�#�����$������	��9��������������"����
$)�
� 

3.7.5 SEM  ��%  TEM �	����  SEM  "�#  TEM  �?��'����������)��+@��"�#��$=I#���^��

���
��)+�� 

�
3.8 ���+;�(��
�(�%9���

�� CCTO, LTNO ��% CCTO-LTNO ���������
��*?',2������,�,�;� 


��)+��	
��(�
��%)��#F�$�'�����)�<�����"�#;<$=�:P(�$���$�������<$ (sintering) 
��)+�� CCTO ���

��<$	
��+I�@���  1000-1200oC  ����$�;  �����
�� 16 ?��
9�� 9)��?���(��$���)"�#�:����+I�@���(�'��    

(~ 3 oC/��	
) �&
� LTNO �����<$	
��+I�@�����#��I  1280 oC  ����$�;�����
�� 4 ?��
9�� 9)��?���(��

$���:���"�#�)����+I�@��� 3 oC/��	
 "�#
��)+ CCTO-LTNO ��9����9:��( �����<$	
��+I�@�����#��I  

1100oC ����$�;�����
�� 12 ?��
9�� 
��)+	
��&��$�������<$"��
�#F�$;<$=���$=I#9)��	���� XRD, Raman 

Spectroscopy "�#
��)+(�
��&��	
��(�
��%)��#F�$�'�%�;<$=�9��������	���+�@�� (microstructure) 9)��	���� 

SEM  "�# TEM�
�
�
�
�
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3.9 ���+;�(�
��
��*��������������9���

���!�����*?'���?����& 

���&
��
��#	'�$��;<$=�$��(������	��%)�����$(��$���
��)+	
��(�
��%)�9)��?��	���� Impedance 

analysis "�# Board-band dielectric spectrometry "�#;<$=�������+I�@���(&��&���	
�%)�����$(��$ (��) "�#

;<$=�������+I�@���(&��&�  los tangent (tan�) 	
��
��F
�  100  Hz F<� 1 MHz 	
�9
��(�$������ (oscillation 

voltage) 1 9
�(*  9)��?��+I�@�����?&
� -50 F<� 200 oC   

 

3.10 ���+;�(���*-���9�� heat treatment �2�
��
��*�������������� 

$��;<$=���	K�:���� heat treatment  	'�9)�$�� annealing 
��)+ CCTO, LTNO "�# CCTO-LTNO 

��9����9:��(	
��&��$�������<$"��
 �������$�;$��,�QA��� �?&� ���*$�� "�#/��A�%�9(���� 	
��+I�@��� 

1000 oC �
��(&��$�� 5, 10, 15 ?��
9�� ��$����	'�$��
�)�&���	
�%)�����$(��$"�#���
���	�
��$��
��)+	
�%�&%)�

	'� heat treatment   

 

3.11 ���+;�(���*-���9��������&��2�
��
��*��������������  

$��;<$=���	K�:�����
������(&�����(�	��%)�����$(��$	'�9)�$��
�)����(�	��%)�����$(��$���
��)+ 

CCTO, LTNO "�# CCTO-LTNO ��9����9:��(	
��&��$�������<$"��
 "�#�&��$�������<$"�# heat 

treatment 9)��?��#��
�)%)�����$(��$@���(�"������"$��)
��
:����?+)���A����A���)"������"��"$��)
��
 

(uniaxial compressonometer)4 �
�

3.12 ���������%#�9&�������*�����*?���
�*>(k?��:'��-������������?�2���*?'������������*?'
��  

���&
��
��#	'�$��$��
�����#�*������$��	)������
���	
��$���?��	P=�
�:A���K����$�%$$���
�&���	
�

%)�����$(��$	
������$��
��)+$�+&� CCTO LTNO "�# CCTO-LTNO ��9����9:��( 9)��#:����I���$��

$��
�)�&� dielectric dispersion (�� "�# ���) "�#�	
��$��"���'������� Cole-Cole ��A�"���'�����A�� �?&� 

Maxwell-Wagner model ��A� Internal boundary barrier capacitors (IBLC) model �:A��(�
����:P(�$���

	��%)�����$(��$"�#�����F�K����$�%$$���
�&���	
�%)�����$(��$	
������$��
��)+$�+&��
�%)�   

                                                           
4
 ��@��6
� -%.
�.�������  ��A�����B  �����E��F����!  �9/�����%����! �����������
E���:��� 
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�**?' 4 ,������	
���%�6�$���,��
 

�����
�����
�%)��+&�����	
��#;<$=��+I����(�	��%)�����$(��$"�#������+�����(�	��%)�����$(��$���
��)+

�,����$ CCTO, (Li,Ti)NiO �
�	���
��)+�,����$ NiO $�+&��A��� "�# 
��)+���9:��( CCTO-LTNO (��)��


��)+�,����$ CuO 	
��
�
������+	K����� �:A�����%)�
��)+�,����$	
��
����(�	��%)�����$(��$	
�)
"�#����#"$&$��

��#�+$(*�?�������+(���$��������$	����$�* ��$��
������9���$���
�%)�"�&���$���� 4 �&
�(��$�+&����
��)+

�,����$(&��� )��(&�%��
���
 

4.1 
��
��*��������������9���

���!����� CaCu
3
Ti

4
O

12
 (CCTO) *?'���?�������-?*�����?�2��I  

4.1.1 �

���!����� CaCu
3
Ti

4
O

12
 (CCTO) *?'���?�������-?����������1��!&��  

$���(�
��
��)+�� CCTO 9)�
�K
:�������*�?��,�������
�K
$���(�
�����	�����
	
������F

�������#�*
��)+��	
��
���)��+@�����$���#)����9���(� "�#�
$��$�#���(�
��&�����'����� 9)���;��

9����&��:�������*��� ethylene glycol ��$��(�<�%�������9��#���(���(��	
������%�(����)�&
��'��
�9��

	
��#$&�����$�)���*��#$����� CCTO ���:�������*	
��
%�������9��#$�#������&@������&�����'�����

)��$�&�
�
��#F�$�'���"���	
��+I�@��� 350 oC �����
�� 1 ?��
9�� "�#�'�%�;<$=�$������(�
	���
������)�
�

�	���� TG/DTA �:A����#��I?&
��+I�@���"��%,�*	
�����#�� )��"�)���@�:	
� 4.1 $�������
��
�����#

�$�)��&����$��?&
��+I�@�������F<��+I�@�����#��I 500 oC $�������
�)��$�&�
�
��$�)��$$������(�
�����'�

"�#�����#$�����	�
�*(&��� 	
��$
��
����$�����:�������* 	
��+I�@������$
&� 500 oC �
�����
$�����
���"���

������$ ,<��?&
��+I�@���)��$�&�
�
���)
&��#����?&
��+I�@���	
������F	'�����$�)�>���������#$�� CCTO 

)���������
�������&
��
��<���A�$?&
��+I�@���$��"��%,�*��?&
� 600-800 oC �����
�� 8 ?��
9�� ��$��;<$=�

9����������<$���
��)+�� CCTO 	
��&��$��"��%,�*	
��+I�@���(&��� "�)�)��@�:	
� 4.2 ��$��	)���:�
&� 


��)+�� CCTO �����F�������#�*%)�9)��?�$���(�
��
��)+��9)�
�K
:�������*�?��,��� "(&������$�)�>���A���

��
��)+�� �A��>���� CaTiO3  CuO  "�# TiO2 ��$���"��$����
��
����������
��$,*��
��)+�������F�#�+%)�


&�
��)+�� CCTO  �
9��������"����$��;$* �&���	
���<$���
��)+��	
��&��$��"��%,�*	
��+I�@��� 600 oC  700 
oC "�# 800 oC �����F�'��
I%)���$���"��$����
��
���"�#�
�&���#��I 7.374±0.002 Å   

7.389±0.001 Å "�# 7.398±0.002 Å (���'�)��  
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6��*?' 4.1 $������(�
	���
��������?&
��+I�@������� F<� 1000 oC ������"���	
���#$��)�
�%�������

9��#(����)�&
��'��
�9����� CaCu3Ti4O12  "�#9����&��:�������*��� ethylene glycol  

 

 

 
 

6��*?' 4.2 ���"��$����
��
����������
��$,*��
��)+�� CCTO 	
��&��$��"��%,�*	
��+I�@��� ($) 600 oC  

(�) 700 oC "�# (�) 800 oC �����
�� 8 ?��
9�� (+ CaTiO3, * CuO, A Anatese TiO2 "�# R 

Rutile TiO2) 

 

 

($)

(�)

(�)



 51

 
 

6��*?' 4.3 ���"��$����
��
����������
��$,*��
��)+�,����$ CCTO 	
��&��$�������<$	
��+I�@��� 1100 oC 

�����
�� 16 ?��
9�� 9)��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� ($) 600 oC         

(�) 700 oC "�# (�) 800 oC �����
�� 8 ?��
9�� (+ CaTiO3 "�# * CuO) 

 


��)+�� CCTO 	
��&��$��"��%,�*	
��+I�@���(&��� �
�%)�F�$�'�%������<$	
��+I�@��� 1100 oC 

�����
�� 16 ?��
9�� 
��)+�,����$	
��������#�*%)�)��$�&�
�
�F�$�'�%�;<$=�9����������<$9)��	���� XRD )��

"�)���@�:	
� 4.3 ������$$�������<$ �>���A������ TiO2 %�&�����F:�%)������"��$����
��
����������


��$,*��
��)+�,����$ CCTO "�#�>���A������ CaTiO3 "�# CuO �
�����I	
��)��������&����$ )��"�)���

@�:	
� 4.3(�) "�# 4.3(�) 9��������	���+�@�����
��)+�� (@�:	
� 4.4($)-4.3(�)) "�#
��)+�,����$ 

(@�:	
� 4. 4(�)-4.3(Q)) CCTO F�$;<$=�)�
��	���� SEM "�# TEM 
��)+��	
��������#�*%)���$$��"��%,�*

	
��+I�@���(&��� �
$���$�#�
�(�
$�������+@��"�#�
���)���&��?&
� 50-400 nm 9)����)��+@���
"�
9���

	
����&�<��(���+I�@������$��"��%,�*	
��:����<�� ��$$��;<$=���$=I#�����+@����9)��?��	���� TEM )��

"�)���@�:	
� 4.5 :�
&���+@���� CCTO 	
��&��$��$��"��%,�*	
��+I�@��� 600 oC 700 oC "�# 800 oC �


���)��#��I  30.9±7.8 nm  58.7±45.4 nm "�# 85.3±39.9 nm (���'�)�� 9)��&�)��$�&�
�
��
�&��$����
��

$���&�	
��'��
I%)���$���"��$����
��
����������
��$,*��
��)+ 9)��&�	
��'��
I%)��
�&���#��I 43.8±15.6 

55.4±20.1 "�# 70.9±22.6 nm �'�����
��)+��	������ (���'�)�� ��$=I#:A����
���
��)+�,����$  "�)�)��

@�:	
� 4.4(�)-4.4(�) 9��������	���+�@����#$��)�
��$�� (grain) "�#����$�� (grain boundary) 9)�

���)�$���Q�
�����
��)+�,����$	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 600 oC 700 oC "�# ��
800 oC �
�&���#��I 11.9±4.0 �m 14.8±6.2 �m "�# 10.8±4.5 �m (���'�)��           

 

 

 

 

 

($)

(�)

(�)
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6��*?' 4.4 @�:F&�� SEM ���
��)+��	
��&��$��"��%,�*	
��+I�@��� ($) 600 (�) 700 "�# (�) 800 oC  

�����
�� 8 ?��
9�� "�#@�:F&�� SEM ���
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��$��

"��%,�*	
��+I�@��� (�) 600 oC (�) 700 oC "�# (Q) 800 oC 

 

 

 

 

 

 

 

 

 

 

 

($) 

(�) 

(�) 

(�) 

(�) 

(Q) 
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6��*?' 4.5 @�:F&�� TEM ���
��)+��	
��&��$��"��%,�*	
��+I�@��� ($) 600 oC (�) 700 oC "�#           

(�) 800 oC �����
�� 8 ?��
9��  

 


��)+�,����$ CCTO 	
��&��$��;<$=�9����������<$"�#9��������	���+�@��)�
��	���� XRD 

"�# SEM F�$�'���;<$=�����(�	��%)�����$(��$	
��
��F
�"�#�+I�@���(&��� )��"�)���@�:	
� 4.6 
��)+�,����$ 

CCTO 	
��������#�*%)���$
�K
:�������*�?��,����
�&���	
�%)�����$(��$ (��) 	
������$ 9)��
�&����&���#)����� 

104 9)������&�	
��$����
��$���&�	
�%)���$
��)+�,����$ CCTO 	
��������#�*9)�
�K
$�����(��"��)����)�� (Solid 

State Reaction Method) ��$$��������$�+&�"�$��� Subramanian "�#�I# (Subramanian et al., 2000; 

2002) �
$	����&� �� �
$�����
���"���$���+I�@���"�#�
��F
�������$ ,<���+I����(�)��$�&�
�
�������<����

�+I����(�	
�(���$���'�����$���'�
��)+%���#�+$(*����(�
�$����#�+ "�#�+�$�I*�
���'� �?&� "�� ��?&
��
��F
� 

100 kHz-1 MHz �&� �� �
�&��)����&���
)���
 :P(�$���	��%)�����$(��$)��$�&�
�
� ��
�$
&�:P(�$���$��

�&������	��%)�����$(��$ (Dielectric relaxation) 9)�	
��
��F
�(�'� �&� �� 	
�����$�)�<����A�����$%)9:�%>>B�    

�
$��(������	��%>>B���&���(��	
� ��A�%)9:�%>>B��
�
����$:��'�����$�$���	�;(������%>>B� "(&��A��

�
��F
��:�����$�<�� $�����
���	�;(������%>>B����%)9:��$�)�<��%)���$�<�� %)9:�%>>B��&
����&��
��)+ 

($) 

(�) 

(�) 
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�,����$%�&�����F���
���	�;%)�(������%>>B� )������$��(������	��%)�����$(��$�<��
�&��)�� $���)��

��&��Q��:�������&� �� ��$�#�$�)�<��:����� $��$���$�):
�����&� ��� )��"�)���@�:	��)����
��A����@�:

	
� 4.6 ��A���:����+I�@������$��	)����<�� :�
&�?&
����$���)����&��Q��:�������&� �� "�#('�"��&�:
����

�&� ��� �
$�����A���	
�(��	�;	������
��F
�����%>>B�	
��:����<�� :P(�$���	��%)�����$(��$)��$�&�
�
� ��
�$
&� 

$���&������	��%)�����$(��$	
�F�$$�#(+��)�
��
������ (thermally activated dielectric relaxation) ��?&
�

�
��F
��������%>>B� 100 Hz - 1 kHz 	����&� �� "�#�&���� �
�&��:�����$�<����A���
��F
��������%>>B�	
�

�)�� 9)�	��
%��#:�
&���������A�������$��	K�:����$���'�%>>B�$�#"�(��	
��$�)�<����%)�����$(��$      

(Wu et al., 2002) 9)�����$�)��$$�����A���	
������#�+:��#�&������$��,<���
����(�	��%>>B�����Q�
�

��A���	
��$���$�� (Sinclair et al., 2002; Chung et al., 2004; Adams et al., 2002; 2006) )������ $���


�&���	
�%)�����$(�$	
������$���
��)+�,����$ CCTO �<��?A��
&��$�)��$:P(�$���	��%>>B�	
�����$�� �����A��$�)

$��9:��%��,?��	��%>>B�	
�����$�����
��)+�,����$ CCTO ,<���&���9)�(��(&� �&� ��              
9)���;���
�����:��K*����
�����$���&������ (
) $�� �
��F
��������%>>B���$��$�� 

 

                                                                   (4.1) 

 

��������F�'��
I���&� 
 	
��+I�@���(&��� %)� 9)� fp �A��
��F
��������%>>B� I ('�"��&�:
���� ���     )��

"�)���@�:	
� 4.7 $�����
���"�������&� 
 $���+I�@����
:P(�$���	
�����%�(��$���� Arrhenius )��

��$��  

 

                                                                                     (4.2) 

 

��A�� Ea �A��&�:������$�#(+����$�#�
�$���&������	��%)�����$(��$ kB �A��&���	
���� Boltzmann "�#      

T �A��+I�@�������&
����
�� ��$��	)���:�
&��&�:������$�#(+��	
��?���$�#�
�$���&������	��        

%)�����$(��$��
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 600 oC   700 oC  "�# 

800 oC �
�&��	&�$��	������(�
��&�� �A� 0.116 eV �&�:������	
��'��
I%)��
�&��$����
��$���&�	
�%)���$$��

���������$�+&�
�����A��� 	
��
�&����&��?&
� 0.06-0.130 eV (Sinclair et al., 2002; Zhang et al., 2005; 

Shao et al., 2006; Liu et al., 2006) �&�:������	
��'��
I%)����&��
��
�&�	
�"($(&��$���:
�����$���� 9)����

�$�)��$�
��"($(&��$�����$�#�
�$���(�
�� �
�	����+I�@���"�#�
�����$�������<$ ,<���&���(&���A���F<�

�����I?&��
&�������$,����	
��$�)�<����9�������� "�#%)��&���(&�����(�	��%>>B�"�#����(�	��%)�����$(��$

���
��)+�,����$ CCTO 
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6��*?' 4.6 $�����
���"���$���
��F
�"�#�+I�@�������&���	
�%)�����$(��$ (��) "�#�&�$�������
�	��    

%)�����$(��$ (���) ���
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 

($) 600 oC (�) 700 oC "�# (�) 800 oC  

 

  

 

 

($) 

(�) 

(�) 
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6��*?' 4.7 $�����
���"���$���
��F
�����
�����$���&������	��%)�����$(��$ (
) ���
��)+�,����$ 

CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 600 oC ��700 oC   "�# 800 oC  

 

 

4.1.2 �

���!����� CaCu
3
Ti

4
O

12
 (CCTO) *?'���?�������-? PVA �!��	� 

9����&��:�������*	
��?�(�<�%�������9�#�#���(���(�� �A� poly(vinyl alcohol) (PVA)     

���:�������*"������� PVA 	
��
%�������9��#$�#������&@������&�����'�����F�$�'�%�;<$=�$������(�


	���
������)�
��	���� TG/DTA �:A����#��I?&
��+I�@���"��%,�*	
�����#�� )��"�)���@�:	
� 4.8 

:P(�$���$������(�
	���
�������
��$=I#	
�(&����$$���(�
��9)�
�K
:�������*�?��,��� $�&�
�A� $�������
�

�
�����#�$�)�<���� 2 ?&
��+I�@��� ��?&
��+I�@�������F<��+I�@�����#��I 500 oC "�#?&
� 500-700 oC 

�
�����������	
�	
��+I�@������$
&� 700 oC  )���������
�������&
��
��<���A�$?&
��+I�@���$��"��%,�*��?&
� �
700-800 oC �����
�� 8 ?��
9�� ��$��;<$=�9����������<$"�#$���$�)�>���� CCTO 	
��&��$��"��%,�*   

	
��+I�@���(&��� "�)�)��@�:	
� 4.9($) :�
&��>���������#$����$%,�* CaCu3Ti4O12 �����F����$(%)�

��$���"��$����
��
����������
��$,* "(&�>���A������ CaTiO3  CuO  "�# TiO2 ���:��������I	
���$  

��$���"��$����
��
����������
��$,*��
��)+�������F�#�+%)�
&�
��)+�� CCTO  �
9��������"����$��;$* 

�&���	
���<$���
��)+�� CCTO 	
��&��$��"��%,�*	
��+I�@��� 700 oC "�# 800 oC �����F�'��
I%)���$

���"��$����
��
���"�#�
�&���#��I 7.373±0.002 Å "�# 7.390±0.002 Å (���'�)�� ��&��%�$�(��        

�
�:
���>���A������ CaTiO3 �	&�����	
������F����$(%)���
��)+�,����$	
��&��$�������<$	
��+I�@��� 1100 oC 

�����
�� 16 ?��
9�� )��"�)���@�:	
� 4.9(�) �&���	
���<$	
��'��
I%)��
�&� 7.387±0.003 Å "�# 

7.388±0.003 Å �'�����
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 700 oC "�# 

800 oC (���'�)�� @�:F&��
��)+�� CCTO "�)�)��@�:	
� 4.10($) "�# 4.10(�) 
��)+���
���)��#��I 

100-200 nm 9��������	���+�@�����
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
�
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�+I�@��� 700 oC "�# 800 oC "�)�)��@�:	
� 4.10(�) "�# 4.10(�) ���)�$���Q�
�����
��)+�,����$	������

�
�&���#��I 14.7±4.2 �m "�# 13.5±4.8 �m (���'�)��       

 

 

 

 

 

 

 

 

 

6��*?' 4.8 $������(�
	���
������������"�����?&
��+I�@������� F<� 1000 oC 	
���#$��)�
�%�������

9��#(����)�&
��'��
�9����� CaCu3Ti4O12 "�#:�������* PVA   

 

 

 

                                           

 

 

 

 

 

 

 

 

 

6��*?' 4.9 ���"��$����
��
����������
��$,*��� ($) 
��)+�� CCTO 	
��(�
��9)�
�K
 PVA 9,���� "�#   

(�) 
��)+�,����$ CCTO (+ CaTiO3, * CuO, A Anatese TiO2 "�# R Rutile TiO2)   

 

 

 

 

 

($) (�) 
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�
 

 

 

 

 

6��*?' 4.10 @�:F&�� SEM ���
��)+�� CCTO 	
��&��$��"��%,�*	
� ($) 700 oC "�# (�) 800 oC �����
�� 

8 ?��
9�� "�#:A����
���
��)+�,����$ CCTO 	
��&��$�������<$	
��+I�@��� 1100 oC �����
�� 16 

?��
9�� �������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� (�) 700 oC "�# (�) 800 oC    

 


��)+�,����$ CCTO 	
��������#�*9)�
�K
 PVA 9,����	
��&��$��;<$=�9����������<$"�#

9��������	���+�@��)�
��	���� XRD "�# SEM F�$�'���;<$=�����(�	��%)�����$(��$	
��
��F
�"�#�+I�@���

(&��� )��"�)���@�:	
� 4.11 
��)+�,����$ CCTO 	
��������#�*%)�)��$�&�
�
��
�&���	
�%)�����$(��$ (��) 	
������$ 

9)��
�&����&���#)����� 104-105 	
��
��F
� 100 Hz 9)������&�	
��$����
��$���&�	
�%)���$
��)+�,����$ CCTO 	
�

�������#�*9)�
�K
$�����(��"��)����)�� (Solid State Reaction Method) ��$$��������$�+&�"�$��� 

Subramanian "�#�I# (Subramanian et al., 2000; 2002) "�#	
��
��F
�)��$�&�
�
� �
�&� �� 	
����$
&�
��)+  

�,����$ CCTO 	
��������#�*��$
�K
:�������*�?��,��� ��&��%�$�(���&� �� �
$�����
���"���$���
��F
���$$
&�


��)+�,����$ CCTO 	
��������#�*��$
�K
:�������*�?��,��� 9)��&� �� �
�&��)����&��(&���A�����A���
��F
��:�����$

�<�� ,<���+I����(�)��$�&�
�
�%�&����	
�(���$���'�����$���'�
��)+%���#�+$(*����(�
�$����#�+ ��?&
��
��F
� �����
100 kHz-1 MHz �&� �� �
$���)����&���
)���
 "�#��)�����$��$���$�):
�����&� ��� )��"�)���@�:	
� 

4.11(�) "�# 4.11(�) :P(�$���$���&������	��%)�����$(��$	
��$�)�<��	
��
��F
�����
������$��$���&������

	��%)�����$(��$	
��$�)�<����
��)+�,����$ CCTO 	
��(�
��9)�
�K
:�������*�?��,��� 9)�?&
����$���)����&��

($) 

(�) 

(�) 

(�) 
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Q��:�������&� �� "�#('�"��&�:
�����&� ��� �
$�����A���	
�(��	�;	������
��F
�����%>>B�	
��:����<�� ��?&
�

�
��F
� 100 Hz - 1 kHz 	����&� �� "�#�&� ��� �
�&��:�����$�<����A���
��F
��������%>>B�	
��)�� ,<��������

��A�������$��	K�:����$���'�%>>B�$�#"�(��	
��$�)�<����
��)+%)�����$(��$ (Wu et al., 2002) �
�
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.11 $�����
���"���$���+I�@���"�#�
��F
�����&� �� "�# ��� ���
��)+�,����$ CCTO 	
��������#�*

��$
��)+��	
��&��$��"��%,�*	
��+I�@��� ($)-(�) 700 oC "�# (�)-(�) 800 oC    

 

 

 

 

 

 

 

 

($) (�) 

(�) (�) 
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6��*?' 4.12 $�����
���"���$���+I�@������ ($) �
�����$���&������	��%)�����$(��$ "�# (�) �@�:�'�

%>>B�$�#"�(��   

 

��$��$��	)��� �
�����$���&������	��%)�����$(��$"�#�@�:�'�%>>B�$�#"�(��      

(�dc) 	
��+I�@���(&��� �����F�'��
I%)�)����$��	
� 4.1 "�# 4.3 )���
� �
 

                                                                                                  (4.3) 

 

(���'�)�� )��"�)���@�:	
� 4.12($) "�# 4.12(�) $�����
���"���$���+I�@�������
�����$���&������

	��%)�����$(��$"�#�@�:�'�%>>B�$�#"�(������%�(��$���� Arrhenius )����$��	
� 4.2 "�# 4.4 

(���'�)�� 

 

                                                                                  (4.4) 

 

��$�
�����:��K*�?���������$�����
���"���$���+I�@�������
�����$���&������	��%)�����$(��$"�#�@�:

�'�%>>B�$�#"�(�� �&�:������$�#(+���'�����$�#�
�$���&������	��%)�����$(��$ (Ea) "�#$���'�%>>B�

$�#"�(�� (Edc) �����F�'��
I%)� "�#��+�%)�)��(����	
� 4.1 9)���;��"���'�����&������	��%)�����$(��$

��� Maxwell-Wagner polarization 	
�����$�� ��A�	
���
�$
&� $��9:��%��,?��"����
������@���� 

(interfacial polarization) �����F"�)�%)�
&� (Liu et al., 2006)  

 

($) (�) 
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                                                                                 (4.5) 

 

��A�� Rg "�# Rgb �A��
��(���	������$��"�#����$�� Cg "�# Cgb �A��&��
���+%>>B��������$��"�#���

�$�� (���'�)�� ��$��$��;<$=�:�
&� Rgb "�# Cgb �
�&���$$
&� Rg "�# Cg ��$ (Sinclair et al., 2002) 

)������ ��$��	
� 4.5 �����F��
�����&���� 

 

                                                    (4.6) 

 

��A�� 
g �A��
�����$���&���������$��(������	��%)�����$(��$	
��$�)�<��@�����$�� ��$��$��	)���

:�
&� �&� Cgb "�# Cgb %�&���
���"���$���+I�@��� (Sinclair et al., 2002) )������ ��$��	
� 4.2 �����F��
��

���&%)�)���
� 

 

                           

       (4.7) 

 

 

��$��$��	
� 4.7 �#����%)�
&� 	���$���&������	��%)�����$(��$"�#�@�:�'�%>>B�$�#"�(��	
��$�)�<����
��)+

�,����$ CCTO �
$�����
���"���(���+I�@���	
����A��$�� ,<����)�����$����$��	)���)��(����	
� 4.1 ����
�&�:������$�#(+��	�������
�&�	
��$����
��$�� )������ ��$��$��	)���)��$�&�
 �����F��+�%)�
&�$���
�&�     

��	
�%)�����$(��$	
������$��� CCTO ����#�
�
�����:��K*$��$���'�%>>B�$�#"�(��	
��$�)�<����
��)+ 

��)�����$��$�#�
�$��9:��%��,?��"����
������@����     

 

�����*?' 4.1 :������$�#(+���'�����$�#�
�$���&������	��%)�����$(��$ "�#$���'�%>>B�$�#"�(�� 

 

��
������%��&� (eV) CCTO �!�����

�����%#�	���

��,����

�!��*?'���#6����2��I (E
a
) (E

dc
) 

700 oC 0.122 0.132 

800 oC 0.122 0.112 
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4.1.3 �

���!����� CaCu
3
Ti

4
O

12
 (CCTO) *?'���?�������-?�929�� 

���&
����$��	)����
�%)��?�9����&�����:�������*K���?�(� 9)��?�%�&��
"	�9����&�����

:�������*	
���$ PVA "�# ethylene glycol �����(��$���(�
��9)������'�"�#%�&��
����(���&
� 2 (&� 3 

������$�����<��(���$�A�%��(�	���%����9��#��%�(����)�&
��'��
�9��	
��#�����F�$�) CaCu3Ti4O12 %)�  

���"������9��(
�%�&��
	
��
%�������9��#$�#������&@������&�����'�����F�$�'�%�;<$=�$������(�
	��

�
������)�
��	���� TG/DTA �:A����#��I?&
��+I�@���"��%,�*	
�����#�� )��"�)���@�:	
� 4.13 

:P(�$���$������(�
	���
�������
��$=I#	
�(&����$$���(�
��	������
�K
	
��&���� $�&�
�A��
�����������	
� 

	
��+I�@�����#��I 350 oC :P(�$���)��$�&�
�
��&�?
�
&� $���$�)�>���� CCTO ����#�$�)%)�	
��+I�@���(�'�$
&�

	������
�K
	
��&���� ��A�$��$&�(�
�����<$����#)
$
&�  ��&��%�$�(���:A������$�����
���	
����$��	)���$��

$���(�
�����	������
�K
	
��&���� )���������
�������&
��
��<���A�$?&
��+I�@���$��"��%,�*��?&
� 700-800 oC 

�����
�� 8 ?��
9�� ��$��;<$=�9����������<$"�#$���$�)�>���� CCTO 	
��&��$��"��%,�*	
��+I�@���(&��� 

"�)�)��@�:	
� 4.14($) :�
&� �>���������#$����$%,�* CaCu3Ti4O12 �����F����$(%)���$���"��$��

��
��
����������
��$,* "(&�>���A������ CaTiO3  CuO  "�# TiO2 ���:��������I	
���$ ��$���"��$��

��
��
����������
��$,*��
��)+�������F�#�+%)�
&�
��)+�� CCTO  �
9��������"����$��;$* �&���	
���<$���
��)+

�� CCTO 	
��&��$��"��%,�*	
��+I�@��� 700 oC "�# 800 oC �����F�'��
I%)���$���"��$����
��
���   

"�#�
�&���#��I 7.374±0.002 Å "�# 7.390±0.001 Å (���'�)�� ��&��%�$�(�� �
�:
���>���A������ 

CuO �	&�����	
������F����$(%)���
��)+�,����$	
��&��$�������<$	
��+I�@��� 1100 oC �����
�� 16 ?��
9�� 

�������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 800 oC )��"�)���@�:	
� 4.14(�) �&���	
���<$	
��'��
I%)�

�
�&� 7.388±0.001 Å "�# 7.393±0.001 Å �'�����
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��       

$��"��%,�*	
��+I�@��� 700 oC "�# 800 oC (���'�)��  

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.13 $������(�
	���
������������"�����?&
��+I�@������� F<� 1000 oC 	
���#$��)�
�%����

���9��#(����)�&
��'��
�9����� CaCu3Ti4O12 "�#:�������* PVA   
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6��*?' 4.14 ���"��$����
��
����������
��$,*��� ($) 
��)+����� CCTO �
�	������"���$&��"��%,�*      

	
��(�
��9)�
�K
%�&��
 "�# (�) 
��)+�,����$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*   

	
��+I�@��� 700 oC "�# 800 oC  (+ CaTiO3, * CuO, "�# A Anatese TiO2)   

 

 

��$@�:F&�� SEM "�# TEM ���
��)+�� CCTO "�)�)��@�:	
� 4.15($)- 4.15(�) "�#

@�:	
� 4.16($)- 4.16(�) (���'�)�� :�
&�
��)+���
���)9(�<����A���?��+I�@�����$��"��%,�*�:����<��       

��$@�:F&�� TEM :�
&�
��)+����� CCTO 	
��&��$��"��%,�*	
��+I�@��� 700 oC "�# 800 oC �
���)

��#��I 56.7±7.9 nm  "�# 84.9±15.3 nm (���'�)�� 9��������	���+�@�����
��)+�,����$ CCTO 	
�

�������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 700 oC "�# 800 oC "�)�)��@�:	
� 4.15(�) "�# 

4.15(�) ���)�$���Q�
�����
��)+�,����$	�������
�&���#��I 12.0±7.8 �14.7±4.2 �m "�# 15.5±8.9 �m 

(���'�)�� 

 

 

 

 

 

 

 

 

 

 

 

($) (�) 
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6��*?' 4.15 @�:F&�� SEM ���
��)+�� CCTO 	
��&��$��"��%,�*	
� ($) 700 oC "�# (�) 800 oC �����
�� 

8 ?��
9�� "�#@�:F&�� SEM ���:A����
����
��)+�,����$ CCTO 	
��&��$�������<$	
��+I�@��� 

1100 oC �����
�� 16 ?��
9��	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� (�) 700 oC 

"�# (�) 800 oC    

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.16 @�:F&�� TEM ���
��)+��	
��&��$��"��%,�*	
��+I�@��� ($) 700 oC "�# (�) 800 oC �����
�� 

8 ?��
9��  

($) 

(�) 

(�) 

(�) 

(�) 

($) 
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$�����
���"���$���
��F
�����&� �� "�# ��� 	
��+I�@���(&��� "�)�)��@�:	
� 4.17 

:P(�$���$�����
���"���$���
��F
����
��)+�,����$ CCTO 	
��(�
����$
�K
%�&��
�
��$=I#	
������$��
�K
:���

����*�?��,��� �&� �� �
$�����
���"���(���
��F
�������$��?&
� 100 Hz – 100 kHz :P(�$���$���&��

����	��%)�����$(��$��?&
��
��F
�����
��$=I#	
������$��	
�:���
��)+�,����$ CCTO 	
��(�
��9)�
�K
 PVA 

"�# :�������*�?��,��� $�����
���"���('�"��&����:
���� ��� �
$����A���('�"��&�%���	�;	������
��F
�	
�

����<����A���:����+I�@������$��
�) �&�:������$�#(+���'�����$�#�
�$���&������	��%)�����$(��$���
��)+�,��

��$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� 700 oC "�# 800 oC �����F�'��
I%)���$

:P(�$���$�����
���"���$���+I�@�������
�����$���&������	��%)�����$(��$	
�����%�(��$���� 

Arrhenius )��@�:	
� 4.18 :�
&� �
�&� 0.175 eV "�# 0.210 eV (���'�)�� 9)��&�:������)��$�&�
�
� �
�&����

$
&���
��)+�,����$ CCTO 	
��(�
����$	������
�K
	
��&���� �&�	
�(&��$������$�)��$����(�	��%>>B����
��)+

���&��
��
�
��"($(&��$����A�����$$�#�
�$���(�
��	
�(&��$�� ��A�����$�)��$�
���$:�&��(&��� 	
��$�)�<��

@�����$�����
��)+�,����$ CCTO $���?�:�������*(�
$���	
�(&��$������#�&���(&�$���(��9(����$����

��$=I#	
�(&��$��     �
$�����
���"���$���+I�@�������&� �� "�# tan� "�)�)��@�:	
� 4.19 :�
&�	����&� �� "�# 

tan� �
�&��:�����$�<����A���+I�@����:�����$�<�� �&� tan� (	
� 30 oC "�# 1 kHz) ���
��)+�,����$ CCTO 	������

(�
��&���
�&�	
���$$
&� 0.05 ,<�������&�	
�����#���'�����$���'�%���#�+$(*�?��������(�
�$����#�+ )������ 
��)+

�,����$ CCTO 	
��(�
��%)������
�����
����%�&�����F�'�%���#�+$(*�?����%)����� "�#�����&
�	
��'����������&��

����"�#�'�������&������	
��#(���;<$=�(&�%��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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6��*?' 4.17 $�����
���"���$���
��F
�����&� �� "�# ��� 	
��+I�@���(&��� ���
��)+�,����$ CCTO 	
�

�������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� ($)-(�) 700 oC "�# (�)-(�) 800 oC    

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.18 $�����
���"���$���+I�@�������
�����$���&������	��%)�����$(��$ (
) (��$���� 

Arrhenius  

 

($) (�) 

(�) (�) 
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6��*?' 4.19 $�����
���"���$���+I�@�������&� �� "�# tan� ��?&
��
��F
�(&��� ���
��)+�,����$ CCTO 	
�

�������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� ($)-(�) 700 oC "�# (�)-(�) 800 oC    

 

 

���
�������&
��
����%)�;<$=�����(�	��%>>B����
��)+�,����$ CCTO ;<$=��@�:�'�%>>B�

$�#"����� (�ac) 	
��
��F
�"�#�+I�@���(&��� )��"�)�"�)���@�:	
� 4.20 �&� �ac ��?&
��+I�@��� 150-200 
oC �
�&��:�����$�<��(���
��F
�	
��:����<�� $�����
���"���)��$�&�
�����F�K����%)�9)�"���'����$����%>>B�

$�#"����� )����$�� 

 

                                                            (4.8) 

               

�                                               (4.9) 

 

��A�� �gb �@�:�'�%>>B��������$�� A, n, a, t "�# �  �A� �&���	
�	
������&�%)� ��$$�������	
��"���'����

)����$��	
� 4.8 "�# 4.9 $����$��	)���(��@�:	
� 4.20 �&� �gb "�# �gb �����F	���%)���$$��

�����	
��)��$�&�
�
� "�#:�
&��
$�����
���"���(���+I�@�������%�(��$���� Arrhenius )��"�)���@�:	
� 

($) 

(�) (�) 

(�) 
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4.21 �&�:������$�#(+��$���'�%>>B�$�#"�(�� 	
�����$�����
��)+�,����$ CCTO �����F�'��
I%)�9)��?�

��$��	
� 4.4 9)��
�&���#��I 0.680 eV "�# 0.650 eV �'�����
��)+�,����$ CCTO 	
��������#�*��$
��)+��

	
��&��$��"��%,�*	
� 700 oC "�# 800 oC (���'�)�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.20$�����
���"���$���
��F
�����&��@�:�'�%>>B�$�#"����� (�ac) 	
��+I�@���(&��� ���
��)+�,��

��$ CCTO 	
��������#�*��$
��)+��	
��&��$��"��%,�*	
��+I�@��� ($) 700 oC "�# (�) 800 oC    

      �
 

 

 

 

�
 

 

 

 

($) 

(�) 
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6��*?' 4.21 $�����
���"���$���+I�@�������&��@�:�'�%>>B�$�#"�(�� ����%�(��$���� Arrhenius   

4.1.4 �$�?���*?��,�9��������?���&����-?�2��I �2�
��
��*��������������9���

���!����� 

CCTO 

"��
&�
��)+�,����$ CCTO �#����
��)+	
��
�&���	
�%)�����$(��$	
������$"�#�����&�	
����
���"���

$���+I�@���������A���	
��$��
��)+�>�*9������$(��$ (��?&
��+I�@������
) �&������
��)+�,����$ CCTO ����
��)+   

	
�%)�����
��������&��$
����
�� ��&��%�$�(�� ����(�	��%)�����$(��$���
��)+�,����$ CCTO �
$��

���
���"���$��������@����$"�#@����(&��� ��$��� �'�����������	
��
�
���'������$�
$��������<��	
�:���

���
�����
�	
�%�&�:
���
��(&�����(�	��%)�����$(��$���
��)+�,����$ CCTO �	&����� "(&����
��$���+I����(�(&��� 

���
��)+�,����$�$A��	+$?��) �A������$�#�
�$���(�
�� 9)�������)��$�&�
�
��#%�&�&���F<��+I����(�(&��� 

9)�(�� "(&�#�&����&����$=I#9����������<$"�#9��������	���+�@�� �
�	����
������+	K*���
��)+ @�:	
� 

4.22 "�)��
�����:��K*�#�
&���&���	
�%)�����$(��$	
��
��F
�(&��� $��9��������	���+�@�����
��)+�,����$ 

CCTO 	
��(�
��9)�
�K
$��	�����
(&��� )��	
�%)�$�&�
��"��
����
���	
� 4.1.1-4.1.3 ��$=I#	��9��������	��

�+�@��9)��
����
��)+�,����$	�����������F
�����#�*%)�)���
� �A��
(1) 
��)+ CCTO 	
��(�
��9)�
�K
:�������*�?��,��� "�# %�&��
 �
��$=I#����&������$��	
�

�����$��9)��&
����&�
��$=I#��������$���
��� ���I#	
�
��)+ CCTO 	
��(�
��9)�
�K
 PVA �
��$=I#�&������

$��"(&���������$���
��� ��$=I#	
��&������$��)��$�&�
�
��&���(&�$����)(�
����$��	
�%�&"��?�) "�#	'����

�$�)�$�)��:�+� ($��?�)�������$���$�)%)���$) ���I#	
��$������$���
����
$����)"�&�(�
	
�)
$
&�      

(2) ���)����$��
��)+(�
��&�� PVA :�������*�?��,��� "�# %�&��
 �
���)��#��I 

13.5 10.8 "�# 15.5 %�9����(� (���'�)�� 

(3) ��$=I#	
�����$�����
��)+ CCTO 	
��(�
��9)�
�K
%�&��
�
$�#�+$���$�+&���+@����A�

�$�����)���$,<�������F����$(%)���&��?�)��� 9)���������>���� CuO 	
�(�
�:���$$��
�����#�*)�
�

�	���� XRD 9)�	��
%��>���� CuO ��$�$�)	
�����$����A�	
��+����$�+&��$��	
�?�)$�� (Fang et al., 2006) 

����$�����
��)+ CCTO 	
��(�
��9)�
�K
:�������*�?��,���%�&�����F����$(������+@���A��� ��)�����$���� 

XRD 	
�%�&�
�>���A��� ���I#	
�����$�����
��)+ CCTO 	
��(�
��9)�
�K
 PVA �
$���$�)���$�� (necking) 

�&�?
�9)�(��F<��
��%�&�����I*���$�������<$ ����� XRD (�
�:��>���A������ CaTiO3 ���$���� ,<�����

�$�)��$$����)���%���� Cu (:����I���$�&
����	�����
��� CaCu3Ti4O12) ��$=I#9)�	��
%����
��)+

�,����$ CCTO 	
��(�
��9)�
�K
 PVA �����$��
��)+�,����$ CCTO 	
��
��)�&
�	�����
 �A� CaCu2.9Ti4O12 (@�:

	
� 3.34 ��� Shao et al., 2007) )������$���$�)�>� CaTiO3 "�#$���$�)���$������#�$�)��$$����)���%�

��� Cu ���$�������#�
&��$���(�
��   
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6��*?' 4.22�
�����:��K*�#�
&���&���	
�%)�����$(��$	
��
��F
�(&��� $��9��������	���+�@�����
��)+�,����$ 

CaCu3Ti4O12 	
��(�
��9)�
�K
$��	�����
(&��$�� ($) PVA (�) :�������*�?��,��� "�# (�) %�&��
 

	
��&��$��"��%,�*	
��+I�@��� 800 oC �����
�� 8 ?��
9��  

 

 

 

 

 

 

 

GB contribution 

 
GB contribution 

 ($) 

(�) 

(�) 

($)  

(�)  

(�)  

GB contribution 
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�����9��������	���+�@��	
�(&��$�� (����������$$���(�
��"��(&���) 	
��
(&�:P(�$���

	��%)�����$(��$���
��)+ CaCu3Ti4O12 ��+�%)�)���
�  

(4) �&� �� ���
��)+�,����$ CCTO 	
��(�
��9)�
�K
:�������*�?��,���"�#%�&��
�
�&�	
�

�$����
��$��(��)?&
��
��F
����$��
�) "�#�
�&��$����
��$��	����&
�	
��$�)��$����$�� (�&�	
���$$
&�����	<��


)'�"�
���) "�#�&
�	
��$�)��$��@���� (�&�	
�����$
&�����	<�"�
���) ,<���
�&���#��I 6000-7000 ��A��

���
���	
��$��
��)+�,����$ CCTO 	
��(�
��9)�
�K
 PVA �&� �� 	
��
��F
�(�'��#�
�&�	
����$
&� ���I#	
��&
�	
��$�)

��$��@�����
�&���#��I 4000 �&�	
�(�'�$
&�)��$�&�
�
������$����	
��$�)$��
��)+�,����$ CaCu3Ti4O12 	
�F�$�)

�����I��� Cu (@�:	
� 4.22)  

(5) $���	&�$������&� �� ���
��)+�,����$ CCTO 	
��(�
��9)�
�K
:�������*�?��,���"�#%�&

��
����$�)�<����A�����$���)�$��	
�9($
&����
��)+ CCTO 	
��(�
��9)�
�K
%�&��
	
�F�$?)�?�9)�$���������)

�������$����A�����$$���#����� CuO  )��������(���&
�������)�$��(&��
���������$����
��)+	������

�<��
�&��$����
��$��   

��$��� (1) "�# (2) �&� �� ���&
�	
��$�)��$��@��������
�
�����:��K*$��$�%$���$��

9:��%��,?��	
�����$����$ (��A��:����I���$9��������	���+�@��) ,<����)�����$���&�	
�(�'�	
��+)����&
�	
�

�$�)��$@���� (4000) ���
��)+�,����$ CCTO 	
��(�
��9)�
�K
 PVA ��A�����$$���$�)���$��%)��&������

:A��	
��������$��(&������(��)�� (Li et al., 2009) ,<���#�&���(&���A��������(���&
����$��9:��%��,?��(&�

��&
������(��)�� �&� �� 	
��
��F
�(�'����
��)+)��$�&�
�
��<��
�&����	
��+)����$�)��$����������$9	�) 9)�	��
%�

"��
$���$�)?�((*$
%)9�)	
���
�������#�
&��(�
��&�� "�#�����$9	�)�#�
���������$��A�����$�
��"($(&��$��

�#�
&��>��$*?����� (work function) ���9��#"�#��
(�
��&�� �
��(���	��@�����$�����
��)+�,����$ 

CCTO �#�:����<����A�������I��� Cu ��
��)+�,����$�)�� (Shao et al., 2007) ��)��$�&�
�
�����#�&������

>��$*?��������	
���
����,����$ CCTO 	
��(�
��9)�
�K
 PVA �)�� ��A�����$����
I�&
����&�����
�����A�

�&
�����$�� (������$$����)��
����) )�������
��"($(&�����>��$*?������<��:����<��,<���&���(&�$���$�)?���

�
��$������?�((*$
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4.2 
��
��*��������������9���

���!��������2� NiO 

���
�������&
��
�%)�	'�$���(�
��"�#;<$=�����(�	��%)�����$(��$"�#����(�	��%>>B����
��)+�,����$ 

$�+&� NiO 9)�	��
%�"��
 NiO �
�&� �� ��#��I 40 	
��+I�@������� "�#�
����(�	��%>>B�����Q�
�	
�)
��$ 

��&��%�$�(���
������Q�
���� NiO �����F���
����@�:�������$<��(�
�'�%)�9)�$����A�)�
� Li+ %������

�����I	
����� "�#����(�	��%��"�(*%)�����$(��$�����F�����%)�9)�$����A� Ti4+ %������
��)+$<��(�
�'���� 

Li ��A��� NiO �$�)���������#$����$%,�* (Li, Ti)NiO 	
��
�&� �� 	
������$ �����
����)��$�&�
�
� %)��(�
��


��)+�,����$$�+&� NiO 9)�	'�$����A�)�
���&%����?��)(&��� �A� (Li, Ti), (Li, Fe), (Li, V), "�# (Li, Al) 

�������I(&��� 9)��?�
�K
$���(�
��)�
�$�� 3 
�K
 �A�
�K
:��*������*%:9�%�,
� 
�K
 PVA-9,��� "�#
�K
$��

����(�
	���
������   

4.2.1 �

���!��������2� NiO *?'���?�������-?�����������������!?
 

4.2.1.1 (Li, Ti) ��$ NiO (LTNO) 


��)+�,����$ LixTiyNi1-x-yO (LTNO) ��)%)�
&�����
��)+(��"�����
��)+%�"��(*%)��

���$(��$�,����$$�+&� NiO 9)��
����(�	��%)�����$(��$	
��&����� �A� �
�&� �� 	
������$ ��#��I 104-105 	
�

�
��F
�(�'�$
&� 1 MHz �
$	�������(�	��%)�����$(��$�
$�����
���"���(�������I��� Ti "�# Li 	
��?�9)� ����

��$��$�����:�����(�%�"��(*%)�����$(��$��
��)+�,����$ LTNO ���%�&�
���
����	
�%)�;<$=�
��)+�,����$ 

LTNO ��&�������#�� �
�	��������9��������	���+�@��	
��
(&�����(�	��%>>B�"�#����(�	��%)�����$(��$ 

"�#�&�$�������
�	��%)�����$(��$����
�&�	
������$ )������ �����
�����
��<�%)�;<$=�����(�	��%)�����$(��$���
��)+

�,����$ LTNO ��&�������#�� 9)�%)�;<$=������9��������	���+�@�� �����?�����
�������
��)+�,����$ 

"�#�����$��������
������@���(������$�;(&��� 	
��&���(&�����(�	��$���'�%>>B�"�#����(�	��%)�����$

(��$���
��)+�,����$ LTNO 	
���A�)�
� Li "�# Ti �������I(&��� 

A. ����
�&��,�;���%����
�&��*��	��6��9���

���!����� LTNO 

9����������<$"�#$���$�)�>����
��)+�,����$ LTNO F�$;<$=�9)��	���� XRD 

)��"�)���@�:	
� 4.23 :�
&�
��)+�,����$ LTNO 	+$���(�
��&���
?+)���"��$����
��
���	
���)�����$�� NiO 

��&��%�$�(�� �>���A������ NiTiO3 ��������F����$(%)���$���"��$����
��
����������
��$,*��������

(�
��&�� )��"�)���@�:	
� 4.23($) �>���A������ NiTiO3 %�&�$�)��
��)+�,����$ NiO "�# Li0.05Ti0.02Ni0.93O 

"(&��A���:��������I��� Ti 	
��?�9)��������I 5 % 9)�9�� (Li0.05Ti0.05Ni0.90O) ��
��)+�,����$ LTNO :�
&� 

�>���A���)��$�&�
�
�%)��$�)�<����
��)+�,����$)��$�&�
�
�,<����)�����$�����
�����A��� (Lin et al., 2006;      

Wu  et al., 2003) "�#�
���������:
�	
���)�����$���>���A������ NiTiO3 �
�
������	
�����<��(��$��

�:����<����&��(&���A������ Ti 	
��?�9)� ��$��	)���)��$�&�
�
��&�?
�
&� Ti �&
����&	
��?�9)���$�#�
�(�
$�� Ni 

�$�)�����>���A���)��$�&�
�
� ��$$��;<$=�9����������<$��
��)+�,����$ LTNO ��@�:	
� 4.23(�) %)�:�

������	
��&����� $�&�
�A� $��"	�	
���� Ti ��9����������<$��� NiO �����F$�#(+��%)�9)�$���:��������I

$��9)���� Li �����A� �>���A������ NiTiO3 �����F����$(%)���
��)+�,����$ Li0.02Ti0.05Ni0.93O "(&��A���:���

�����I��� Li 	
��?�9)����� 10 % 9)�9�� (Li0.10Ti0.05Ni0.85O) �>���A���)��$�&�
�
�%�&�����F����$(%)���
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��)+�,����$ Li0.10Ti0.05Ni0.85O ��)��$�&�
�
��&�?
�F<��
���'�������%������� Li 	
�	
��
(&�$��"	�	
���� Ti ,<��

�#�&���(&�����(�	��%>>B�"�#����(�	��%)�����$(��$���
��)+�,����$ ��$���"��$����
��
�������
��$,*���


��)+�,����$ LTNO ���&��
� �&���	
���<$�����F�'��
I%)� 9)�"�)�)��(����	
� 4.2 :�
&��&���	
���<$�
$��

���
���"���������$ ��)��$�&�
�
�����$�)��$�
���$����
�������;�
%�����#�
&�� Li+ (0.60 Å), Ti4+ 

(0.68 Å ) "�# Ni2+ (0.69 Å) (Lin et al., 2005)    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.23 ���"��$����
��
�������
��$,*���
��)+�,����$ LTNO 	
�9)�)�
� Li "�# Ti �������I(&���  
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9��������	���+�@�����
��)+�,����$ LTNO "�)�)��@�:	
� 4.24 "�# 4.25 ���)

����$���Q�
��"�)�)��(����	
� 4.2 "�)�$�����
���"���	��9��������	���+�@��"�#��$=I#��I^�����
��)+

�,����$$�������I��� Li "�# Ti 	
��?�9)� ��$@��F&�� SEM :�
&������I��� Li "�# Ti �
��(&�$��

���
���"�����$=I#��I^�����
��)+�,����$ LTNO ������&����$ ��$@�:	
� 4.24($) :�
&�9��������	��

�+�@����� NiO �
��$=I#	
���#$��)�
��$��"�#����$����&��?�)��� ��A����� Ti �������I 2 % 9)�

9����%���9�������� :�
&� Ti �&
����&%)��
�(�
$�� NiO �$�)�����>���A������ NiTiO3 )��	
�%)�(�
�:�

��$$��
�����#�*9)��	���� XRD "�# EDS )��"�)���@�:	
� 4.26 �#(����� Ti �����F(�
�:�%)�	
�

��+@�����)���$	
��#��	
��+)�?A���(&�����$�� (�+)	
� 1) "(&%�&�����F(�
�:�%)���$���$(������ EDS     

	
��+)	
� 2 )��������+@��)��$�&�
�
� �A� ��+@����� NiTiO3 ,<���&
���$�#���$Z��9��������(���+�������

�$�� "�#����&
��$�)������
I�$�� 9)��
���)��#��I 1 �m �&�?
�9)������$=I*�����$;� )��"�)���   

@�:	
� 4.24(�) 

��A��9)� 5 mol % Li ����%���
��)+ Ti0.02Ni0.98O �$�)���������#$�� 

Li0.05Ti0.02Ni0.93O )��"�)���@�:	
� 4.24(�) ��+@����� NiTiO3 	
�������$Z��9��������%�&�����F����$(

%)� "�#���)����$���#9(�<����#��I 2 �	&� (��$ 5.5-97 �m) ��$��	)���)��$�&�
�
��&�?
�
&� Li 	
��?�9)�

����%��� NiO �&
�$�� Ti ����%)��&�����&����$(&�$��$�#���(�
�����+@���>���A������ NiTiO3 "�#���  

�#�
��(&�$��"	�	
���� Ti %����	
��?�9)�)�
� ��A�����$�>���� NiTiO3 �����F:�%)���
��)+�,����$ 

Ti0.02Ni0.98O �	&����� "(&%�&�$�)��
��)+�,����$ Li0.05Ti0.02Ni0.93O    

��A���:��������I��� Ti ��$ 2 ���� 5 mol % ()��"�)���@�:	
� 4.24(�)) :�
&�

��+@����� NiTiO3 �#���$Z�
$�����"�#�
���)��+@��	
����$��#��I 0.1-0.3 �m "�#�
$��$�#���(�
  

)�
��
�����'�������:A����
����$��"�#��
��(�
(������$�� "�#��A���:��������I$��9)���� Ti ����     

10 mol % ()��"�)���@�:	
� 4.24(�)) ���)�����+@����� NiTiO3 	
����$Z��9���������#�
���)9(�<��

��#��I 0.5 �m "�#�
$����
��(�)	
�?�)(�)$����$�<�� "�#��A���:��������I$��9)���� Ti ���� 15 mol % 

()��"�)���@�:	
� 4.24(Q)) ��+@����� NiTiO3 %)���
��(�
?�)(�)$����&��(&���A����$�)����"�&��$��+�	��


:A����
���
��)+�,����$ Li0.05Ti0.15Ni0.80O  

��A��:����I������ Li 	
��
(&�$��$�#���(�
����>���A������ NiTiO3 )��"�)���

@�:	
� 4.25($) �'�����
��)+�,����$ Li0.02Ti0.05Ni0.93O :�
&� NiTiO3 �
$��$�#���(�
(������$��	'���� 

����$���
�
�������#��I 0.5-1.0 �m ��A���:��������I��� Li ��$ 2-5 mol % ()��"�)���@�:	
� 

4.24(�) �'�����
��)+�,����$ Li0.05Ti0.05Ni0.90O) ��+@����� NiTiO3 	
��#��(������$���#�
$���)���)

"�#�
$��$�#���(�
��&�����'�����(������$��"�#��:A����
����$�� ��$��	)���)��$�&�
�
��A����F<�

��	K�:���� Li 	
��
(&�$��$�#���(�
�����+@����� NiTiO3 ,<��$��$�#���(�
)��$�&�
�
�����#�&���(&�����(�

	��%)�����$(��$���
��)+�,����$ LTNO ��$��	)���	
��'����	
�%)�:������
�����
�%)�"�)�)��@�:	
� 4.25(�) 

9)���A���:��������I$��9)���� Li ���� 10 mol % ��+@����� NiTiO3 	
�������$Z��9��������	���+�@�� 

�#%�&�����F����$(%)� 9)���$=I#:A����
���
��)+�,����$ Li0.10Ti0.05Ni0.85O �
��$=I#	
���
�� ��$��;<$=�
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9����������<$"�#$���$�)�>�9)��	���� XRD ��)�����$������$@�:F&�� SEM )��$�&�
�
� $�&�
�A�     

�>���A������ NiTiO3 �$�)�<����
��)+�,����$ Li0.05Ti0.05Ni0.90O "(&%�&�����F(�
�:�%)���
��)+�,����$ 

Li0.10Ti0.05Ni0.85O ��$��	)���)��$�&�
�
��&�?
�
&� ��A���:��������I��� Li ���
�����I	
���$:� %������� 

Ti4+ 	
��?���A��#�����F"	�	
�('�"��&���� Ni2+ ��9����������<$%)����� )�������>���A������ NiTiO3 �<�%�&

�$�)�<�� 

�'�����$�����
���"������9��������	���+�@��)��$�&�
�
������F�K����%)�9)� 

$�������<$"���>����������
 (Liquid-phase sintering) ,<������$�#�
�$�������<$	
�	'����
��)+�
�
��

���"�&��:����<��"�#�
��(��$�������<$�:�����$�<�� $���$�)������
��9��������	���+�@���#�&���9)�(��

(&�$��":�&���%����(&��� ��
��)+ ,<��$��":�&���%�����#�&���(&���A���F<���(��$�������<$���
��)+      

��$�#�
�$�������<$
��)+�,����$ LTNO �����
�����
� ���#�
&��$�#�
�$������
������ ��A��#�
&��

$�#�
�$�������<$ Li ����#���&���F��#������
 "�#������
)��$�&�
�
��#�����F��$"�����$�����+@��

��� NiTiO3 ���$�#���(�
��&�����'�������9��������	���+�@�� )������$��$�#���(�
"�#$����)��
��(�
���

��+@�� NiTiO3 �#�<�����&$�������I���������
,<���<�����&$�������I$��9)���� Li (�
��&���?&� ��
��)+    

�,����$ Li0.02Ti0.05Ni0.93O �����I��� Li �
����$
&� Ti )������ ������
�
�����I	
�����"�#%�&�:
��:�	
��#

��$"�����$�����+@����� NiTiO3 �
$��$�#���(�
��& �����' � ���� "(&��$�I
���
��)+ �,����$ 

Li0.05Ti0.05Ni0.90O ������
�
�����I	
���$:�	
��#�����F$�#�����+@����� NiTiO3 ���	��
9����������<$ 

�'���������� Li 	
��
(&�$��"	�	
���� Ti ��9����������<$���%�&�����F	
��#�K����%)���&��"�&?�) "(&����$�)

��$������
��� Li ���#�
&��$�#�
�$�������<$����#�
�&
�?&
���$���:���$��":�&��� Ti %����                  
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6��*?' 4.24 @�:F&�� SEM ���:A����
�������
��)+�,����$ LTNO 	
�9)�)�
� Li "�# Ti �������I(&���  

 

 

 

($) NiO (�) Ti0.02Ni0.98O

(�) Li0.05Ti0.02Ni0.93O (�) Li0.05Ti0.05Ni0.90O

(�) Li0.05Ti0.10Ni0.85O (Q) Li0.05Ti0.15Ni0.80O



 77

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.25 @�:F&�� SEM ���:A����
�������
��)+�,����$ LTNO 	
�9)�)�
� Li "�# Ti �������I(&��� 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.26 @�:F&�� SEM "�# EDS ���$(���	)���	
��+)(&��� ��
��)+�,����$ Ti0.02Ni0.98O  

(") Ti0.02Ni0.98O 

(�) Li0.10Ti0.02Ni0.88O (�) Li0.02Ni0.98O

($) Li0.02Ti0.05Ni0.93O (�) Li0.10Ti0.05Ni0.85O

Point 1 Ti 

Ti 

Point 2 
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�����*?' 4.2  �&���	
���<$"�#���)�$�����
��)+�,����$ LTNO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�
���2�� ����*?',�;� (Lattice parameter) (Å) 9������� (�m) 

NiO 4.178�0.001 5.57 

Ti0.02Ni0.98O 4.178�0.002 ~5.55 

Ti0.05Ni0.95O 4.179�0.002 ~3.21 

Ti0.10Ni0.90O 4.178�0.001 ~2.75 

Ti0.15Ni0.85O 4.178�0.001 ~3.03 

Li0.05Ti0.02Ni0.93O 4.176�0.001 9.72 

Li0.05Ti0.05Ni0.90O 4.175�0.001 9.93 

Li0.05Ti0.10Ni0.85O 4.175�0.001 10.47 

Li0.05Ti0.15Ni0.80O 4.176�0.001 10.68 

Li0.10Ti0.02Ni0.88O 4.175�0.001 5.85 

Li0.10Ti0.05Ni0.85O 4.173�0.001 6.90 

Li0.02Ti0.05Ni0.93O 4.177�0.002 8.98 
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B. 
��
��*��������������9���

���!����� LTNO 

��$$��;<$=�
�����#�*9����������<$"�#9��������	���+�@��9)��	���� XRD, 

SEM "�# EDS ��$��	)���:�
&�$��"	�	
���� Ti ��9����������<$�����F�:����
)�
�������F%)�9)�$��

�:��������I��� Li 	
��?�9)� )������ Ti 	����&
�	
�"	�	
�������9����������<$ "�#�&
�	
��
�(�
$�� NiO �$�)����

�>���A������ NiTiO3 �
��&���(&�����(�	��%>>B�"�#����(�	��%)�����$(��$���
��)+�,����$ LTNO "��
&� 

$��(�
�
�)�����I��� Ti ���&
�	
�%)�"	�	
������������%�&�����F	'�%)������
�����
� "(&��$��;<$=������
����

)��$�&�
�
��
�+I�&�(&�$���K����$���
�&���	
�%)�����$(��$	
������$���
��)+�,����$ LTNO ,<��������
���	
�%)����

�
������"�#�
$��;<$=�$����&��$
����
�� (Lin et al., 2006; Tohngbai et al., 2008; Cheng et al., 

2009; Manna et al., 2010)  

)��"�)���@�:	
� 4.27 ��$��;<$=�����(�	��%)�����$(��$���
��)+�,����$ LTNO 

:�
&� �&� �� ���
��)+�,����$)��$�&�
�
��
��&�	
������$ 9)��
�&����&��?&
� 103-105 �<�����&$�������I��� Li   

"�# Ti 	
��?�9)� "�#�#����%)�
&�����(�	��%)�����$(��$	
�$�����
���"���(����)�&
����(�
9)�	�������
�     

)��"�)���@�:	
� 4.27($) 	
��
��F
����$
&� 104 Hz, �&� �� ���
��)+�,����$ LTNO 	
��(�
��%)������
�����
��


�&��)��(�������I$����A� Ti 	
��:�����$�<�� ��$��	)���)��$�&�
�
������$�����
����	
�%)���������$$�+&���� 

J Wu "�#�I# (Wu et al., 2002) 9)���������
�������$�+&�)��$�&�
�
� %)��������&� �� 	
��
��F
� 1 kHz 

"�#�K����$���)������&� �� (��$���:������ Ti 
&��$�)��$$���:�������
������������$�� ��A�����$

$���#��	
�����$����� Ti 	
��?�9)��� LTNO 9)���;��"���'����9��������	���+�@�����
��)+	
��


9��������"��(�
�$����#�+"��?����
��$��� (IBLC) (��~ �gbA/tgb ��A�� A �A����)����$�� "�# tgb �A�  

�
������������$��) �����F�K����%)�
&� �&� �� �#�
�&��)����A���
������������$���:����<��    

��&��%�$�(�� ��A��:����I���$��	)��������
�����
�	
��
��F
�)��$�&�
�
� :�
&��&� �� ���
��)+�,����$ 

Li0.05Ti0.05Ni0.90O "�# Li0.05Ti0.15Ni0.80O �
�&�	
��	&�$�� ��A����$�&�
%)�
&� �&� �� 	
��
��F
�(�'�$
&� 10 kHz    

�
�&�%�&���
���"���$�������I��� Ti 	
�9)��:����<����$ 5-15 mol % ��$��	)���)��$�&�
�
��<�"($(&����$

������
����$�+&�"�$	
�%)���������$&�������
� ��$��	)��������
�����
�����$�)��$ $���$�):P(�$���$��

�&������	��%)�����$(��$��?&
��
��F
�(�'���
��)+�,����$ Li0.05Ti0.15Ni0.80O )��"�)���@�:"	�$���@�:	
� 

4.27($) $���)����&��Q��:�������&� �� �#�$�)�<�������?&
��
��F
� �A�	
��
��F
�(�'�"�#	
��
��F
���� 	�;	��

(��"�
�����$;�	�������A�	�;	��$���:����<������+I�@��� ��$$�����
���"���$���+I�@���"�#�
��F
����  

�&� �� )��$�&�
�
� :�
&�	���$���&������	��%)�����$(��$	
��
��F
�(�'�"�#	
��
��F
�����
$�����A���	
�%���	�;	��

����
��F
�	
�����<����A���:����+I�@��� �&�?
�F<�$�#�
�$���&������	��%)�����$(��$	
������F$�#(+��)�
��
��

����    �
��$������
����9)� J Wu "�#�I# (Wu et al., 2002) :�
&��&� �� ���
��)+  

�,����$ LTNO �
�&��:�����$�<����A��9)� Li �:�����$�<�� (9)�$'���) Ti �������I 2 mol %) ��$��	)���

)��$�&�
�
�%)��K����9)���;��"���'����$��9:��%��,?��"�� Maxwell-Wagner ��A�	
���
�$
&�                



 80

$��9:��%��,?��"�� interfacial �A���A���������%>>B�$��
��)+�#	'������#�+%>>B��
$���#��	
�����$��     

�$�)����$��9:��%��,?��"��)��$�&�
�
� "�#�&���9)�(��(&�$���
�&���	
�%)�����$(��$	
������$���
��)+�,����$ 

LTNO )�
���(+)��$�&�
�
� ��A���:��������I$��9)���� Li ��%���
��)+�,����$ LTNO ��#�+����#@�����$��

,<���<�����&$�������I��� Li �#�
�&������I	
��:�����$�<����A��
$���'�%>>B�@�����$��%)�)
�<�� )��������#�+	
��#

%��#��	
�����$���<��
�����I	
��:�����$�<��(��$���:����<����� Li 	
��?�9)� ��)��$�&�
�
��&�������
������

���$��9:��%��,?���:����<�� )������ �&� �� �<��:���(�������I��� Li 	
��?�9)��:�����$�<�� ��$��$��	)��� 

)��"�)���@�:	
� 4.27(�) ,<��"�)�����������I$��9)� Li 	
��
(&�����(�	��%)�����$(��$���
��)+�,����$ 

LTNO (9)�$'���) Ti �������I 5 mol %) ��$��	)���:�
&� �:����:��������I��� Li ��$ 2-5 mol % 

�&� �� 	
��
��F
� 105 Hz �#�
�&��:�����$�<�����$����,<������$��	)���	
�(��$��������$��
����(&���         

(Wu et al., 2002; Thongbai et al., 2008) "�#��A���:��������I��� Li (&���A�����$ 5-10 mol % �&� �� �


�&��)����&����$ ��$��	)���)��$�&�
�
�"($(&����$������
�������$�+&��A����&�������?�� "�#%�&�����F

�K����%)�9)�"���'����$��9:��%��,?��"�� Maxwell-Wagner ��$��$�
�"��
 �����
�����
����%)���)��A���%�

$��	)���(����������� J Wu "�#�I# (9)�$'���) Ti �������I 2 mol % "�#���
���"��������I$��

9)���� Li) )��"�)���@�:"	�$���@�:	
� 4.27(�) :�
&��&� �� ���
��)+�,����$ LTNO �
�&��:�����$�<��

��A��9)� Li �:����<����$ 2-10 mol % ,<��������$��	)���	
�(��$��������
����9)� J Wu "�#�I# 

��$"���'����$��9:��%��,?��"�� Maxwell-Wagner 	
�%)�����9)� J Wu "�#

�I# �
���(�^��
&� Li 	
��?�9)��#���&@�����$��"�#���
�������(�	��%>>B�����$����� NiO ��$Q�
�����

���$<��(�
�'� ���I#�)
�
$�� Ti 	
��?�9)��#(����#��	
�����$��9)����&���������>���A������ NiTiO3 )������ 

$���)������&� �� ��A���:��������I��� Li 	
�:������
�����
�����
����(+��A�����$��	K�:���� Ti ���&
�	
�

�����F����%�"	�	
�('�"��&���� Ni %)���9����������<$ )��	
�%)�
�����#�*��$$��;<$=�)�
��	���� XRD "�# 

SEM ,<��:�
&�$��"	�	
���� Ti �����F�:���%)�9)��:��������I$��9)���� Li )�����������I��� Ti ���&
�	
�

�����F"	�	
���9����������<$���
��)+ Li0.10Ti0.05Ni0.85O �<��
�����I	
���$$
&���
��)+ Li0.05Ti0.05Ni0.90O 

)�
���(+)��$�&�
�
�����(��@�:$���'�%>>B�@�����$�����
��)+�,����$ Li0.10Ti0.05Ni0.85O ����#(�'�$
&�
��)+

�,����$ Li0.05Ti0.05Ni0.90O ���������
��
&� �����I��#�+����#@�����$�����
��)+�,����$ Li0.10Ti0.05Ni0.85O 

�
����$
&�
��)+�,����$ Li0.05Ti0.05Ni0.90O $���
��#�+����#	
�����$
&��#	'�����
���������$��9:��%��,?��	��

%>>B�(�'�$
&� )�������&� �� ���
��)+�,����$ Li0.10Ti0.05Ni0.85O �<��
�&�����$
&���
��)+ Li0.05Ti0.05Ni0.90O $��

�:����<��"�#�)������@�:�'�%>>B���A�����$��	K�:����$��"	�	
���� Li "�# Ti �����F�K����%)�)��(&�%��
� 

 

                                                               (4.10)     

 

��$��$�� $��9)� Li+ 1 %���� �#���
��
�'���� Ni2+ 1 %���� $������� Ni3+ 1 %���� @���(���A���%�

)��$�&�
�
� ��A���������%>>B�$��
��)+ LixNi1-xO �����$(����#�����F$�#9))%�-���#�
&��('�"��&����    
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Ni2+� Ni3+ �&�������@�:�'�%>>B���� NiO �
�&�����<�� $���'�%>>B�)��$�&�
�
���
�$
&�$���'�%>>B�"��      

9:����� (polaron conduction) (Moulson and Herbert, 2004) 9)��@�:�'�%>>B��#�:����<��(�������I��� 

Ni3+ ��$��$��	
� 4.10 �����I��� Ni3+ �#�<�����&$�������I��� Li 	
��?�9)� )�
���(+)��$�&�
�
� �@�:�'�

%>>B����
��)+%)�����$(��$$�+&� NiO �<��<�����&$�������I��� Li 	
��?�9)� ��A��9)� Ti ����%���
��)+ LixNi1-xO 

�@�:�'�%>>B��#�)�� )����$���
 

                               (4.11) 

 

��$$����$��	
� 4.11 �����I��� Ni3+ �#�)��F<� 2 %������A�� LixNi1-xO F�$9)�)�
� Ti4+ 1 %���� )������

�@�:�'�%>>B����
��)+�,����$ LTNO �<��)����A���'��
���� Ti 	
������F"	�	
���9����������<$%)������


�����I	
��:����<�� ��A����$�&�
%)�
&���#�+����#�
�����I)��(��$���:����<����� Ti %������9����������<$ 

)�
���(+)��$�&�
�
� �&� �� �<��
�&���������A�� Ti ����%����&��9���������������I	
���$�<���
��$�����
�����
����%)�;<$=�:P(�$���$���&������	��%)�����$(��$���
��)+�,��

��$ LTNO )��"�)���@�:	
� 4.28 "�)�$���&������	��%)�����$(��$���
��)+�,����$ Li0.10Ti0.05Ni0.85O 	���

?&
�$���)����&��Q��:�������&� �� "�#:
����$�������
�	��%)�����$(��$ ��� �
$�����A���	
�%���	�;	��

����
��F
�	
�����<����A���:����+I�@��� ��)��$�&�
�
���)����:P(�$���	
������F$�#(+��)�
�:�������
������ ��A��

:����I�	
��+I�@����)� �&� �� 	
��
��F
�(�'��#�
�&�	
����,<����������A�������$$��(������	��%>>B�%)���&��

�(��	
� ��A�%)9:�%>>B��
�
����$:�	
��#�����F(������	��%>>B�%)� )������%)9:�%>>B������F���
���

	�;	��(������%>>B�$�#"�����%)� "(&��A���
��F
��������%>>B��:����<�� ����%>>B�$�#"������
$��$���

	�;$&��	
��#�
$���$�)(������	��%)�����$(��$ )������ �&� �� �<��
�&��)����&���
)���
 ��&��%�$�(�� ��A���:���

�+I�@�������#��,<�����
�����A��$�����:������"$&%)9:�%>>B� )������%)9:�%>>B������F�<������F

(������	��%)�����$(��$%)�	
��
��F
�����<�� ��?&
����$���)����&��Q��:�������&� �� �
��F
��?���+����

����%>>B���?&
��
��#�
�&��$����
��$���
��F
�K���?�(����%)9:� )���������$Z$��I*�����$������:������

��A���<��$�)�<�����#�� �&�������$�)$��)�)$�A�:��������&����$ )�
���(+)��$�&�
�
� :����������#���<��)��

��&���
)���
��A��
$�������
�:��������&��(&���A����&�������$�):
����$�������
�	��%)�����$(��$ ��� ��$

:P(�$���$���&������	��%)�����$(��$	
��$�)�<����
��)+�,����$ LTNO �&�:������$�#(+��	
��?���$�#�
�$��

)��$�&�
�
������F�'��
I%)�9)���;����$��	
� 4.1 "�# 4.2 "�#��+�)��(����	
� 4.3  
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6��*?' 4.27 ����������I$��9)� ($) Ti "�# (�) Li 	
��
(&��&� �� ���
��)+�,����$ LTNO 	
��+I�@�������

"�#	
��
��F
�(&���  
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�'

Logf (Hz)

 

 

�'
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Li0.10Ti0.05Ni0.85O
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�����*?' 4.3  �&�:������$�#(+��	
��?���$�#�
�$���&������	��%)�����$(��$���
��)+�,����$ LTNO 

 

Sintered at 1280 
o
C 

Sample 
E

a
 (eV) 


0
 (s)�

Li0.05Ti0.02Ni0.93O 0.299 1.91�10-12 

Li0.05Ti0.05Ni0.90O 0.298 2.38�10-12 

Li0.05Ti0.10Ni0.85O - - 

Li0.05Ti0.15Ni0.80O 0.268 5.49�10-12 

Li0.10Ti0.02Ni0.88O - - 

Li0.10Ti0.05Ni0.85O 0.315 3.23�10-12 

Li0.02Ti0.05Ni0.93O 0.267 4.02�10-12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.28 :P(�$���$���&������	��%)�����$(��$���
��)+�,����$ Li0.10Ti0.05Ni0.85O 9)�$��$�#(+��)�
�

:�������
������    
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C. 
��
��*���77\�9���

���!����� LTNO  

��$$��;<$=�����(�	��%)�����$(��$���
��)+�,����$ LTNO :�
&��&� �� ���
��)+	
�

�������#�*%)������
�����
��
�&�	
������$9)��	
���	&�$����$��	)���	
�%)���$���
�������$�+&��A��� 	
��(�
��


��)+�,����$ LTNO 9)�
�K
�A��� (Wu et al., 2002; Lin et al., 2006) ����(�	��%�"��(*%)�����$(��$	
�

�$�)�<���
�F�$�K����9)��?�"���'����$��9:��%��,?��"�� Maxwell-Wagner 9)�
��)+�,����$ LTNO (����


9��������"��?���Q�
�@���� ��#$��)�
� �&
�����$��	
��
����(�	��%>>B��������$<��(�
�'� (��A�����$$��

��A� NiO )�
� Li) "�#�&
��������$��	
��
����(�	��%>>B�����Q�
� (��A�����$$���#����� Ti 	
����

�$��) ��&��%�$�(�� $��
�)����(�	��%>>B����"$��"�#����$��9)�(����������%�%)���$��$ "�#9)�	��
%�

�#;<$=�9)��?��	���� ���:
")�,*��$9(��9��� (impedance spectroscopy) ,<�������	����$��;<$=�����(�	��

%>>B����&
�����$��"�#����$��9)�	������ (Sinclair et al., 2002) 9)�$'���)���9��������	���+�@��

���
��)+��#$��)�
��$��"�#����$�� )��������A���������%>>B�$��
��)+	
��
9��������)��$�&�
�
� "���'����

9��������	��%>>B������F������<��%)� 9)���#$��)�
�
���%>>B���� R "�# C 	
�(�$��"������ 2 
��� 

"�#	������
����
�(&�$��"����+$�� 9)�"(&�#
���"	��&
����$��(������	��%>>B�����$��"�#���

�$�� ���:�")�,*�
� (Z*) ���
��������F"�)�%)�)���
� 

 

                            
gbgbgg CjRCjR

ZjZZ
		 �

�
�

������ �� 11
* 11                     ���(4.12) 
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��                           �� (4.13) 
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��� 22 11 gbgb

gbgb
gb

gg

gg
g CR

CR
R

CR
CR
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                      (4.14) 

    

��A�� g "�# gb �A������$=I*"	��&
�����$�� (grain) "�#����$�� (grain boundary) (���'�)�� ��$��	
� 

4.12-4.14 ������$��	
��?���$���K����
��)+���+)��(�"�#9)�	��
%�%�&�����F�?���$���K������$��	)���

���� ��A��������+�"���'����(����$�� 4.14 ����#%)���$��	
��
�
������#��"�#�����F�?���$���K����

��$��	)���%)� )����$�� 

 

                     
�� 		 )(

1
)(

1
11

*

gbgbgg CjRCjR
ZjZZ

�
�

�
������ ��

,                  ��(4.15) 
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��A�� �  "�# �  �A��&���	
� 9)��
�&����&��?&
� 1,0 �� ��  "���'����$��(������	��%>>B���
��)+	
�

��#$��)�
��$��"�#����$��(����$��	
� 4.15 �����F�K������$��	)���%)�������&��)
 )��"�)��� 

@�:	
� 4.29 �����A�"���'���������F�����	
�����(��$���&����:
")�,*�?��,�����$��$��	)���%)�        

������&��)
 )������9��������	��%>>B����
��)+�,����$ LTNO 	
��������#�*%)������
�����
��<������F�K����%)� 

9)���#$��)�
��&
����$��(������	��%>>B�����$��"�#����$�� ��<��
�$�����:
")�,*�$�)%)�	�����?&
�

�+I�@������"�#��?&
��+I�@���(�'� ,<��"	�$��(������	��%>>B����&
��������$��	
��
����(�	��%>>B�����

Q�
�"�#�&
�����$��	
��
����(�	��%>>B��������$<��(�
�'� (���'�)�� ��$��$��;<$=�����(�	��%>>B���
��)+

�,����$ LTNO )��$�&�
�
� �����F�?A���9��F<�:P(�$���$���
�&���	
�%)�����$(��$	
������$���
��)+�,����$ 

LTNO %)� ,<����)�����$��"���'����$��9:��%��,?��	��%>>B�"�� Maxwell-Wagner $�&�
�A� ��A�����

����%>>B�$��
��)+�,����$ LTNO ,<������
��)+	
��
9��������"�� IBLC ��#�+����#�#�$�)$���#��	
�����$��

�$�)����$��):��%��,?��	
���
�������#�
&���$��"�#����$�� ��A�	
���
�$
&� $��9:��%��,?��"�� interfacial 

,<���&���9)�(�����
��)+�,����$ LTNO ����
��)+	
��
�&���	
�%)�����$(��$	
������$ 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.29 ���:
")�,*�?��,������
��)+�,����$ Li0.10Ti0.05Ni0.85O 	
��+I�@��� 120 oC @�:"	�$�A�

���:
")�,*�?��,���	
��+I�@��� -60 oC 9)������$=I*�A���$��	)���"�#����	<��
��'������A���

���$�������	
����������$$��	)���$��"���'����(����$��	
� 4.15  

 

 

 

0 100000 200000

0

50000

100000

150000

� = 0.97

Li0.10Ti0.05Ni0.85O

@ 120 oC

 

-Z
'' (

�
.c

m
)

Z' (�.cm)

 Experimental Data
 Fitting by Eq. (9.15)

0 100000 200000

0

50000

100000

150000

� = 0.97

 Experimental Data
 Fitting by Eq. (9.15)

@ -60 oC

-Z
'' (

�
.c

m
)

Z' (�.cm)

102 Hz 

~4 MHz 



 86

D. ,�9�������0#&�����&��6��0�&�������+��������2�
��
��*��������������

��%
��
��*���77\�0��

���!����� LTNO 

�����
�����
�%)�;<$=������$��������
������@���(������$�;���*$��	
��
(&�

����(�	��%)�����$(��$"�#����(�%>>B���
��)+�,����$ LTNO 	
��(�
��%)� 9)�	'�$����
��)+�,����$ LTNO 	
�

�+I�@��� 900 oC �����
�� 3 ?��
9�� $��;<$=����&
��
�%)��+&�	
��#;<$=�����������I?&��
&����$,���� 

(oxygen vacacies) 	
��$�)�<����A�����$$��������
������@���(������$�;���*$��	
��
(&�����(�	��%>>B�"�#

����(�	��%)�����$(��$���
��)+�,����$��$�+&� LTNO ��$��	)���)��"�)���@�:	
� 4.30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.30 $�����
���"���$���
��F
�����&� �� 	
��+I�@��� 30 oC ���
��)+�,����$ ($) Li0.05Ti0.05Ni0.90O 

"�# (�) Li0.05Ti0.15Ni0.80O 	���$&��"�#����$��������
������@���(������$�;���*$��   

@�:"	�$)�����"�)�$�����
���"���$���
��F
�����&� �� ���
��)+�,����$ Li0.10Ti0.05Ni0.85O 

$&��"�#����$��������
������@���(������$�;���*$�� @�:"	�$)����&��"�)�$��

���
���"���$���
��F
�����&� tan� ���
��)+�,����$ Li0.05Ti0.15Ni0.85O $&��"�#����$�������

�
������@���(������$�;���*$�� 

�
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Before annealing
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�'
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��$��$��	)���:�
&� $��������
������@���(������$�;���*$���&���(&�

����(�	��%)�����$(��$���
��)+�,����$ LTNO ������&����$ ��$��	)���:�����	
��&������A� �&� �� ���
��)+

�,����$ Li0.05Ti0.05Ni0.90O "�# Li0.10Ti0.05Ni0.85O ��?&
��
��F
�(�'� (102-104 Hz) �
�&��:����<��������$��


��)+�������$�;���*$�� ��A����$�&�
%)�
&� �&� �� �
�&��:����<����A�������I���?&��
&����$,������
��)+F�$	'�

����:�����$�<�� ��$��	)�������$=I#)��$�&�
�
������$��	
�:���
��)+�,����$ CCTO (Wang and Zhang, 

2006; Bender and Pan, 2005) ���I#	
���?&
��
��F
��)
�
$���
� �&� �� ���
��)+�,����$ Li0.10Ti0.05Ni0.85O �


�&�	
�%�&���
���"���$��$��������
������@���(������$�;���*$�� ��$@�:	
� 4.30($) :�
&�:P(�$���$��

�&������	��%)�����$(��$���
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�����,����$	
����&@���� ����
I��
����?�����$�+)���
��)+�,����$ Li0.05Ti0.05Ni0.90O "�# 

Li0.10Ti0.05Ni0.85O ,<���$(��
����(�	��%>>B��������$<��(�
�'��#�����FF�$���
���$�������
����(�	��%>>B�����
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�%)�9)�$�#�
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� 4.16 ��A�������I�����$,������
��)+�,����$ LTNO �)�� (��A��
$��

���
��
�'���������I���?&��
&����$,���� () �:����<��) �����I��� Ni3+ �#�)��)�
��:A����$=��@�:�
������

$���	��%>>B�����#��9)��
� )��������
�������
��)+�,����$ Li0.05Ti0.05Ni0.90O "�# Li0.10Ti0.05Ni0.85O �<�

���
����@�:$�������Q�
���A��
�
��(���	��%>>B��:�����$�<����A�����$$���)����������I Ni3+ ��A�����

����%>>B�$��
��)+�,����$	�������
� ��#�+����#	
����&�$������
I��
�����#F�$�
��$���$�����A���	
�9)�?���Q�
�
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����,<��F�$���
��
�'��<��9)�$��������
������@���(������$�;���*$�� )�
���(+)��$�&�
�
� �&� �� 
��?&
��
��F
�(�'��<��
�&��:�����$�<��  

��	��(��$������$��	
��
��F
�(�'� ������$$��������
������@���(������$�;

���*$�� �&� �� ��?&
��
��F
����$
&� 104 Hz ���
��)+�,����$ LTNO 	+$��A���%�$��9)��
�&�	
��)���:
��

���$���� "�#?&
����$���)����&��Q���:�������&� �� �
$����A���('�"��&�%���	�;	������
��F
�	
�(�'��� ��

$��	)���)��$�&�
�
��&�?
�
&� �����I���?&��
&����$,������9��������%)��
��(&�:P(�$���$���&������	��

%)�����$(��$���
��)+�,����$ LTNO )�
� ��$��;<$=�����(�	��%>>B����&
�����$��"�#	
�����$�����
��)+

�,����$ LTNO 9)��?��	�������:
")�,* )��"�)���@�:	
� 4.31 :�
&� ������$$��������
������@���(�

�����$�;���*$�� �&��
��(���	���
����
��)+�,����$�#�
�&��:�����$�<��������&����$ "�#�&��
��(���	��
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� ��$��	)���)��$�&�
�
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���$(��$)��	
�%)��K������$&�������
� ��
��)+�,����$ LTNO �&��
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6��*?' 4.31 ���:
")�,*�?��,������
��)+ �,����$ Li0.05Ti0.05Ni0.90O 	
��+I�@������� @�:"	�$"�)�

���:
")�,*�?��,�����?&
��
��F
����,<���&�?
�F<��@�:(���	��%>>B�@�����$�� 

�
��$@�:"	�$���@�:	
� 4.30(�) :�
&�������$$��������
������@���(�

�����$�;���*$�� :
�����&�$�������
�	��%)�����$(��$ tan� �#���$Z�<��	
��
��F
���#��I 104 Hz ��

)��$�&�
�
�      �
����(+��A�����$�&��
��(���	��%>>B��
�����#���
�&��:�����$�<�� ����������$$��	
�

��
�������
��)+  �,����$ Li0.05Ti0.15Ni0.80O ���
����@�:����?���Q�
� ���
����������"��
:
�)��$�&�
�
�%)�

�$�)�<������$��	)������
��)+�,����$	
����%�&�&��$��������
������@���(������$�;���*$�� "(&	
�%�&

�����F����$(%)� ��A�����$
��)+�
�&�$�������
�	��%)�����$(��$���&
�	
��$�)��$$���'�%>>B�$�#"�(�� ($��

�����
�	��%)�����$(��$	
��
��F
�(�'�,<���
�&��:�����$�<����A���)�
��F
��������%>>B�$�#"����� ��A��:���

�+I�@���) 	
���$�$��%� ��$���'�%>>B�$�#(��(&�$����$
�$�#�
�$���&������	��%)�����$(��$�����F

"�)��������%)�9)��?�"���'����$���&������	��%)�����$(��$��� Cole-Cole �&
�$��"���'�������$���'�

%>>B�$�#"�(�� (�dc) )����$�� 
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��A�� s��  "�# 
��  �A��&���	
�%)�����$(��$	
��
��F
�(�'�"�#	
��
��F
���� (���'�)�� ��$@�:	
� 4.32 �#����%)�
&�

�@�:�'�%>>B�$�#"�(�������F�&���(&�����(�	��%)�����$(��$���
��)+�,����$ LTNO ������&����$ 

9)��Q:�#$�������
�	��%)�����$(��$ ��$�������	
��"���'����(����$��	
� 4.17 $����$��	)��� :�
&�

�&� �dc �
�&��	&�$�� 1.0�10-4 S/m "�#:
���� tan� �����F����$(%)���$��$��	)������� ��A�������&� �dc 

��"���'�����:������� 5.0�10-3 S/m ��	
����$Z�A� :
���� tan� �
"��
9���	
��#���%� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6��*?' 4.32 $�����
���"���$���
��F
�����&� �� "�#�&� tan� 	
��+I�@��� 30 oC ���
��)+�,����$ 

Li0.05Ti0.05Ni0.90O ����$��������
������@���(������$�;���*$�� ����	<��
")�"�#�
��'�����

%)���$$�������	
����$��$�� 4.17  
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4.2.1.2 (Li, Fe) ��$ NiO (LFNO) 

���
�������&
��
� %)�;<$=��������#�*"�#;<$=���	K�:����?���Q�
�(&��� 

(Insulating layers) 	
��$�)�<����
��)+�,����$ (Li, Fe)NiO (LFNO) 	
��
��(&�����(�	��%>>B�"�#����(�	��

%)�����$(��$���
��)+�,����$ LFNO 9)�	'�$���������#�* 2 ��A���%� �A� Li0.05Fe0.05Ni0.90O "�# 

Li0.05Fe0.10Ni0.85O 
��)+�,����$	�������
�%)��(�
����$
��)+��	
��(�
��9)�
�K
:�������*%:9�%�,
� 
��)+��(��

��A���%���� Li0.05Fe0.05Ni0.90O "�# Li0.05Fe0.10Ni0.85O %)���$$��"��%,�*	
��+I�@��� 750 oC �����
�� 5 

?��
9�� 
��)+����	������?��)�
�%)�F�$�'�%�;<$=�9����������<$9)��?��	���� XRD ��$����
��)+�����&��
�F�$

�'�%��<�����9)�$����)���)�����	�����"�&�$�� "�#�����<$	
��+I�@��� 1280 oC �����
�� 4 ?��
9�� ���
����

���&
��
�%)�;<$=�9����������<$"�#��$=I#��I^�����9��������	���+�@�����
��)+�,����$ LTNO 9)��?�

�	���� XRD "�# SEM(EDS) (���'�)�� "�#%)�;<$=�����(�	��%>>B�"�#����(�	��%)�����$(��$���
��)+

�,����$(�
��&��	���$&�� (as-sample) "�#������)��
���� (polished-sample) ��?&
��+I�@��� -50 F<� 200 oC 

"�#��?&
��
��F
� 102 F<� 107 Hz� ��$��;<$=�9����������<$9)��?��	���� XRD )��"�)���@�:	
� 4.33 

:�
&� ���"��$����
��
�������
��$,*	�����
��)+�,����$ Li0.05Fe0.05Ni0.90O "�# Li0.05Fe0.10Ni0.85O �
�>�(��$��

���"��$����
��
�������
��$,*�� NiO (JCPDS no. 78-0429) 9)��
9������������"����$��;$* ��$��

	)����A����%)�
&� NiO �A��>����$���
��)+�,����$ LFNO 	
��������#�*%)� ��$��$��	)���:�
&� �>���A�

����� NiFe2O4 �����F(�
�:�%)������"��$����
��
�������
��$,*���
��)+�,����$ Li0.05Fe0.10Ni0.85O ��

$��	)���)��$�&�
�
��$�)��$%������� Fe 	
�9)��� NiO �
�����I	
���$$
&������(���$��"	�	
����#�� 

FexNi1-xO ���I#	
�
��)+�,����$ Li0.05Fe0.05Ni0.90O %�&�
�>���A������ NiFe2O4 ��A���	
��$����$��	)�����

�&
����
��)+�,����$ LTNO (���'��
�9���)
�
$���
� (Li0.05Ti0.05Ni0.90O) �����F��+�%)�
&� Fe �
"�
9���	
�

�#"	�	
���9����������<$��� NiO %)�)
$
&� Ti ��A�����$�>���A������ NiTiO3 ��������F:�%)���
��)+�,��

��$ Li0.05Ti0.05Ni0.90O      
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6��*?' 4.34 @�:F&�� SEM :A����
�������
��)+�,����$ ($) Li0.05Fe0.05Ni0.90O "�# (�) Li0.05Fe0.10Ni0.85O  

 

 

��$��$��;<$=���$=#��I^�����9��������	���+�@�����
��)+ �,����$ 

Li0.05Fe0.05Ni0.90O "�# Li0.05Fe0.10Ni0.85O 9)��	���� SEM )��"�)���@�:	
� 4.34 :�
&�
��)+�,����$	������

�
9��������	���+�@��	
���#$��)�
��$��"�#����$�� ���)����$���
���)�:����<����A�������I$��9)� Fe 

��$��$��;<$=����*��#$��	�����
9)��?��	���� SEM-EDS ���&
�(&��� ���9��������	���+�@�����
��)+

�,����$ Li0.05Fe0.10Ni0.85O )��"�)���@�:	
� 4.35 :�
&� �����I���:�	K*��� Ti �
�����I	
���$������
I

:A��	
�	
��
��$=I#�
���� (�+)	
� 1, 3 "�# 6) "(&�
�����I	
�����������
I:A��	
��
��
 (�+)	
� 2 "�# 5) ��	��

(��$������ �#(����� Ni �����F(�
�:�%)���$	
��+) 2 "�# 5 "�#�
�����I�&����������	
��+)����
I�
���� 

��$$�����"��$����
��
�������
��$,* �>���A����A� NiFe2O4 %)��$�)�<����
��)+�,����$)��$�&�
�
� )��������$��

$��;<$=�9����������<$"�#9��������	���+�@�� �
�	������*$��	�����
���
��)+�,����$ Li0.05Fe0.05Ni0.90O 

"�# Li0.05Fe0.10Ni0.85O �����F��+�%)�
&� 9�����������
��)+(�
��&��	�������
���#$������&
��A� �&
����

�$��,<����������
I	
���)
&��
�����I��� Li 	
��?���A���$  "�#�&
��������$�� ,<�������&
�	
��
�
����)��"�)�

��@�:F&�� SEM ,<����������A�����$$���#����� Fe �������I	
���$"�#���&���������>���A��� NiFe2O4 

��A��:����I���$�� XRD "�#��$��;<$=�)�
��	���� SEM-EDS ���
��)+�,����$ Li0.05Fe0.10Ni0.85O       

)��"�)���@�:	
� 4.34(�) ����
I��
�������
��)+�,����$�
����&
�	
��
�
����,<����)
&������&
�	
������>���A���

��� NiFe2O4 ,<���>�)��$�&�
�
��
$���#��	
�����$��"�#	
���
�����������I	
���$  

   �
�
�
�
�
�

($) Li0.05Fe0.05Ni0.90O (�) Li0.05Fe0.10Ni0.85O 
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������ 4.35 (�) ������� SEM 	
���
�����
������������������ Li0.05Fe0.10Ni0.85O (	) �������������!

	
� Fe �"#�$%&���� NiO '*+ Ni �"#,��-���/ ���
2&����3��3 EDS   

 

 

���#
46�7�
�����*	
�$�
������%�	
�������������-�
��2�-����9�
��*:�-���'*+

��2�-����9;;<�	
�	
������������� Li0.05Fe0.05Ni0.90O '*+ Li0.05Fe0.10Ni0.85O �"#�-�"��9�% �����,���"
9�%�>����

�����2�-����9�
��*:�-���	
���������������
���
� (as-sample) '*+�*�����	�������%� (polished-sample)  

,���*�����*
� ���'���������"# 4.36 �2��� 3�� �� ������������ as-sample �"3��������������������� 

polished-sample �
�,���"
����2���3�� tan� ����CG��"����9�
��*:�-���	
������������� polished-sample    

�"����CG��"��"#������������������� as-sample �*�����*
�����*����"
2��$"
��� $�
������%�	
������������� 

Li0.05Fe0.05Ni0.90O '*+ Li0.05Fe0.10Ni0.85O �"
�����*
�������-�
��2�-����9�
��*:�-���	
������������� LFNO 

�6#�&����#�9����*�*�	
�3�� �� �"�*���#
�,�����*�*�	
�3����	%�	
����&�*�9���$�� �6#����&�*�9���$��

�"#�������������������*����"
3�
 ���&�*�9���$��'22 Maxwell-Wagner ���
 space charge ���&�*�9���$��

��+����"
,+����9�%�"#2���������������+�����$�
�H���	
������%�'*+�����"#�>�9;;<��"#
�C�*6�*�9����������� 

������� �����
����*�*�	
�3����	%�	
����&�*�9���$���6#�����*&��-��-�
���*�*�	
�3�� �� �������   

������� polished-sample 
�,����	6
����#
�,��,��$�
�H���2��$�
�9�%�CG��"�9����
�C��>�,��

�9� ,���*���

��*
����'���������"# 4.34 �2����;��,�
���"#����	6
�2�������"����+���"#�����%�	
������������� LFNO 

�����
�,6��"3�����I�9�9�%��������%�	
������������� as-sample �"��2�-����9;;<���I�H��� 
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������ 4.36 '���������"�2��"�2��2�-����9�
��*:�-��� (�� '*+ tan�) 	
������������� 

Li0.05Fe0.05Ni0.90O '*+ Li0.05Fe0.10Ni0.85O �"#9���������	�������%� (��G*��7�!-���/) '*+����

���	�������%� (��%��62�"-���/) ���#

����C�����#�	6
� $������*�*�	
�3�� �� '*+�"3	
� tan� 

�3*�#
��"#9�����4���	
�3����"#�"#���#�	6
����#

����C�����#�	6
� (-��'����4���	
�*C�4�)  

�
 

���#
46�7���2�-����9;;<�	
�$�
������%�	
������������� Li0.05Fe0.05Ni0.90O '*+ 

Li0.05Fe0.10Ni0.85O �����,���"
9�%�$%��3��3
���"'���!����&���&3�J (Impedance spectroscopy) �����46�7�

��2�-�����*����"
 �*�����*
�'����������"# 4.37 �6#�'���
���"'���!�$���%
�	
������������� as-sample 

'*+ polished-sample �"#
����C���%
� ,���*�����*
������-9�%
����$���,���� ��4�"	
�3�6#����*�
���"'���!

�*:� (��$���3����"#�C�) 	
������������� as-sample '*+ polished-sample 9���"�����*"#��'�*�	��� '-���4�"

	
�3�6#����*�
���"'���!��G��"	����*:�*�
����$���,�����*��,�����	�������%�	
������������� LFNO ,��

�*�����*
�����*����"
������
��2��&��
�4����
�Q��������3��+�!���'22,>�*
�	
���,�9;;<�     

(Sinclair et al., 2002) &����#�9�'*%����*�
���"'���!�*:��"#3����"#�C�����,�����-
2��
����9;;<�������

102 103 104 105 106101

102

103

104

105

 

 

�'

Frequency (Hz)

102 103 104 105 106
0

2

4

6

8

10

12
 

 

ta
n�

Frequency (Hz)

102 103 104 105 106101

102

103

104

105

�'  

 

Frequency (Hz)

102 103 104 105 106
0

2

4

6

8

10

12

tan�

 

Frequency (Hz)

Li0.05Fe0.05Ni0.90O Li0.05Fe0.10Ni0.85O 

Li0.05Fe0.05Ni0.90O Li0.05Fe0.10Ni0.85O



 94

	
������6#��"�����>�9;;<��"#-#>����� '*+���*�
���"'���!��G�����,�����-
2��
����9;;<�������	
�

	
2����'*+����	
�
��*:�&��� ���
$�
�H���
�#�/ ,���*�����*
�9�%�2��#��"#������,��I�
������#� �*���3�


3�6#����*�
���"'���!	�����G���
���"'���!�$���%
�	
������������� Li0.05Fe0.05Ni0.90O '*+ 

Li0.05Fe0.10Ni0.85O ��I����-
2��
����9;;<�������	
�	
2����'*+$�
�H��������%�	
������������� 

LFNO �����
�,����2�-����9;;<��%����3��3
���"'���!�$���%
�	
������������� LFNO �*�����	�������%� 

��������,����9�%���3�6#����*�
���"'���!	�����G��"#3����"#-#>� 3�
�*	
����-
2��
����9;;<�������

	
�����������
� �*�����,���������"
9�%�2��� 
�����*	
�$�
�H���	
������%�'*+$�
�H���	
�	
2����

������,>�'����%��:�9�%
����$���,� &�����	�������%�	
�������������-��
����  

,���*�����*
����'���������"# 4.36 '*+ 4.37 ������
��2�����*�*�	
�

3�� �� ����*��,�����	�������%� &����,�����*�����*
������I��*���#
�,��$�
�H���	
������%�	
������

������� LFNO �*���3�
 ���-
2��
����9�
��*:�-���������	
��*-����"#����	6
��+����������������� LFNO 

��
�'*+�*�����	�� ����,�����&�*�9���$��'22 Maxwell-Wagner �"#2���������������+�������%�	
������

���������2���

�������� ����*��,�����	�������%�	
������

� 3�� �� 	
������������� LFNO *�*� �*�"#

����	6
��"����-����#
�,�����&�*�9���$���"#�����"#����������+�����$�
�H��������%���2���

����%����9��������

-
2��
�9�% ���#
�,����+,�
���+9����������:2�+��9�%��2���������*����"
 �����
����&�*�9���$��'22 

Maxwell-Wagner ,+����9�%�H��+�"#2�����	
2���������
� ����*��%���&�*�9���$������������������� LFNO 

�"	���	��*�*� ������#�	6
�	
�3�� tan� ����CG��"����9�
��*:�-���	
������������� polished-sample 

������
��2��9�%����"
 ��+,��"#�������+��9�%�"#2�����$�
�H��������%�	
������������� LFNO 9��������   

�C�	��	�������3*�#
��"#9�% ��+,���*���"
�������3*�#
��"#9�%
����
���+����-%
�����*	
�����9;;<��"#��% �����
�

������#�	6
�	
���+,�
���+�"#�������3*�#
��"#9�%&��9���"$�
�H���	�����
����������#�3������CG��"����9�
��*:�

-���	
������������� polished-sample 9�% 3�����I�H���	
�$�
������%�	
������������� Li0.05Fe0.05Ni0.90O 

'*+ Li0.05Fe0.10Ni0.85O 
�,����,������+��	
��;��,�
�� NiFe2O4 �"#2����������%�	
������������� '*+


�,����,��������	
�

����,��"#-�������+����������%�'*+����	
����

��	
������������� LFNO ������������
�"#����3��+�!9�%   
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������ 4.37 ����-���
���"'���!�$���%
�	
������-��
���� as-sample '*+ polished-sample �"#
����C���%
� 

��G*��7�!�62�"�
>�����'*+��G*��7�!&�����"	��'�������������� LFNO ��
�'*+�*��	�������%� 

-��*>���2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.38 ����-���
���"'���!�$���%
�	
������������� Li0.05Fe0.05Ni0.90O ��
�	�������%�����-%

'�����9;;<���+'�-����$��� 0-20 V '*+���'���'�������-���
���"'���!�$���%
�	
�

������������ Li0.05Fe0.05Ni0.90O �*��	�������%�    
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�����,���������"
���9�%46�7�
�����*	
�'�����9;;<���+'�-��-�
��2�-����9;;<�

'*+���9�
��*:�-���	
������������� LFNO ���'���������"# 4.38 '*+ 4.38 -��*>���2 ,���*�����*
�

�2������#
���#�'�����9;;<���+'�-�� ��4�"	
�3�6#����*�
���"'���!�"#����,�����-
2��
����9;;<�������

	
�$�
�H����"	����*:�*� 2��$"
9�%
����$���,��6����*�*�	
�3���-%�����9;;<�	
�	
2����'*+$�
������%�

������������ LFNO 
����9��:-��'�����9;;<���+'�-��9���"�*-�
�����*"#��'�*�	
�	�����4�"	
�       

3�6#����*�
���"'���!�*:� (��*%,���>�����) �6#�����,�����-
2��
����9;;<���������� �*�����*
�

����*����"
'���9�%���3���-%�����9;;<����������	
������������� LFNO Li0.05Fe0.05Ni0.90O '*+ 

Li0.05Fe0.10Ni0.85O 9����*"#��'�*���2'�����9;;<���+'�-���"#��%�+������������$��
���"'���! ,���*

���46�7�
�����*	
�'�����9;;<���+'�-��-�
��2�-����9�
��*:�-��� ���'���������"# 4.38 �2���3�� �� �"#

3����"#-#>����� 104 Hz 	
������������� LFNO �"3��*�*����#
���#�	���	
�'�����9;;<���+'�-�� '*+,��

���'���	
�����"# 4.38 �2���3�� tan� ����CG��"����9�
��*:�-����"#3����"#-#>������"3	
������
�3*�����

9�
��*:�-���,+�"3�����#����	6
����#
���#�	
�'�����9;;<���+'�-�� �*�����*
���
��
��"
������
��2��9�%

���-�
9��"
 ���#
��%'�����9;;<���+'�-����2������������ LFNO ��+,��"#�"����+���"#	
2����2������������

�3*�#
��"#	%���>�'��4���!�"#	
2����9�% �����
���+,��"#�+���"#2�����	
2����,+�",>����*��%
�*� ����*��%

	���	
����&�*�9���$��*�*��6#�����*&��-��-�
���*�*�	
�3�� �� ���#
��,������+,��������"#�"�*�����

����
�"#,+������	%���>�'��4���!	
�	
2����9�% ��+,�
���+��*���"
,+�"�*�>���%3�������>�9;;<�&�����

	
������ ������� LFNO ���#�	6
� ������#�	6
�	
������>�9;;<�����*����"
9�%����*&��-��-�
������#�	6
�	
�3�� 

tan� ����CG��"����9�
��*:�-���    

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.39
�����*	
�'�����9;;<���+'�-��-�
��2�-����9�
��*:�-��� (�� '*+ tan�) 	
������������� 
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4.2.1.3 (Li, V) �	
 NiO (LVNO) 

�
�����
,���������������*��� (Li, Ti)NiO '*+ (Li, Fe)NiO �"#'�����2�-����

9,
'�-!9�
��*:�-���'*%� �����,���"
9�%�2����������������*��� (Li, V)NiO ��I��������������"#�"3�� �� �"#�C����

�$����"�������2��������������
��
��*����"#9�%�*��������
����	%
�"#������ �����,���������"
9�%�>�����-�"��'*+

46�7���2�-�������9�
��*:�-��������
���2�-����9;;<�	
������������� Li0.05VxNi0.95-xO (���#
 x=0.02, 0.05 

'*+ 0.10) ������� Li0.05VxNi0.95-xO �C��-�"��&�����"�
�!*���
�!9�&�9*�"�&��9�%,��������'3*9��!�����

	
����-�
�-%��"#
����C�� 750 oC ��I���*� 5 $�#�&�� ������� Li0.05VxNi0.95-xO �"#9�%�C��>�9�46�7�&3����%���*6�

&���$%��3��3 XRD ,����
�������� Li0.05VxNi0.95-xO �C��>�9�	6
��C�&�����
����:��%��'���3%�'22'����"#�� 

'*+�����6��"#
����C�� 1280 oC ��I���*� 4 $�#�&�� &3����%���*6�'*+*��7�+���Q��	
�&3����%�����,�*��3

	
������������� Li0.05VxNi0.95-xO �C�46�7�&���$%��3��3 XRD '*+ SEM-EDS -��*>���2 �����,���"
9�%46�7�

��2�-����9;;<�'*+��2�-����9�
��*:�-���	
������������� Li0.05VxNi0.95-xO ��$���
����C�� -50 �6� 100 oC 

'*+��$���3����"# 102 �6� 107 Hz     

�*���46�7�&3����%���*6�&���$%��3��3 XRD '����������"# 4.40 �2����C�'22

����*"
���2�����"�
��!��
����������'*+������������ Li0.05VxNi0.95-xO �"�;�-����2�C�'22����*"
���2�	
�����"

�
��!�� NiO (JCPDS no. 78-0429) &���"&3����%����I�'22*C�2�4�! �*�����*
��"
������9�%��� NiO 

���3���I��;��*��	
������������� Li0.05VxNi0.95-xO ��
����������#
�9	�"#�-�"��9�% ,���C�'22����*"
���2�����"

�
��!	
���������2��� �;��,�
��	
� Ni3V3O8 9�%����	6
����*����������������"#&���%�� V ���������"#��� 3�


������������ Li0.05V0.05Ni0.90O '*+ Li0.05V0.10Ni0.85O (����"# 4.40(	) '*+ 4.40(3)) '-��;��,�
������*���

�"
 9������_���C�'22����*"
���2�	
�����"�
��!���������������"#������������6� ���'���������"# 4.40(�) 

'*+ 4.40(H) ���#
	�������%�	
�������������

�'*+46�7��;�	
����������� �����,���"
9�%�2�*�����*
� 

�"#������, 3�
�;��,�
�� Ni3V3O8 �������29�%���C�'22����*"
���2�����"�
��!	
������������� 

Li0.05V0.10Ni0.85O (����"# 4.40($)) �6#���I������������� LVNO �"#�"���&�� V ���������"#����"#��� ��	�+�"#

������������ Li0.05V0.02Ni0.93O '*+ Li0.05V0.05Ni0.90O ��
��"#�������	�������%�'*+9���������	��,+9��������

-��,�2�;��,�
��	
� Ni3V3O8 9�%�*� �*�����*
�����*����"
'�������;�	
� Ni3V3O8 �"��+�+���"#

�����%����������"#�%
���� &��������	
��;��,�
���"#����������	6
�9�%������G�9�%�+���"#��������

���

������������ Li0.05V0.10Ni0.85O �*�����*
�����*����"
3*%����2�*�����*
��"#����	6
���������������       

3
�&���-�������	
� Ag/CaCu3Ti4O12 (Wang et al., 2006)     
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������ 4.40 �C�'22����*"
���2�����" �
��!�� (�)-(3) ������� '*+ (�)-(H) ����� �������	
� 

Li0.05V0.02Ni0.93O, Li0.05V0.05Ni0.90O '*+ Li0.05V0.10Ni0.85O -��*>���2 ($) �C�'22���

�*"
���2�����"�
��!	
������������� Li0.05V0.10Ni0.85O �*��,��	�������%� 

 

 

,���*���46�7�*��7+���Q��	
�&3����%�����,�*��3	
������ ������� 

Li0.05VxNi0.95-xO �2����������������"&3����%����*��7�+	
�����'*+	
2���� ���'��������'���	
�

����"# 4.14 	���&���H*"#�	
�����	
������������� Li0.05V0.02Ni0.93O, Li0.05V0.05Ni0.90O '*+ 

Li0.05V0.10Ni0.85O �"#	�����+��� 46�14, 52�16 '*+ 49�12 -��*>���2 	���	
�������*"#��'�*�-��

������	
� V �"#�$%&����"���*:��%
� 
����9��:-�� ���#
���"�2��"�2&3����%�����,�*��3��2 LTNO '*+ 

LFNO �2��� ������������ LVNO �"�	��	
������"#&-������������������
��
��*����"
��� &��&-������+��� 

10 ���� ����-�2&-	
������������������� LVNO ����*����"

�,����,����+2����������6�'22�;�	
�

	
���*��"#
�,����	6
��������������� LVNO &����
� Li '*+ V 
�,���*"#�������*����I�	
���*����+�����

��+2�����-���/ 	
������6� �;�	
���*��"#����	6
��������"#,+$�����%�������,����"��-��	
�
����3����%�"

���
��'���-�����	6
� '*+$�������������%���	����	
�9


�-���/ �$�� ���'��� (diffusion) ������������

9�%�"	6
� �����
�
�-������-�2&-	
������6#�&����#�9���I��������"#�������!&��-����2���	����	
�9


�-���/ 

,+���������#����	6
�9�% ���#
�,����������;�	
�	
���*�����������������	�+��+2����������6� 
����9�

�:-�� ���	���	���	
������"#����	6
��������������� LVNO ����*����"
 
�,,+����*��"�-�
��2�-��$���* �$��

�>���%������������	��3���'	:� &���H�+�"#
����C���C�  
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������ 4.41 ������� SEM 	
���
������%�	
������������� (�) Li0.05V0.02Ni0.93O, (	) Li0.05V0.05Ni0.90O 

'*+ (3) Li0.05V0.10Ni0.85O   

 

�*���46�7�
�3!��+�
2����3�"������	
�����'*+	
2����&���$%��3��3 EDS 

���'���������"# 4.42 �2��� ���-��&��	
� V �"����+�����������"#����"#2�����	
2�������#
��"�2��2

�������"#-��,�2�"#2�������������� &�� V ,+
�C����C�	
��;��,�
��	
� Ni3V3O8 �*�����*
�����*���

�"
'������&3����%�����,�*��3	
������������� Li0.05VxNi0.95-xO 
�,������I�&3����%��'22 “core/shell” &��

��*�
�	
�����3�
�;��"#��+�
29��%�� V �6#�
�C����C�	
��;��,�
�� Ni3V3O8 &����*�
�����*���9�%��%�����

	
�'���*���"#��I��;�	
� Li &�� NiO (LixNi1-xO) &��&3����%����*��7�+����*����"
9�%����	6
��������     

9,'
�-!9�
��*:�-���������� NiO �*���
�#�/ �$�� (Li, Fe)NiO ���'��������	%
��,���"#������ '*+            

(Li, Si)NiO (Lin et al., 2005) '*+ (Li, Al)NiO (Lin et al., 2004) ,���*���46�7���2�-����9;;<�&��

�$%��3��3 
���"'���!����&���&3�J ���'�������"# 4.43 �2��������������� Li0.05V0.10Ni0.85O '*+�����   

������� LVNO 
�#�/ ��I��������������"#�"
�3!��+�
2-���/ �"#�"��2�-����9;;<�'-�-������ ���#
�,��


���"'���!�$���%
�	
������������� LVNO ��+�
2�%���
������"#�"���-
2��
����9;;<���$���3����"#     

�"#-������ '*+'�������_��$���3����"#	
������*
� ��$���
����C���"#-������ ���'��������'���       

	
�����"# 4.43 
�3!��+�
2��
��
������"
3�
���-
2��
����9;;<�������	
������6#��"��2�-����9;;<���I�

����6#�-���>� '*+	
2�����"#�"��2�-����9;;<���I�H��� ��I��"#���2����"&����#�9���� LixNi1-xO �"��2�-����

(�) (�) 

(�) 

40 �m 40 �m 

40 �m 
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 -20 oC
 -30 oC
 -40 oC
 -50 oC

9;;<���I�����6#�-���>� �����
�,6��"3�����I�9�9�%��� �;��,�
��	
� Ni3V3O8 �"#�+���"#	
2�����"��2�-����

9;;<���I�H��� '*+�>���%��"#��I�$�
�H���	�����
�����>�9;;<��+��������� &��&3����%�����9;;<�����*����"


,+����*&��-��-�
��2�-����9�
��*:�-���	
������������� Li0.05VxNi0.95-xO ���#
��%����9;;<���2�����      

�����������*����"
 ����3*�#
��"#	
���+,�
���+�����
����3����	
� LixNi1-xO �"#��I�����6#�-���>�,+�C�	���

��
�&��$�
�H����"#	
2����'*+��+,�����*����"
,+�+���"#	
2�����6#��"����+��	
��;��,�
�� Ni3V3O8�
�

 

 

 

 

 

 

 

 

 

������ 4.42 �������������!	
� V �"#2��������� (,���"# 2 '*+ 3) '*+	
2���� (,���"# 1) ���
2&���$%

��3��3 EDS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.43 
���"'���!�$���%
�	
������������� Li0.05V0.10Ni0.85O ��$���
����C�� 60-100 oC '*+���

'���'���
���"'���!�$���%
�	
������������� Li0.05V0.10Ni0.85O ��$���
����C�� -50- -20 oC    

1 2 3
0

2

4

6

8

10

w
t. 

%
 o

f V

Measured point

2 1
3

102 Hz 

107 Hz 
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,���*���46�7���2�-����9�
��*:�-���	
������������� Li0.05VxNi0.95-xO �2��� 

������������ Li0.05VxNi0.95-xO �"#����3��+�!9�%�������,���"
��I������9�
��*:�-����"#�"3�� �� �"#�C���� &���"3��
�C�

��$��� 104 �6� 105 �
�,���"
'*%�����2��� 3�� �� 	
���������������*���"
��*"#��'�*�-��3����"#'*+
����C��

3�
�	%���%
� �*�����*
��2��� 3�� �� 	
������������� Li0.05VxNi0.95-xO �"3��*�*����#
������	
����

�,�
��� V ���#����	6
� ���'�����-�����"# 4.4 �*�����*
�����*���3*%����2�*�����*
����+22	
� 

LixTiyNi1-x-yO (Wu et al., 2002) &��3�� �� 	
����������*����"
*�*����#
���#����������#����&�� Ti 

�
�,���"
'*%�����2��� 3���*�������+-�%��>����2��+2�������
�3*�����9�
��*:�-��� (Ea) '*+�*�����

��+-�%��>����2����>�9;;<���������� (Eg) �"'��&�%��"#,+���#�	6
�-�����������&��	
� V �*�����*
�

����*����"

�,����,��9


�	
� V 2�������������	%�9�'���"#->�'����	
� Ni2+ 9


� ��&3����%���*6�

	
� NiO �*�"#-����3�
����,��2����
� (defect) ��������� �6#�,��2����
�����*����"

�,,+�"�*-�


��+2�����	�������9;;<� (electrical transport) 	
���+,���������� &��
�,,+,+-%
��$%�*�����3����%
�

���������-������	�2�3*�#
���+,���%�3*�#
��"#-����4���	
�����9;;<� ����*��%3���*�������+-�%��>����2

����>�9;;<������������#�	6
� ���#
�,����+2�����-
2��
����9�
��*:�-���	
�������*��� NiO �"

3����������!��2��+2������>�9;;<�������� (Lin et al., 2006) �����
� �����*"#��'�*�3���*�������+-�%�	
�

����>�9;;<������������
�����*��+�2-�
��+2��������-
2��
����9�
��*:�-��� ��#�3�
��+�2-�

�-��

�������&�*�9���$�����9;;<��6#��C�3�23��&��
����C�� �*����*����"
,+�>���%3���*�������+-�%�	
�

��+2�������
�3*�����9�
��*:�-�����*"#��'�*�9�����4����"#���#�	6
� �
�,���"
'*%�����2��� 3���*�����

��+-�%�	
�����>�9;;<��"#	
2���� (Egb) 	
������������� Li0.05V0.05Ni0.90O '*+ Li0.05V0.10Ni0.85O �"3��

-��������"���*:��%
� &��
�,�"����-����#
�,���;��,�
��	
� Ni3V3O8 �"�*�>���%3������	
�	
2����

��*"#��'�*�������
� &���"#9���"�*-�
��2�-����9;;<�	
�	
2���� �����
� ���*�*�	
�3�� �� ������6#�
�,����

,��������#�	
�3������	
�	
2���� (Wu et al., 2002) 

 

����
��� 4.4  3�� �� '*+ �*�������+-�%�	
���+2�������
�3*�����9�
��*:�-���'*+�*�������+-�%�����>�

9;;<� �>����2������������ Li0.05VxNi0.95-xO �"#&���%����� V ��������-���/ 

������������  �� 
(30 oC and 1 kHz) 

Ea (eV) Eg (eV) Egb(eV) 

Li0.05V0.02Ni0.93O 61,907 0.211 0.202 0.323 

Li0.05V0.05Ni0.90O 34,854 0.250 0.246 0.414 

Li0.05V0.10Ni0.85O 30,503 0.261 0.274 0.413 
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,���*���46�7��v-����������
�3*�����9�
��*:�-���	
������������� 

Li0.05V0.05Ni0.90O �"#�-�"��&�����"�
�!*���
�! 9�&�9*�"� ���'���������"# 4.44 �2��� 3�� �� ��$���3����"#-#>�

���� 105 Hz �"#3����*"#��'�*���23����"#�%
���� '*+$���	
����*�*�
����H�2�*��	
�3��3��"#9�
��*:�-���

'*+�"3	
�3������CG��"����9�
��*:�-���,+�3*�#
��"#9�����4���	
�3����"#�"#�C�	6
����#
���#�
����C��	
����

��*
� �*�����*
�����*����"
2��$"
�6��v-����������
�3*�����9�
��*:�-����"#�C���+-�%��%��3����%
�   

,������"# 4.44(	) �2���3������CG��"����9�
��*:�-�����$���3����"#-#>����� 105 Hz �"3�����#����	6
�
����

�����:�-��������#�	
�
����C�� �*�����*
�����*����"
����,���*	
�����>�9;;<���+'�-���������

�����

������� ����"3�� �� 3��"#9�
��*:�-����"#�C����	
������������ Li0.05VxNi0.95-xO ������
��2��9�%&�����

��,����������������*����"
��I�������"#9���"3�����#>����
���9;;<� �*���3�
����	
�����'*+	
2�����6#�

��+�
2�����I���������������
��"��2�-����9;;<��"#-������ ��+�
2�%������	
������"#��I�����6#�-���>�

���#
�,�����&�� Li �� NiO '*+����>�9;;<��+�����������*���"
,+�C�	�����
�&���%����*�
����
$�
��
�	
�

�����6#��"3����2�-����9;;<���I�H��� ���#
�,������+��	
� V ���C�	
��;��,�
�� Ni3V3O8 �%��

&3����%�����,�*��3'22���47����*����"
 ���#
������������ Li0.05VxNi0.95-xO 
�C�����-%
�����*	
�����9;;<�

��+'��*�2,������
� ���-
2��
����9�
��*:�-���,+����������	6
�9�%&������+��	
���+,�
���+�"#	
2

���� �6#���I�H���'*+�>���%��"#	�����
�����3*�#
��"#	
���+,�
���+��*���"
 ���#
3����"#	
�����9;;<�,��

����
����#����	6
� ���-
���
����9�
��*:�-���������������������� Li0.05VxNi0.95-xO ,+*�*� '*+�"3��

*�*�
����H�2�*�����#
3����"#�$�����	
�����9;;<��"3����*%�3"����23����"#����$�-�	
������#� (����3*�#
��"#

'22 �*�29�-�� -����4	
�����9;;<���+'��*�2) 	
���+,��"#
�C���������� �*����*����"
��
��%����

�v-����������
�3*�����9�
��*:�-����"#3����"#�C�/ ���#

����C�����#����	6
� �*�����,��3����%
�,+

��+-�%���%
�-�������#�	
���+,�������������#�	6
� ����*��%���-
2��
����9�
��*:�-�������������9�%�"#

3����"#�C�	6
� ��+2���������*����"
��"����� �����
�3*�����9�
��*:�-����"#��+-�%��%��3����%
� (thermally 

activated mechanism) 
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������ 4.44 �����*"#��'�*���23����"#	
� (�) 3�� �� '*+ (	) 3����������CG��"����9�
��*:�-��� (���) 
	
������������� Li0.05V0.05Ni0.90O ��$���
����C�� -50 �6� 30oC 

 

 

4.2.1.4 ���������
����	
 NiO 	�����������
� �����������������!����"#	���
��� 

�����,���������"
9�%�>����46�7�'*+���"�2��"�2��2�-����9�
��*:�-���'*+��2�-�

���9;;<�	
������������� NiO ����*��� ��+�
2�%�� Li0.05Ti0.02Ni0.93O, Li0.05Fe0.02Ni0.93O '*+ 

Li0.05V0.02Ni0.93O &����,�������+��2	
�&3����%���*6������#
�	
����'���"#���#
�,�����&�� '*+

&3����%�����,�*��3-�
��2�-����9�
��*:�-���'*+���9;;<� ��������������
����$�������3��+�!,����������"#

�-�"��&�����"�
*���
�!9�&�9*�"� ��������"#����������'3*9��!�����	
����-�
�-%��"#
����C�� 750 oC ��I�

��*� 5 $�#�&�� ��
����$����"
9�%�C��>�9�46�7�&3����%���*6�&���$%��3��3 XRD ,����
����������*���"
�C��>�9�

	6
��C�&�����
����:���I�'����*��%��'���3%�'22'����"#�� '*+�����6��"#
����C�� 1280 oC ��I���*� 4 

$�#�&�� &3����%���*6�'*+*��7�+���Q��	
�&3����%�����,�*��3	
���������������
����$����C�46�7�&���$%

��3��3 XRD '*+ SEM-EDS -��*>���2 �������,���������"
9�%46�7���2�-����9;;<�'*+��2�-����9�
��*:�

-���	
���������������
����$�����$���
����C�� -60 �6� 150 oC '*+��$���3����"# 102 �6� 107 Hz     
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������ 4.45(�) (	) '*+ (3) '���������� SEM ��
������%�	
������������� Li0.05Ti0.02Ni0.93O, 

Li0.05Fe0.02Ni0.93O '*+ Li0.05V0.02Ni0.93O -��*>���2 '*+ (�) '�������-���	
� EDS �"#

���
2�"#2���������'*+	
2����	
������������� Li0.05V0.02Ni0.93O ���'��������'�����

��� 4.45(3)    

 

 

�*���46�7�&3����%���*6�&���$%��3��3 XRD ���'��������	%
�"#������ �2���

�C�'22����*"
���2�����"�
��!��
����������'*+������������-��
������
����$����"�;�-����2�C�'22���

�*"
���2�����"�
��!�� NiO (JCPDS no. 78-0429) &���"&3����%����I�'22*C�2�4�! ������9�%��� NiO 3�
�;�

�*��	
������������� Li0.05Ti0.02Ni0.93O, Li0.05Fe0.02Ni0.93O '*+ Li0.05V0.02Ni0.93O '*+9���2�;��,�
��,��

�C�'22����*"
���2�����"�
��!����������������
����$����"
�"
 ,���*���46�7�*��7+���Q��	
�&3����%�����

,�*��3	
���������������
����$���&����3��3 SEM �2����������������"&3����%���"#��+�
2�%������	
�����

'*+	
2���� ���'���������"# 4.45(�)- 4.43(3) &3����%�����,�*��3	
������������� Li0.05V0.02Ni0.93O 

'*+ Li0.05Fe0.02Ni0.93O �"��������C�������������*:��%
�-��,���$�#
�-�
	
����� ���������������� 

Li0.05Ti0.02Ni0.93O ��I�������"#�"3���'���-������"#���'*+9���2�C������&3����%�� ,��������� SEM �2���

	���	
�����&���H*"#�	
������������� Li0.05Ti0.02Ni0.93O, Li0.05Fe0.02Ni0.93O '*+ Li0.05V0.02Ni0.93O &���"

3����+��� 4.8, 3.3 '*+ 46 �m -��*>���2 	���	
�����	
������������� Li0.05V0.02Ni0.93O �"	���&-����

6�m 6�m 

60�m 

1 
2 3 

4 

(�) (	)

(3) (�)

Point 1 

Point 2 

V
NiAu

NiO 

V
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������������ Li0.05Ti0.02Ni0.93O '*+ Li0.05Fe0.02Ni0.93O ��+��� 10 ���� ,���*�����*
�����*����"
 ������

����9�%������&��9


�-���/ 	
� Ti4+, Fe3+ '*+ V5+ �� NiO 9�%����*
�������-�
*��7�+	
�&3����%�����

,�*��3	
�������������9,'
�-!9�
��*:�-����*��� NiO &������,�
9


�	
� V5+ �� NiO ,+�>���%	���	
�

����&���H*"#��"	�����G��"#��� &��3�������I��*���#
�,����������;�	
���*�����:�������+�������+2�����

�����6� �6#��;�	
���*�����*����"
,+�"�*-�
����-�2&-	
�����&���>���%��"#��I��+����$�#
�-�
�+���������

�"#
�C�	%���3"����� �*���46�7�
�3!��+�
2����3�"������	
�����'*+	
2����&���$%��3��3 EDS ���'���

������"# 4.43(�) �2�������-���	
� EDS �"#2��$"
�6�
+-
�	
� V ,+����_�H��+��2�����	
�	
2����

������
� &������-����"#���
2�"#2��������������,+9��������-��,�2
+-
�	
� V 9�% �*�����*
��"


'���9�%���9


�	
� V5+ �"#�$%&���"����+���"#	
2�������������"#������#
��"�2��2����+���"#2��������� 

�*���46 �7���2�-�� �� 9�
� �*: �-�� �	
��� ��� ������ �  Li0.05Ti0.02Ni0.93O, 

Li0.05Fe0.02Ni0.93O '*+ Li0.05V0.02Ni0.93O ���'���������"# 4.46 �2���3�� �� 	
���������������
����$����"
�"

�����*"#��'�*�-��3����"#3�
�	%���%
� '*+�"#3�� �� �"#�C���� &���"3��
�C���$��� 104-105 �*�����*
��2

��#��"#������,��� 3�
 ����,�
9


�	
� Ti, Fe '*+ V �� NiO ������29


�	
� Li 9�%����*
�������-�


��2�-����9�
��*:�-���	
���������������*���"
 ,���*�����*
�	
����46�7���2�-����9�
��*:�-����"#
����C��

'*+3����"# 1 kHz �2��� 3�� �� 	
������������� Li0.05V0.02Ni0.93O �"3������"#��� '*+3�� �� 	
������������� 

Li0.05Ti0.02Ni0.93O �"3���%
��"#��� ���������-�����"# 4.5 ���#
��,����3�� tan� 	
�����CG��"����9�
��*:�-���

-*
�$���3����"#	
��������>����2��������������
����$����"
 �2��� ������������ Li0.05V0.02Ni0.93O �6#���I������

�"#�"3�� �� ����"#��� �*�2�"3�� tan� 	
�����CG��"����9�
��*:�-����%
����������������� Li0.05Fe0.02Ni0.93O 

-*
�$���3����"#	
������*
� &����#�9�'*%� 3�� �� 	
��������������*��� NiO ,+	6
�
�C���2������	
���+,�


���+������������ �����
�3�� �� �"#�C����,+����*��%3�� tan� 	
�����CG��"����9�
��*:�-������#�	6
��%�� �����
�

&3����%���"#-������	
������������� Li0.05V0.02Ni0.93O '*+ Li0.05Fe0.02Ni0.93O 
�,,+����*-�
��2�-����9�
�

�*:�-�����*���"
  

����"# 4.47 '��������*"#��'�*���2
����C��	
�3��3��"#9�
��*:�-���	
����������

��� Li0.05V0.02Ni0.93O ��$���3����"# 500 Hz �6� 3 MHz ,���*�����*
�����*��� �2��������������� 

Li0.05V0.02Ni0.93O ��I�������"#�"3��3��"#9�
��*:�-�����*"#��'�*�-��
����C���%
������$���
����C��	
����

��*
�'*+��$���3����"#-#>����� 100 kHz �$����"�������2������������ Li0.05Fe0.02Ni0.93O '*+ 

Li0.05Ti0.02Ni0.93O 
����9��:-�� ���#
3����"#	
�����9;;<���+'��*�2���#�	6
� 3�� �� �"#
����C��-#>��"3��*�*�


���������:� �6#���I��*���#
�,�����-6�-��	
�9�&�*9;;<��"#
����C��-#>�/ &�����*�
����C��*�,+�"�*�>���%


�-���������&�*�9���$��*�*� �*������"#�$%����+2�������
�3*�����9�
��*:�-����������������� 

Li0.05V0.02Ni0.93O '*+ Li0.05Ti0.02Ni0.93O �������-�����"# 4.5 3���*�����	
������
�3*�����9�
��*:�-���

	
������������� Li0.05Fe0.02Ni0.93O 9��������3>����9�% ���#
�,��$���	
����*�*�
����H�2�*��	
�3�� �� 
'*+�"3	
�3������CG��"����9�
��*:�-���9�%�����"#�
�	
2�	-	
�$���
����C��'*+3����"#�������*
� 
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������ 4.46���"�2��"�2��2�-����9�
��*:�-��� (�� '*+ tan�) 	
������������� Li0.05Ti0.02Ni0.93O 

Li0.05Fe0.02Ni0.93O '*+ Li0.05V0.02Ni0.93O �"#
����C���%
� 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.47 �����*"#��'�*���2
����C��	
�3��3��"#9�
��*:�-���	
������������� Li0.05V0.02Ni0.93O ��$���

3����"# 500 Hz �6� 3 MHz 
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����
��� 4.5 	��������H*"#� 3�� �� '*+�*�������+-�%��>����2��+2�������
�3*�����9�
��*:�-��� '*+

�*�������+-�%�����>�9;;<� �>����2������������ Li0.05Ti0.02Ni0.93O, Li0.05Fe0.02Ni0.93O '*+ Li0.05V0.02Ni0.93O 


����C�������6� (oC)  
	������� 

(�m) 

�� 
(300 K and 1 kHz)

Ea (eV) Eg (eV) Egb(eV) 

Li0.05Ti0.02Ni0.93O 4.8�2.0 10,900� 0.287 0.293 0.453 

Li0.05Fe0.02Ni0.93O 3.3�0.9 28,213 - 0.190 0.240 

Li0.05V0.02Ni0.93O 46�14 36,418 0.224 0.216 0.304 

 

 

�*�����*
��"#�>�3�G����9�%���-�����"# 4.5 ���&��9


�	
� Ti, Fe '*+ V 

������2 Li �� NiO 9�%�"�*
�������-�
&3����%�����,�*��3 -*
�,���2�-����9;;<�'*+��2�-����        

9�
��*:�-���	
��������������*��� NiO ,��-�����"# 4.5 �2��� 3�� �� 	
������������� Li0.05Ti0.02Ni0.93O �"3��

-#>��"#��� &���
�3*%
���2����"#����������������*����"
�"3���*�������+-�%�����>�9;;<��������������"#��� 

���#
�,�������9�
��*:�-�����������*��� NiO ��I�������"#�"��2�-����9�
��*:�-����������!&��-����2��2�-�����>�

9;;<���������� (Lin et al., 2006) &��3�� �� 	6
���2�����>�9;;<����������	
� NiO �6#��"��2�-����

9;;<���I�����6#�-���>��"#����,������,�
�%�� Li �����
� 3�� �� ,+���#�	6
�-��������#�	
������� Li �"#&���������

�*����"
 
����9��:-�� ��������������
����$����"
9�%�C�&���%�� Li ���������"#������� �����
�3�� �� �"#-������     

,6�����,���*	
����&���%��9


�	
� Ti, Fe '*+ V �"#9�%����*-�
����>�9;;<����������	
�������������

��
���� 3���*�������+-�%�����>�9;;<�����������"#����"#���	
������������� Li0.05Ti0.02Ni0.93O ����3������ 

����>�9;;<������������������ �*����"
,+-%
��$%�*������"#����"#��� �����
�����+��	
���+,��"#	
2����	
������ 

Li0.05Ti0.02Ni0.93O ,6��"�������"#�%
��"#��� �6#�����*��%3�� �� 	
������������� Li0.05Ti0.02Ni0.93O �"3��-#>��"#���  

�����"	
������������� Li0.05V0.02Ni0.93O �6#���I���������� ���-��
�����"#�"3�� �� ����"#��� �*����*����"

�,����

,���*	
�&3����%�����,�*��3 ��#�3�
������������ Li0.05V0.02Ni0.93O ��I�������������-��
�����"#�"	���	
�

�����"#��G��"#��� &����#�9�'*%� ����������"#�"	�����G�,+��+�
29��%��������
�	����*:� (sub-grain) 


�C������ (Feng et al., 2005) ����"����	����*:�,+��I�������#���
����	
�$�
�H�������������������� '*+

����*��%��
��"#	
����&�*�9���$��,+���#��%�� �%����-�����*���	���	
����&�*�9���$��	
������ 

Li0.05V0.02Ni0.93O ,6��"3����	%��"#����"#��� �6#�����*��%������������ Li0.05V0.02Ni0.93O �"3�� �� ����"#��� 

�
�,���"
'*%� ����2���3������CG��"����9�
��*:�-���	
������������� Li0.05V0.02Ni0.93O ����"3���%
����������

������� Li0.05Fe0.02Ni0.93O 
"��%�� �*�����*
�����*����"
����,��������#�	6
�	
�$�
�H���	
�������
���

������������ Li0.05V0.02Ni0.93O 9����"��'-�,+����*��%3����	%�	
����&�*�9���$��������
� '-��������*��%3���
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-%��������	
�����������#�	6
��%�� �����
�����3*�#
��"#	
���+,�
���+���������,6��C�	�����
�&��$�
�H����"#

	
2����'*+$�
�H���	
�	
2������
��"#����	6
�������	�����G� �
�,���"
'*%� ,���*�����*
�����2��� 

3���*�������+-�%���+2�������
�3*�����9�
��*:�-���'*+�*���������>�9;;<����������	
�������������

��
�����"3����*%�3"�������� �*�����*
�����*����
�3*%
���2�*�����*
�,�������������,��	
� YH Lin 

'*+3�+ (Lin et al., 2005, 2006) &���*�����*
�����*����"
 2��$"
�6�3����������!�+��������-
2��
�

���9�
��*:�-���'*+����>�9;;<����������	
�������������9,'
�-!9�
��*:�-����*��� NiO      

 

4.2.2 ��"	#�$�������#�� NiO ����������	������$-�%�&''������ 

4.2.1.1 (Li, Ti) �	
 NiO (LTNO) 

�������,���"
9�%����3��+�!������� LixTi0.02Ni0.98-xO (LTNO) ���#
 x=0.05, 0.10 

'*+ 0.20 &�����"&�-�,*'22�"�"�
 ���*+*��	
� polyvinyl alcohol (PVA) �C��>����$%��I�-���*�����#
��%��

&3��	����
*���
�! �,*	
����-�
�-%��"#��+�
2�%��9


�	
�&*�+ Ni, Ti, '*+ Li 9�%�C��>���
2��%'�%��"#


����C�� 350 oC ��I���*� 1 $�#�&�� '*+�>�9����'3*9��!�"#
����C�� 750 oC ��I���*� 10 $�#�&�� ���#
�>���%

���������+�
2

�9��! LTNO -����������"#-%
���� ��������"#�������'3*9��!�C��>���46�7�&3����%���*6�

&����3��3����*"
���2�	
�����"�
��! (XRD) �*���46�7��2��� �������

�9��!�"#����3��+�!9�%���-��
�����"#

�"�����������3�"�"#-�������"�C�'22����*"
���2�	
�����"�
��!-����2�C�'22����*"
���2�	
� NiO (JCPDS no. 

78-0429) &��9���2�;��,�
��
�#�/ ���'���������"# 4.48(�)-4.48(3) ������� LTNO �"#����3��+�!9�%�C�

�>���	6
��C�&�����
����:�&����%'���3%�'22'����"#��'*+�����6��"#
����C�� 1250 oC ��I���*� 5 $�#�&�� 

�������������"#9�%�C��>���46�7�&3����%���*6�'*+&3����%�����,�*��3&����3��3 XRD '*+ SEM-EDS 

-��*>���2 �*���46�7�&3����%���*6�&����3��3 XRD ���'���������"# 4.48(�)-4.48(H) �2��� �C�'22

����*"
���2�����"�
��!�������������� Li0.05Ti0.02Ni0.93O, Li0.10Ti0.02Ni0.88O '*+ Li0.20Ti0.02Ni0.78O ��
����

-��
�����"
�"�;�-����2�C�'22����*"
���2�����"�
��!�� NiO (JCPDS no. 78-0429) &���"&3����%����I�'22

*C�2�4�! �6#��*�����*
�����*����"
������9�%��� NiO 3�
�;��*��	
���������������
����-��
���� '*+������

2��$"
9�%��� ��
� Li '*+ Ti 9


��"#�$%&���"'��&�%��"#,+������'���"#��&3����%���*6�	
� NiO 9�%,���&��9��

�2���2���2"
��	
�&3����%���*6� 
����9��:-�� ,���C�'22����*"
���2�����"�
��!�������������� 

Li0.20Ti0.02Ni0.78O �6#���I��������������"#�"����������,�
 Li ����"#��� �2����;��,�
��	
� LiTiO2 (JCPDS 

no. 74-2257) �C�-��,�29�%������������������*����"
 �6#��;��,�
������*����"

�,�"����-����#
�,��������

	
� Li �"#�����������	"�,>����	
����'���"#��->�'����	
�9


�	
� Ni2+ ��&3����%���*6� NiO '*+9�%

���-����2 Ti 2������������I��;��,�
����&3����%�����,�*��3 

     

   �
�
�
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������ 4.48 �C�'22����*"
���2�����"�
��!	
� (�)	(3) ������� '*+ (�)	(H) ������������ �>����2�����

-��
���� Li0.05Ti0.02Ni0.93O, Li0.10Ti0.02Ni0.88O '*+ Li0.20Ti0.02Ni0.78O -��*>���2  

 

  

�*���46�7�*��7�+���Q��	
�&3����%�����,�*��3&����3��3 SEM 	
������

������� LTNO �"#����3��+�!9�%&���$%���"&�-�,*'22�"�"�
 ���'���������"# 4.49 �2���&3����%����+�
2�%��

����'*+	
2���� &�������������� Li0.05Ti0.02Ni0.93O, Li0.10Ti0.02Ni0.88O '*+ Li0.20Ti0.02Ni0.78O ��
����

-��
�����"
�"	��������H*"#���+��� 6.29, 4.80 '*+ 6.99 �m -��*>���2 ,��������� SEM 	
������   

������� Li0.05Ti0.02Ni0.93O ������"# 4.48(�) �2���&3����%�����,�*��3	
������������� LTNO �"#�"�������

���&������*����"
�"3���'-�-�����2������������ LTNO �"#�-"��9�%,�����"�
*���
�!9�&*9��"� ���'��������

�"# 4.24(3) &���������������"#�-�"��9�%,�����"&�-�,*'22�"�"�
,+�"&3����%�����,�*��3�"#�"�����%�	
�����

'*+�"#	
2�����"#�"3�����"�2��#>����
 ��	�+�"#�������������"#�-�"��,�����"�
*���
�!9�&*9��"�,+�"�����%�

	
�����2�������"#��I�������2�����
��"#2�����	
�����	
2�����%�� ,�������,���"
�����������-9�%�����
�

������������ CCTO '*+ LTNO �"#�-�"��&�����"&�-�,*'22�"�"�
 �"&3����%�����,�*��3	
�����'*+	
2

�����"#�"3�����"�2'*+��#>����
 �6#�-���,�����"����-�"��&�2���"
�#�/ �����
� ����-�"��������������

�9��!

	
������9,'
�-!9�
��*:�-���&�����"&�-�,*'22�"�"�
,6���I����"�"#������, '*+
�,��I����"�"#����+���>����2

��+2������-�"�������9,'
�-!9�
��*:�-������C�'22	
�;~*!�2��  �
�
�
�
�
�
�
�
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������ 4.49 ������� SEM ��
������%�	
������������� (�) Li0.05Ti0.02Ni0.93O (	) Li0.10Ti0.02Ni0.88O '*+ 

(3) Li0.20Ti0.02Ni0.78O    

  

 

 

 

 

 

 

�
 

 

������ 4.50 (�) ������� SEM ��
�����
����	
������������� Li0.05Ti0.02Ni0.93O '*+ (	) '���������	
�

�������! Ti �"#2���������'*+	
2����  
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�������,���"
9�%46�7�
�3!��+�
2����3�"�"#2���������'*+	
2����&���$%��3��3

�$%��3��3 EDS �*�����*
� ���'���������"# 4.50 ,���*������3��+�!�*�����*
��2��� ������	
� Ti 

�"#�$%&��������2 Li �� NiO ������-��,�29�%����"#����"#2�����	
2���� (,���"# 2) '*+�"�������%
������"#

2�������������� (,���"# 1 '*+ 3) �*�����*
�����*����"
�
�3*%
���2�����������,��	
� YH Lin '*+

3�+ (Lin et al., 2006) �6#���������,������*����"
�"
9�%���
��� ����+��	
�����,�
 Ti �"#2�����	
2�����"�*

�>���%	
2�����"��2�-����9;;<���I�H��� ��������������"��2�-����9;;<���I�����6#�-���>��6#���I��*

���#
�,�����&��	
� Li �� NiO �����
�&3����%�����,�*��3,6���+�
29��%��$�
�H���	
�	
2�����"#��%���:�

�����6#���I�����6#�-���>� '*+��"��&3����%�����,�*��3����*����"
��� &3����%��'22 “core-shell” 

��������������
����-��
�����"#�������46�7�&3����%�����,�*��3'*+&3����%���*6�

�C��>���	�������%���
��
��%�� '*+�>����>�	�
�9;;<�&����������� (Silver paint) �"#�����%���
��
��%�����#


46�7���2�-����9;;<�'*+��2�-����9�
��*:�-��� &��46�7��"#$���
����C�� 233 �6� 473 K '*+��$���3����"# 

102 �6� 107 Hz �����,���������"
9�%46�7��*	
�����������,�
 Li �"#�"-�
��2�-����9;;<�'*+��2�-����    

9�
��*:�-��� &���>������%������	
� Ti 3��"#3�
 2 mol % �*�����*
�'����������"# 4.51(�) �2���   

3�� �� �"3�����#����	6
�-��������	
�����,�
 Li �"#���#�	6
� �*�����*
�����*����"
�
�3*%
���2�����,��
�#�/ 

(Wu et al., 2002; Lin et al., 2006) &�������,����*���"
9�%���
��� ������	
���+,�
���+���������       

,+���#�	6
�-��������	
����&�� Li �����
� ����-%
�����*	
�����9;;<�����
��"#��%��2������������ LTNO 

��+,�
���+��*���"
,+�+���"#2�����	
2���� (�"��2�-����9;;<���I�H������#
��"�2��2�����"#
�C����������) 

����+��	
���+,�����*�������*��%�������&�*�9���$�����9;;<�'22�������������� (interfacial) ���
�"#

��"����� “space charge” ���
�"#��"����� “Maxwell-Wagner” ���#
�,��3�� �� ��I��������"#	6
���23����	%�	
�

���&�*�9���$�� �����
����#
��+,�
���+���#����	6
����#
�,�����&�� Li ���������"#���#����	6
� 3����	%�	
�

���&�*�9���$��,+���#�	6
�-���%�� '*+����*&��-��-�
������#�	6
�	
�3��  �� ������� ������� ���
LixTi0.02Ni0.98-xO ,������"# 4.51(�) ���#

����C���C�	6
�,��6�
����C��3����6#� 3�� �� 	
������������� 

Li0.10Ti0.02Ni0.88O '*+ Li0.20Ti0.02Ni0.78O �"���*�*�
����H�2�*�� �*�����*
��"
�"����-����#
�,�������  

���������
��
�-��
�����"
��*"#������,��9�
��*:�-��� (H���) ��I����-���>� ���
3������CG��"����#
�,�����

�>�9;;<�	
���+,��"3���������9� ��	�+�"#������������ Li0.05Ti0.02Ni0.93O ���3�'����v-��������         

9�
��*:�-���-*
�$���
����C��	
������*
� ���#
46�7������*"#��'�*���2
����C��	
���2�-����9�
��*:�-���

	
������������� Li0.05Ti0.02Ni0.93O �2��� 3�� �� ��$���3����"#-#>����� 3 kHz �"�����*"#��'�*�-��
����C��

�%
����-*
�$���
����C��	
������� ���#
3����"#���#����	6
� 3�� �� ,+�"3��*�*�
����H�2�*���"#
����C��-#>� 

&���
�3*%
���2��������"3	
�3�� tan� 	
�����CG��"����9�
��*:�-��� �
�,���"
����2����"3	
����    

��
�3*�����9�
��*:�-�������*����"
�"'��&�%��"#,+�3*�#
��"#9�����4������	
�
����C���"#*�*����#
*�3����"#

*� ���*�*�
����H�2�*��	
�3�� �� �"����-����#
�,�����-�6�-��	
�9�&�*9;;<����#

����C��*�-#>�*�        

�6#�9�&�*9;;<�����*����"
����,������3*�#
��"#	
���+,�-����4���	
�����9;;<���+'��*�2 ���-�6�-��	
� 
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9�&�*9;;<�,+����*&��-��-�
���-
2��
����9�
��*:�-���	
������ LTNO ���#
��,������2�-����       

9�
��*:�-����"#
����C���C�'*+3����"#-#>� �2���3������CG��"����9�
��*:�-����"3�����#����	6
�
����H�2�*�� 

�
�3*%
���2���*�*�
����H�2�*��	
�3�� �� �"#
����C���C� �*����*����"
�"����-����#
�,��������#�	6
�	
�    

3����������>�9;;<���+'�-�� (dc conductivity) �*�����3����%
��"#��%�������"#,+��+-�%���%��+,�2������

�������3*�#
��"#	%���>�'��4���!9;;<��"#	
2����	
������������� LTNO 9�% �����
�4���!9;;<�-�3��
��"#���	
�

	
2������
��
��%��,+*�*�
������:���:�                       

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.51(�) �*	
����������&��9


�	
� Li -�
��2�-����9�
� �*:�-���	
������ ������� 

LixTi0.02Ni0.98-xO '*+ (	) �����*"#��'�*���2
����C��	
���2�-����9�
��*:�-��� (�� '*+ 

tan�) 	
������������� Li0.05Ti0.02Ni0.93O  
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�������,���"
9�%46�7��v-����������
�3*�����9�
��*:�-����"#
����C��-���/ (���

��*"#��'�*���23����"#	
�3�� �� �"#
����C��-���/) 	
������������� LixTi0.02Ni0.98-xO ���#

��2���*9�	
����

�"3�� �� �"#�C���� ���'���������"# 4.52 &����#�9�'*%��v-����������
�3*�����9�
��*:�-���������


��2��9�%&��'22,>�*
������
�3*�����9�
��*:�-���	
� Cole-Cole -��������"# 4.17 �6#���I�������"#


��2���v-����������
�3*�����9�
��*:�-���&��9����,�����*	
������>�9;;<��"#����	6
���9�
��*:�-��� 

��,�����H��+��+2�������
�3*�����9�
��*:�-����"#����,�������#�	
�9�&�*9;;<����#
�,��
�����*	
�

����9;;<� 

                                                                                                      

                                            

 � �
�

��
�� 	

�
�

�

�
	

�� 11 j
s ,                                     (4.18) 

 

'*+                                            ��� ��	��� j                                               (4.19) 

 

���#
 s�  '*+ ��  3�
3��3��"#9�
��*:�-����"#3����"#-#>� (static frequency limits of dielectric permittivity) '*+

3����"#�C� (high frequency limits of dielectric permittivity) -��*>���2 �  3�
��*�	
������
�3*�����9�
�

�*:�-��� '*+ �  3�
3��3��"#'*+�"3���+����� 0 ��2 1 -��'22,>�*
�	
������
�3*�����9�
��*:�-�����
���

3-�-��'22,>�*
�	
���2�� (Debye relaxation) �  ,+�"3����I�4C��! ��#�3�
9�&�*9;;<����-����9�
��*:�-���

�"��*�	
������
�3*�����9�
��*:�-����������������-�� �%� 0��  '������9�&�*'-�*+-���"��*�	
����

��
�3*�����9�
��*:�-����"#-������ ����*��%Q���"3	
�����CG��"����9�
��*:�-����"3�����%�����	6
� ���#
�����

9�
��*:�-����"3�������>�9;;<��"#���	6
� �����>�9;;<�,+�"2�2���"#�>�3�G-�
��2�-����9�
��*:�-���	
������

��
�/ �����
�������"# 4.18 ���������2'�*��������#
��%�
�3*%
���2�*�����*
�����"#���&��������#��,�!

	
������>�9;;<� �������� (Abdelkafi et al., 2006)    

 

                                     

 � s
s j
j 
�

�

�

��
�� �

0
11

�

	
�

�
� �

�
	

��                                  (4.20) 

 

���#
 
 �21 ���� j����  3�
�����>�9;;<��$���%
� (complex conductivity) &���"# 1�  3�
 �����>�9;;<�

���#
�,����+,�
���+ (dc conductivity) '*+ 2�  �����>�9;;<����#
�,�������*"#��->�'����	
���+,� 

(localized charges) '*+ s  3�
3��3��"# 
 �10 �� s  ������$���%
��"# 4.20 ������'����I�������"#'���

�H��+����,���'*+����,�-���� 9�%����"
    

 

                   
 � 
 � 
 �� �

 � 
 � 
 � s

s


�
�


���
�
��
���

�� ��

�

0

2
221

1

2/sin21
2/sin1

�
��

�	
���

		

	
�

�                        (4.21)   
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 �
 � 
 �

 � 
 � 
 � s

s


�
�


���
�
��
���� ��

�

0

1
221

1

2/sin21
2/cos

�
��

	
��� 		

	
�                          (4.22) 

 

,��������"# 4.21 '*+ 4.22 �2��������>�9;;<��������9�
��*:�-����"
�����*-�
���-
2��
����         

9�
��*:�-��� (��) '*+�"�*-�
����CG��"����9�
��*:�-���	
������ (���) ��
�'��	
�������"# 4.22 3�
����

	
�����CG��"����9�
��*:�-����"#�������!��2�������	
�9�&�*9;;<��"#-
2��
�-�
����9;;<�����
� ����

��
��"#�
�'������	
�����CG��"����9�
��*:�-������#
�,������>�9;;<���+'�-�� '*+,��������"# 4.21 

��������,����9�%�������>�9;;<����#
�,�������*"#��->�'����	
���+,���'*����-����4���	
�����9;;<�

,+�"�*-�
���-
2��
����9�
��*:�-���	
�������%��  

 

����
��� 4.6  -��'��-���/ �"#9�%,��������2��"�2'22,>�*
���2	%
�C*�����*
� 

 

T (K) �� =(�s-��) � s 
� 

(�s) 

�1 

(10-4 Sm-1) 

�2 

(10-4 Sm-1)

233 8700 0.340 - 170 - - 

253 8250 0.320 0.8 38 0.080 0.021 

273 7800 0.300 0.8 10 0.210 0.053 

293 7500 0.280 0.8 3.1 0.460 0.180 

313 7000 0.275 0.85 1.2 1.350 0.640 
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������ 4.52 ������2��"�2 (�) 3�� �� '*+ (	) 3�� ��� 	
������������� Li0.05Ti0.02Ni0.93O ,���*���

��*
���2�*���3>����,��'22,>�*
����3��-4��-�!-��������"# 4.21 '*+ 4.22 ��%��62�"

'��3�
�*,�����3>����-��'22,>�*
� '*+��G*��7�!-���/ 3�
�*	
������*
�   

 

 

,���*������2��"�2	%
�C*,�������*
���2'22,>�*
������
�3*�����       

9�
��*:�-���-��������"# 4.21 '*+ 4.22 ���'���������"# 4.52 �2��������	
�'22,>�*
������
�3*��

���9�
��*:�-�������*����"
���������������2��"�2��%-����2	%
�C*,���*�����*
�9�%
��������+�� &���*

������2��"�29�%�%
���2��2�*�����*
���
�3�� �� '*+ ��� �����
������,������*����"
����������9�%���

�v-����������
�3*�����9�
��*:�-��� ���
-
2��
����9�
��*:�-���	
������������� LTNO �"�*���#
�,��

��
�9�&�*9;;<�'*+�����>�9;;<����������� -��'��-���/ �"#9�%,��������2��"�2	%
�C*'�����-�����"# 4.6 

,��-���� �2�����*�	
������
�3*�����9�
��*:�-��� (�) �"3��*�*�
���������:����#

����C�����#����	6
� 

�*����*����"#����	6
��"
�"����-����#
�,��������#�	6
�	
�3������'���	
�9�&�*9;;<�'*+���&�*�9���$��     

�"#����	6
��%��
�-����:��"#�C� �
�,���"
����2��������*"#��'�*�-��
����C��	
���*�	
������
�3*��         
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���9�
��*:�-���9�%��I�9�-����	
� Arrhenius (������"# 4.2) ���'���������"# 4.52 ,�����;

3����������!�+����� Log10(�) ��2 1000/T 3���*�������+-�%�����+2�������
�3*�����9�
��*:�-���

������3>����9�%,��3���$��	
���%����; &���2���3���*�������+-�%��"#�$%����+2����������
�3*�����

9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"3����+��� 0.391 eV 3���*������"#3>����9�%����*����"
�"

3���"#�C����������������� Li0.05Ti0.02Ni0.93O �"#�-�"��&�����"�
*���
�!9�&*9��"��6#��"3��������2 0.299 eV �*���

��*
�����*����"
 
�,����	6
����#
�,��3���'-�-���	
�&3����%�����,�*��3����"#9�%
�������������	%
�"#����

�� ���

�,����,��3���2��������	
�������� LTNO �"#�-�"��9�% �����
�������	
� Ti 9


��"#������'���"#

��&3����%���*6� NiO 9�%,��� �6#�������	
� Ti �"#������'���"#->�'����	
� Ni2+ ��&3����%���*6� NiO 9�%

����*��+�2-�
��2�-����9;;<����������	
������������� LTNO ��I�
������� ����"#9�%
�����������	%
 

4.2.1.1  

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.53 �����*"#��'�*���2
����C��	
������>�9;;<� (�) '*+��*�	
������
�3*�����9�
��*:�-��� 

(�) �"#9�%,��������2��"�2�*�����*
���2������"# 4.21 '*+ 4.22 
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�
�,��,�������*"#��'�*�-��
����C��	
���*�	
������
�3*�����9�
��*:�

-���,+��I�9�-����	
� Arrhenius '*%� �����,���"
����2��������*"#��'�*�-��
����C��	
� 1�  '*+ 2�  �"#9�%

,�����2��"�2	%
�C* (���'�����-�����"# 4.6) ����"'��&�%��"#��I�9�-����	
� Arrhenius �>����2����>�9;;<�


"��%�� �6#���I�9�-�������    

 

                                            
��
�

�
��
�

�

� Tk
E

Be0��                                             (4.23)    

 

���#
 0�  3�
 3��3��"# '*+ E  3�
�*�������+-�%��>����2����>�9;;<� (Conduction activation enrtgy) ,�����;

3����������!�+����� Log10(�) ��2 1000/T 3���*�������+-�%�	
�����>�9;;<�������3>����9�%,��3���

$��	
���%����;�"#��I�9�-����	
� Arrhenius �6#���I�3����������!�$����%� &���2���3���*�������+-�%���

����	
�����>�9;;<�	
� 1�  '*+ 2�  	
������������� Li0.05Ti0.02Ni0.93O �"3����+��� 0.272 '*+      0.263 

eV -��*>���2 3���*������"#3>����9�%����*����"
�"3���%
�����3���*������"#�$%����+2�������
�3*�����9�
�

�*:�-��� �����
�,6��"3�����I�9�9�%��� ���-
2��
����9�
��*:�-���
�,,+�"3����������!��2�v-�����
�#�/ 

�
�����
,����+2������>�9;;<���������� �$�� 
�,����,�����-
2��
����9�
��*:�-����"#��,������

	
�9�&�*9;;<��"#����,��,�2����
�������*6�  

����������,���"
9�%46�7���2�-����9;;<�	
������������� LixTi0.02Ni0.98-xO &���$%

��3��3
���"'���!����&���&3�J �6#���I���3��3�"#�����$%���#
46�7���2�-����9;;<�������	
�����'*+	
2

���� (Sinclair et al., 2002) 
���"'���!�$���%
� ( �Z ) 	
������-��
���� ������3>����9�%,��3����������! 

 

                                          
�

� ���	��
ZCj

j
0

1



���                                       (4.24) 

 

���#
 � �  '*+ � ��  3�
����,���'*+����,��-���	
���
�!���-����"�$���%
� ( �� ) '*+ 
  3�
3����"#�$����� 

( f�
 2� ) ���#
 1	�j  &���"# dSC /00 ��  3�
-����:2��+,�'22'���3C�	����"#��
��%��
���4 (empty cell 

capacitance) S  3�
 ��
��"#	
������-��
���� '*+ d  3�
3������	
������-��
����  

�*���46�7���2�-����9;;<���$���
����C���C�'*+
����C��-#>�'����������"# 4.54

(�) '*+ 4.52(	) -��*>���2 �2�������-���	
�
���"'���!�$���%
��"*��7�+��I��C�3�6#����*� �*���

��*
�����*����"
�"*��7�+�"#3*%����2������������ LTNO �"#�-�"��9�%,�����"
�#�/ ����"#9�%�*�����'*%������	%
�"#

������ '*+3�6#����*�	
�
���"'���!�$���%
������������-9�%�
�$���
����C�� ����-����"#
����C��-#>�2��$"
�6�

���-
2��
����9;;<�	
����� '*+�"#
����C���C �'������-
2��
����9;;<�	
�	
2���� ���������
(Sinclair et al., 2002) �*���46�7�&���$%��3��3����*����"
������������9�%��������������� LixTi0.02Ni0.98-xO 

��I�������"#��2�-����9;;<�9����#>����
��#���
������ ��+�
2�%�������6#��"��2�-���I�����6#�-���>� '*+	
2�����6#�

�"��2�-���I�H��� ,���*���46�7������������3��3���-%�����'*+�����>�9;;<�������	
�����'*+	
2
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����	
������������� LixTi0.02Ni0.98-xO 9�%�"#
����C��-���/ �����
� 3�������>�9;;<��"#9�%��'-�*+
����C��

������3>����9�%,������-���
���"'���!�$���%
� '*+�����*"#��'�*���2
����C��	
������>�9;;<�������

	
�����'*+	
2�����2�����I�9�-����	
� Arrhenius -��������"# 4.22 ���'���������"# 4.55 �*�����

��+-�%�����>�9;;<�������	
�����'*+	
2�����"3����+��� 0.216 '*+ 0.369 eV -��*>���2 3���*�����

��+-�%�����>�9;;<��"#-������	
�����'*+	
2����'����6���2�-�	
�����>�9;;<��"#-������ (Lin et al., 2006)       

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.54 ����-���
���"'���!�$���%
�	
������������� Li0.05Ti0.02Ni0.93O ��$���
����C�� (�) 343 �6� 

393 K '*+ (	) 233 �6� 248 K ��%��62�"'��3�
�����+�����3��3���-%�����������	
�

����'*+	
2���� &���$%����� 
 � �
� 	�� 1* 1/ jRZ  '*+ RC��  ���#
 R  3�
 3��3���

-%�����������	
�����'*+	
2���� '*+ C  3�
3��3���,�9;;<�������	
�����'*+	
2���� 

'*+ �  3�
 3��3��"# &���"3���+����� 0 ��2 1  
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������ 4.55 �����*"#��'�*���2
����C��	
������>�9;;<����������'*+2�����	
2���� 

 

 

4.2.1.2 (Li, Fe) �	
 NiO (LFNO) 

,�����	%
 4.2.2.1 '*+ 4.2.1.1 �"#������ �2�������-�"�������������� LTNO 

�%�����"�"#-������,+����*-�
��
�&3����%�����,�*��3'*+��2�-����9;;<���������� �����
��������,���������"
,6�

9�%46�7���2�-����9;;<�'*+��2�-����9�
��*:�-���	
������������� LFNO �"#�-�"��&�����"&�-�,*'22�"�"�
 

&���$% Li '*+ Ti &���� NiO �%��������-���/ 3�
 Fe0.02Ni0.98O, Li0.02Fe0.02Ni0.96O, Li0.05Fe0.02Ni0.93O, 

Li0.10Fe0.02Ni0.88O, Li0.05Fe0.05Ni0.90O, '*+ Li0.05Fe0.10Ni0.85O �*���46�7�&3����%���*6�'*+��������;�

	
������������� LFNO �"#�-�"��&�����"&�-�,*'22�"�"�
 ���'���������"# 4.56 �2��� ������������ LFNO �"

&3����%��'22*C�2�4�!'*+�"�C�'22����*"
���2�	
�����"�
��!-����2 NiO �6#��C�'22����*"
���2�	
�      

����"�
��!�"*��7�+&����#�9�3*%����2������������ LTNO, LVNO, '*+ LFNO �"#�-"��&�����"�
*���
�!9�&*9�

�"� (���'���������"# 4.33) &���;��,�
��	
� NiFe2O4 9�%����	6
��������������� LFNO �"#�"���������&��

	
� Fe ������2 10 mol % (Li0.05Fe0.10Ni0.85O) �*�����*
��"
-�������2�*���46�7���������;�������� 

������� LFNO �"#�-"��&�����"�
*���
�!9�&*9��"������	%
 4.2.1.2 3��3��"#�*6� (a) �"#3>����9�%,���C�'22

����*"
���2�	
�����"�
��!�������������� LFNO '������-�����"# 4.7 3��3��"#�*6��"�����*"#��'�*���"��

�*:��%
�-�����������&��	
� Li '*+ Fe �"#�%
���� ���
	���	
���**! NiO �"�����*"#��'�*�-��������

	
� Li '*+ Fe �%
���� 

,������"# 4.57 �2��� &3����%�����,�*��3	
������������� LFNO �"#�-�"��&��

���"&��,*'22�"�"�
�"�����*"#��'�*�-��������	
� Li '*+ Fe �"#�$%&���I�
������� &��	���	
������"

'��&�%��"#,+���#�	6
�-��������	
� Li �"#�$%&�� �*	
����������&��	
� Li �"#�"-�
�����*"#��'�*�

&3����%�����,�*��3�������������� LFNO �"*��7�+3*%����2�"#����	6
��������������� LTNO &3����%�����
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����#
������	
� Li �"#�$%&�����#����	6
� 
����9��:-�� ���#
���#�������	
� Fe 

�"#�$%&�� �*�����*
��2��� &3����%�����,�*��3�"�C��������	6
���&3����%�� �����*"#��'�*�����*����"
     

���'�������� 4.57(�)-4.57(H) ���#
���"�2��"�2&3����%�����,�*��3	
������������� LFNO �"#�-�"��&��

���"&�-�,*'22�"�"�
��2�������������"#�-"��&�����"�
*���
�!9�&*9��"�  �2���&3����%�����,�*��3	
������     

�"#�-�"��9�%,���
����"�"
�"*��7�+�"#'-�-������
����$���,� �����
� �������,���"
,6�9�%�2�������-�"��������������

9�
��*:�-����*��� NiO �%�����"�"#-������ ,+����*-�
&3����%�����,�*��3�"3���'-�-�������%�� 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.56 �C�'22����*"
���2�	
�����"�
��!�������������� LFNO �"#�-�"��&�����"&��,*'22�"�"�
 (1) 

Fe0.02Ni0.98O, (2) Li0.02Fe0.02Ni0.96O, (3) Li0.05Fe0.02Ni0.93O, (4) Li0.10Fe0.02Ni0.88O, (5) 

Li0.05Fe0.05Ni0.90O '*+ (6) Li0.05Fe0.10Ni0.85O 

 

����
��� 4.7 3��3��"#�*6� (a) '*+ 3����*�������+-�%�����+2�������
�3*�����9�
��*:�-��� '*+�*�����

��+-�%�����>�9;;<����������	
������������� LFNO �"#�-�"��&�����"&�-�,*'22�"�"�
 

Sample a (Å) Ea (eV) Eg (eV) 

Fe0.02Ni0.98O 4.176 0.855 0.643 

Li0.02Fe0.02Ni0.96O 4.176 0.425 0.418 

Li0.05Fe0.02Ni0.93O 4.172 - - 

Li0.10Fe0.02Ni0.88O 4.177 - - 

Li0.05Fe0.05Ni0.90O 4.173 0.353 0.357 

(HFR) 0.448 - 
Li0.05Fe0.10Ni0.85O 4.172 

(LFR) 0.574 0.455 
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������ 4.57 ������� SEM 	
������������� LFNO �"#�-�"��&�����"&�-�,*'22�"�"�
 �"#&���%�� Li '*+ Ti 

��������-���/ 3�
 (�) Fe0.02Ni0.98O, (	) Li0.02Fe0.02Ni0.96O, (3) Li0.05Fe0.02Ni0.93O, �����
(�) Li0.10Fe0.02Ni0.88O, (,) Li0.05Fe0.05Ni0.90O '*+ (H) Li0.05Fe0.10Ni0.85O 

 

 

(�) (�) 

(3) (�) 

(,) (H) 
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������ 4.58 �����*"#��'�*���23����"#	
�3�� �� '*+3�� tan� 	
������������� LFNO �"#&���%�� Li 9


�

��������-���/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.59 �����*"#��'�*���23����"#	
�3�� �� '*+3�� tan� 	
������������� LFNO �"#&���%��9


�	
� 
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������ 4.60 �����*"#��'�*���23����"#	
�3�� �� '*+3�� tan� 	
������������� LFNO �"#
����C��-���/ 	
�

������������ (�) Li0.05Fe0.02Ni0.93O '*+ (	) Li0.05Fe0.05Ni0.90O 

 

 

�*���46�7���2�-����9�
��*:�-���	
������������� LFNO �"#�-�"��&�����"&��,*

'22�"�"�
 '����������"# 4.58 '*+ 4.59 �2��� 3�� �� 	
������������� LFNO �"3���C���� &�����������

�,�
	
� Li '*+ Fe �"�*-�
��2�-����9��*:�-�����I�
������� &���"'��&�%�	
������*"#��'�*�3*%����2

�v-������"#�2�������������� LTNO (Wu et al., 2002; Lin et al., 2006) �*���3�
 3�� �� �"3���"#���#�	6
�

-��������	
� Li �"#���#�	6
� ��	�+�"#������#�	6
�	
����������&�� Fe ,+����*��%3�� �� �"3���"#*�*� -*
�

$���
����C��	
������� �
�,���"
'*%�����2��� $���	
�������������
�3*�����9�
��*:�-����"'��&�%��"#,+

������$���3����"#�"#-#>�*����#
���#����������&��	
� Fe ���'���������"# 4.59(�) ,�����46�7��v-�����

�����
�3*�����9�
��*:�-���	
��������������*�������*����"
 ���'���������"# 4.60 �2��� �v-����������
�

3*�����9�
��*:�-����"*��7�+�"#3*%����2������������ NiO �*���
�#�/ �$�� LTNO '*+ LVNO �*���3�


��+2�������
�3*�����9�
��*:�-����"����*�#
��"#9�����4���	
�3����"#�"#���#�	6
����#
���#�
����C��	
����

��*
� 3���*�������+-�%��>����2��+2�������
�3*�����9�
��*:�-���	
������������� LFNO �"#�-�"��&�����"

&�-�,*'22�"�"�
 �������-�����"# 4.7 �2��� 3���*�������+-�%��"#�$%����+2�������
�3*�����9�
��*:�-��� 
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�"'��&�%��"#,+���#�	6
�-��������#�	
������� Fe �"#�$%&�� '*+�"3��*�*�-��������#�	
������� Li �
�,���"


'*%�����2���3���*�������+-�%��"#�$%����+2�������
�3*�����9�
��*:�-����"3���"#��*%�3"����2�*������"#�$%��

����>�9;;<���������� ���'�����-�����"# 4.7 �*�����*
�����*����"

�,,+��I���#��"#������9�%��� 

��+2�����-
2��
����9�
��*:�-���'*+����>�9;;<����������	
��������������*��� NiO ��I��v-������"#

�"3����������!��� '*+����-�	
����3�� �� �"#�C������������������9�
��*:�-����*����"

�,,+
��2��9�%,��

�*9�*����>�9;;<��"#����	6
����������������*��� NiO 

 

4.2.3 ��"	#�$�������#�� NiO ����������	��������"��������
*������� 

4.2.1.1 ���+/�:�;���
�#<=�>��?�����;�;�/����"�'�����
�	������������
��"	#  

�$����� Li
0.05

Ti
0.02

Ni
0.93

O   

�����,���������"
9�%46�7��*	
�
����C������������6�-�
��2�-����9�
��*:�-���

	
������������� LTNO �"#�"�������	
�����,�
3�
 Li0.05Ti0.02Ni0.93O '*+9�%�>�����-�"��&�����"����*��-��

���3����%
� 	�
�-
�����-�"�����9�%���#�-%��%�����������-�
�-%�-���������,>����&�*����*����"
*����
>�

2�������� ,����
��>����*+*��	
�������-�
�-%�9�'3*9��!�"#
����C�� 650 oC ��I���*� 10 $�#�&�� �������-��

����������&��	
� Li0.05Ti0.02Ni0.93O �"#9�%�C��>�9�46�7�&3����%���*6�&���$%��3��3 XRD ,����
�������� 

Li0.05Ti0.02Ni0.93O �C��>�9�	6
��C�&�����
����:���I�'����*��%��'���3%�'22'����"#�� '*+�>�9������6��"#


����C�� 1200 '*+ 1280 oC ��I���*� 4 $�#�&�� &3����%���*6�'*+&3����%�����,�*��3	
������������� 

Li0.05Ti0.02Ni0.93O �"#9�%�C��>�9�46�7�&���$%��3��3 XRD '*+ SEM -��*>���2 �����,���������"
9�%46�7�

��2�-����9;;<�'*+��2�-����9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O ��$���
����C�� -50 �6� 130 oC 

'*+��$���3����"# 102 �6� 107 Hz     

�*���46�7�&3����%���*6�	
��������'*+������������ Li0.05Ti0.02Ni0.93O �"#����

��������6��"#
����C�� 1200 '*+ 1280 oC &���$%��3��3 XRD '����������"# 4.61 �2����C�'22���

�*"
���2�����"�
��!��
����������'*+������������ Li0.05Ti0.02Ni0.93O �"�;�-����2�C�'22����*"
���2�����"�
��!

�� NiO (JCPDS no. 78-0429) &���"&3����%����I�'22*C�2�4�! '*+ NiO 3�
�;��*��	
�������������   

��
��
� �;��,�
���"#
�,����	6
�9�%�+�������+2����������6�9���C�-��,�2���C�'22����*"
���2�����"�
��!

	
���
��������'*+������������ ,���C�'22����*"
���2�����"�
��!������3>������	���	
�3��3��"#�*6�9�% 

&���"3����+��� 4.173 Å '*+ 4.175 Å �>����2�������������"#�����������"#
����C�� 1200 oC '*+ 1280 oC 

-��*>���2 �*���46�7�����2��� ���#
���#�
����C������+2���������3��+�! �"3�*���"#�
�3*%
���2�;�	
� 

NiO ,+�3*�#
�->�'����9�����4���	
���� 2� �"#�%
�*�  

*��7�+���Q��	
�&3����%�����,�*��3	
������������� Li0.05Ti0.02Ni0.93O �"#����

�������"#
����C�� 1200 oC '*+ 1280 oC �"#�C�46�7��%����3��3 SEM 9�%���'���������"# 4.62 �2���

&3����%�����,�*��3��+�
2�%������	
�����'*+	
2���� 	�������&���H*"#�	
������������� 

Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 1200 oC '*+ 1280 oC �"	�����+��� 2.67 '*+ 6.02 �m 
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-��*>���2 �6#�	���	
������"	����"#&-	6
����#
���#�
����C������������6� &��3���'-�-���	
�	���	
�

�����"#����	6
�����*����"

�,����*-�
��2�-����9;;<�	
����������� Li0.05Ti0.02Ni0.93O �"#����3��+�!9�% �
�,���"


����2��� ���#
���#�
����C��	
���������6�,�� 1200 oC ��I� 1280 oC &3����%�����,�*��3	
������������� 

Li0.05Ti0.02Ni0.93O ,+�"3���'���-�����	6
� &���C�����"#����	6
���&3����%���"�������"#*�*����#
���#�
����C��

	
���������6��
 

 

 

 

 

 

 

 

 

 

 

 

������ 4.61 �C�'22����*"
���2�	
�����"�
��!	
� (�) �������'*+������������ Li0.05Ti0.02Ni0.93O �"#�������

�����6��"#
����C�� (	) 1200 oC '*+ (3) 1280 oC ��I���*� 10 $�#�&��   

 

 

 

 

 

 

 

 

 

 

 

������ 4.62 ������� SEM ��
������%�	
������������� Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 
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������������ Li0.05Ti0.02Ni0.93O �"#�������46�7�&3����%���*6�'*+&3����%�����

,�*��39�%�C��>���46�7���2�-����9;;<�&���$%��3��3
���"'���!����&���&3�J ���'���������"# 4.63 

����-���
���"'���!�$���%
�	
������������� Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 1280 oC �"

*��7�+��I��C�3�6#����*� &���"#	�����%�����4C��!�*��	
�3�6#����*�
���"'���!�"	�����G�	6
����#
*�


����C��,�� 120 oC �6� 80 oC 2��$"
�6�������#�	6
�	
�3���-%�����9;;<����#

����C�����#�	6
� (Sinclair et al., 

2002) ,���*���46�7��"#
����C��-#>� �2������#
*�
����C��*��6� -30 oC
���"'���!�$���%
��C�3�6#����*�    

,+�����������-9�%9�%��$���3����"#�C� (����-���
���"'���!�$���%
�	
������������� Li0.05Ti0.02Ni0.93O �"#����

��������6��"#
����C�� 1200 oC �"*��7�+����
���2�*�����*
�������������������*����"
) �*�����*
�

����*���2��$"
��� ������������ Li0.05Ti0.02Ni0.93O �"#�-�"��,���������&�����"����*��-�����3����%
���I�������"#�"

��2�-����9;;<������

9����#>����
��#������ &����+�
2�%�������"#�"�����>�9;;<��"#�C�'*+-#>� �6#�������

��,����9�%�����I�����	
����-
2��
����9;;<�������	
�����'*+	
2���� -��*>���2 ,���*���46�7�

��2�-����9;;<�	
������������� Li0.05Ti0.02Ni0.93O &���$%��3��3
���"'���! 3��3���-%�����9;;<�'*+      

3�������>�9;;<�������	
�����'*+	
2�����"#
����C��-���/ �������"#,+��+���9�% &��3>����,����%�

����4C��!�*��	
�����-���
���"'���!�$���%
���$���
����C���"#������I��C�3�6#����*� 3������-%�����9;;<�

��
�������	
�����'*+	
2�����"#9�%����C��2����"�����*"#��'�*���2
����C���"#��I�9�-����	
� Arrhenius 

���'���������"# 4.63(	) �����
� 3���*�������+-�%�����>�9;;<����������'*+�"#	
2����	
������������� 

Li0.05Ti0.02Ni0.93O �"#�����6��"#
����C����
��
��"
������3>����9�%,��3���$�
�	
���%����; �*���3>����

'�����-�����"# 4.8 ,���*���46�7��2��� �*������"#�$%�������+-�%�����>�9;;<����������'*+�"#	
2����

�"3��*�*����#
���#�
����C��	
���������6�    
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������ 4.63 (�) ����-���
���"'���!�$���%
�	
������������� Li0.05Ti0.02Ni0.93O �"#������������6��"#


����C�� 1280 oC ��$���
����C�� 80 �6� 120oC ���'���'�������-���
���"'���!�$���%
�

��$���
����C�� -30 �6� -50oC  

(	) �����*"#��'�*���2
����C��	
������>�9;;<����������'*+2�����	
2����-����	
� 
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����
��� 4.8  3��3��"#�*6� 	��������H*"#� 3��3��"#9�
��*:�-��� '*+�*�������+-�%��"#�$%����+2�������
�

3*�����9�
��*:�-��� '*+����>�9;;<� �>����2������������ Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 

1200 oC '*+ 1280 oC  


����C�������6� 

(oC)  

3��3��"#�*6� 

(Å) 

	�������

(�m) 

�� 
(300 K and 1 

kHz) 

Ea 

(eV) 

Eg 

(eV) 

Egb(eV)

1200 4.173 2.67�0.75 5534 0.320 0.324 0.562

1280 4.175 6.02�2.38 11187 0.303 0.315 0.483

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.64�����*"#��'�*���2
����C��	
���2�-����9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"#����

��������6��"#
����C�� 1200 '*+ 1280 oC ��$���3����"# 102-106 Hz   

 

 

�������,���"
9�%46�7���2�-����9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"#


����C��'*+3����"#-���/ ���'���������"# 4.64 &��'��������*"#��'�*���2
����C��	
���2�-����      

9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 1200 '*+ 1280 oC ��$���

3����"# 102-106 Hz �*�����*
��2��� �"#3����"#-#>����� 35 kHz 3�� �� 	
���������������
��
�-��
�����"���

��*"#��'�*�-��
����C���%
����-*
�$���
����C��	
������� 
����9��:-�� ���#
��,�����"#3����"#�C�'*+
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����C��-#>� �2���3�� �� �"3��*�*�
����H�2�*�� &���
�3*%
���2��������"3	
� tan� 	
�����CG��"���� 

9�
��*:�-��� &���"3����*����"
,+����	6
���$���	
�
����C���"#�C�	6
����#
���#�3����"#	
�����9;;<� �v-�����

���9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"#�-�"��&�����"����*��-�����3����%
�����*����"
�"

�v-������"#3*%����2������������ Li0.05Ti0.02Ni0.93O �"#�-�"��&�����"&�*�,*'22�"�"�
 '*+���"�
*���
�!     

9�&*9��"� ����"#9�%�*����������	%
�"#������ �
�,���"
����2��� 3�� tan� 	
�����CG��"����9�
��*:�-����"#

3����"#-#>��"#����	6
��������������� Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 1280 oC 9�%�"3�����#����	6
�


���������:����#
3����"#*�-#>�*� &����I��*���#
�,��������#�	6
�	
������>�9;;<���+'�-�� '-��v-�����

����>�9;;<���+'�-������*����"
9���������������������"#������������6��"#
����C�� 1200 oC 2��$"
�����2�-�

�������>�9;;<��������������� Li0.05Ti0.02Ni0.93O ,+	6
�
�C���2
����C��	
���������6��%��  

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.65 '����v-����������
�3*�����9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"#����������

��6��"#
����C�� 1200 oC '*+ 1280 oC ��$���
����C�� -50 �6� 30oC  

 

 

,���*���46�7��v-����������
�3*�����9�
��*:�-���	
������������� 

Li0.05Ti0.02Ni0.93O �"#�-�"��&�����"����*��-�����3����%
� ���'���������"# 4.65 �2���$���	
����*�*�


����H�2�*��	
�3�� �� '*+�"3	
� tan� 	
�3������CG��"����9�
��*:�-���,+�3*�#
��"#9�����4���	
�3����"#

�"#�C�	6
����#
���#�
����C��	
������*
� �*����*����"
2��$"
�6��v-����������+-�%��%��3����%
�	
���2�-����

9�
��*:�-��� 3���*�������+-�%��"#�$%�>����2��+2�������
�3*�����9�
��*:�-�������*����"
������3>����9�%
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&���$%��	
� Arrhenius -��������"# 4.2 �*���3>�����2��� �*�������+-�%��"#�$%�������
�3*�����   

9�
��*:�-����"#����	6
��������������� Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 1200 oC '*+ 1280 oC  

�"3����+��� 0.320 '*+ 0.303 eV -��*>���2 �*�����*
��������,�������"
�2�����
�3���*�������+-�%�

�>����2��+2�������
�3*�����9�
��*:�-���'*+�*�������+-�%��>����2����>�9;;<��������������� 

Li0.05Ti0.02Ni0.93O �"3��*�*����#
�$%
����C������������6����#�	6
� �*�����*
�����*����"
����*��%3�� �� 	
�

������������ Li0.05Ti0.02Ni0.93O �"#������������6��"#
����C�� 1280 oC �"3���C�����������"#������������6��"#


����C�� 1200 oC ���'���������"# 4.66 �*�����*
��"#������,����*����"
������
��2��9�%���-�
9��"
 

�>����2��+2���������3��+�!��������������/ �������������"#������������6��"#
����C���C�����,+�"&
�������

$�
�����	
�

����,� (Oxygen vacancy) ��&3����%���*6�9�%������ �����
���+,�
���+���������������"#�������

�����6��"#
����C�� 1280 oC ,6��"�������"#������� �6#�
�,����*��%3�� �� 	
��������������"#������������6��"#


����C�� 1280 oC �"3���C����� ���#
��%����9;;<���2������������ Li0.05Ti0.02Ni0.93O ������	
���+,�
���+�"#

��������+���"#	
2����������������������*����"
,+�"�������"#������� ����*��%3����	%�	
����&�*�9���$��

���9;;<��"3�����#����	6
� 
����9��:-�� ����"��������+,�
���+�"#��������"
,+����*��"�-�
��2�-����        

9�
��*:�-��� &��,+�>���%3��	
�����CG��"����9�
��*:�-���	
�������"3���"#���#�	6
��%�� �*���3�
 ����"��+,�
���+

�"#���	6
�,+����*��%�"3������,+��I��"#��+,�
���+�"&
����"#,+�������3*�#
��"#�������

������	6
� &�����

�3*�#
��"#����*����"
,+�"�*&��-��-�
����CG��"����9�
��*:�-���	
������ ,��-�����"# 4.8 �2���3�� �� 	
������

������� Li0.05Ti0.02Ni0.93O �"3�����#����	6
�-��	���	
����� �*�����*
�����*����"
������
��2��9�%&��

'22,>�*
�	
�&3����%�����,�*��3�"#�"��2�-����9;;<���� 

,���*���46�7���2�-����9;;<�&����3��3
���"'���! 9�%�2��� ���� (grain) 

'*+	
2���� (grain boundary) 	
������������� Li0.05Ti0.02Ni0.93O �"�����>�9;;<��"#-������ &��3�������>�

9;;<���
��
������"
�>������%��I� g�  '*+ gb�  -��*>���2 '*+��
��
������"
�"3�� �� �"#-�������%�� &��

�>������%��I� g��  '*+ gb��  -��*>���2 �����
� 3��3��"#9�
��*:�-����$���%
�������	
�����'*+	
2����	
������

������� Li0.05Ti0.02Ni0.93O �������	"��9�%��I� (Raevski et al., 2003) 

 

                                
��� /ggg j	��                                          (4.25) 

 

                               
��� /gbgbgb j	��                                         (4.26) 

 

3��3��"#9�
��*:�-����$���%
���� ( �� ) �������	"��9�����"
  

 

                                       
1	

��
�

�
�
�

�
�
�
�

�
��

gb

gb

g

g tt
L

��
� ,                                         (4.27) 
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���#
 gt  3�
 	���	
����� gbt  3�
3������	
�	
2���� '*+ gbg ttL ��  ���#
��,������� gbtL ��  '*+ 

gbg �� ��   �����
�������"# 4.27 ������,����%
�C����C�
��������9�%����"
 

 

                                   ��
�

�
��
�

�
���

�

�
��
�

�
��


��
��

�
jaa

gbg

1
1* ,                                    (4.28) 

 

���#
�>������% gbga ��� /1 �� , ggba ���� /� , Ltgb /�� . 

�"#3����"#��I�4C��!���
�"#3����"#-#>����/ ������"# 4.28 �������	"����%
�C����C
�������� ����"
 

 

                                            
gb

gb

t
L�

� �� .                                                (4.29) 

 

���#
��,����&3����%�����,�*��3	
������������� Li0.05Ti0.02Ni0.93O ��
��
�-��
����2���
�Q��	
����46�7�


�3!��+�
2����3�"	
�����'*+	
2����&����3��3 EDS ��������+���9�%��� 3������	
�	
2���� 

( gbt ) 	
��������
��
��"	���������� ���#
�,��������	
� Ti �"#�$%&���"�������"#����������������
��
� �����
�,��

������"# 4.29 ����������9�%��� 3���'-�-���	
�3�� �� �"����-����#
�,������"#�����-��
������
��
��"
�"	���

�����"#-������ �
�,���"
'*%� 3�� �� �"#-#>�����	
��������������"#������������6��"#
����C�� 1200 oC ����-�����

��6#���,���C�����"#����_��&3����%�����,�*��3 ���'������������ SEM  

,���*�����*
��2��� 
�-������	
�3�� �� (�"#
����C���%
�'*+�"#3����"# 1 kHz) 

	
��������������"#������������6��"#
����C�� 1200 oC '*+ 1280 oC �"3����+��� 2.02 (��1280/��1200= 

11187/5534 =2.02) ,��������"# 4.29 ���#
��,������� ��
� gbt  '*+ gb� �  	
���������������
��
��"3��������� 

�����
�,��������"# 4.29 �������	"����%
�C����C�	
�
�-������	
�3�� �� 	
������������� Li0.05Ti0.02Ni0.93O 

��
��
�-��
����9�%����"
     

 

                                            
1200

1280

1200

1280

L
L

�
�
�

�
�                                               (4.30) 

 

&�����'��3��	���	
�����&���H*"#�	
������������� Li0.05Ti0.02Ni0.93O ��
��
�-��
���� �2���
�-������

����*����"3����+��� 2.25 �6#���I�3���"#��*%�3"����2
�-������	
�3�� �� �"#9�%,�������*
�3�
 2.02 �*���

��*
��"#9�%,�������,���������"
2��$"
9�%��� ��2�-����9�
��*:�-���	
������������� Li0.05Ti0.02Ni0.93O �"

�v-�����'22-����:2��+,�'22$�
�	�����
������ (internal barrier layer capacitor; IBLC)  
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������ 4.66 ���"�2��"�2��2�-����9�
��*:�-����"#
����C���%
�	
������������� Li0.05Ti0.02Ni0.93O �"#�������

�����6��"#
����C�� 1200 oC '*+ 1280 oC  

 

 

4.2.1.2 (Li, Al) �	
 NiO (LANO) 

�����,���������"
9�%46�7�3����������!�+�������2�-����9;;<�'*+��2�-����    

9�
��*:�-���	
������������� Li0.05AlxNi0.95-xO (x=0.04, 0.06 '*+ 0.10) �"#�-�"��&�����"����*��-�����

3����%
� 	�
�-
�����-�"��������#�-%��%�����������-�
�-%�-���������,>����&�*�"#-%
����*����
>�2�������� 

,����
��>�������-�
�-%�9�'3*9��!�"#
����C�� 650 oC ��I���*� 10 $�#�&�� ��������"#�"�������,>����&�*-��

�C-�����3�"-���/ -���"#-%
����9�%�C��>�9�46�7�&3����%���*6�'*+��������;����������&���$%��3��3 XRD 

,����
��>�������� Li0.05Ti0.02Ni0.93O �"#9�%,��������'3*9��!9�	6
��C�&�����
����:���I��C����'����*��%��

�����%'���3%�'22'����"#�� '*+�>���:�'����*������*���"
9������6��"#
����C�� 1280 oC ��I���*� 4 $�#�&�� 

&3����%���*6�'*+��������;� �����
�&3����%�����,�*��3	
������������� Li0.05AlxNi0.95-xO �"#9�%,��������

��6���*���"
�C��>�9�46�7�&���$%��3��3 XRD '*+ SEM -��*>���2 �����,���"
9�%46�7���2�-����9;;<�'*+

��2�-����9�
��*:�-���	
���������������
����-��
������$���
����C�� -60 �6� 130 oC '*+��$���3����"# ���
102 �6� 107 Hz     
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�*���46�7�&3����%���*6�'*+��������;�-���/ ���������'*+������������&���$%

��3��3 XRD '����������"# 4.67 �2����C�'22����*"
���2�����"�
��!��
����������'*+������������ 

Li0.05AlxNi0.95-xO ������#
�9	���&���"�;�-����2�C�'22����*"
���2�����"�
��!�� NiO (JCPDS no. 78-

0429) &���"&3����%����I�'22*C�2�4�! '*+ NiO 3�
�;��*��	
��������'*+��������������*���"
 ���#
��,����

�C�'22����*"
���2�����"�
��!��������� Li0.05AlxNi0.95-xO �2��� �;��,�
��	
� Ni ������-��,�29�%��

���/ ���#
�9	���&�� ���'���������"# 4.67(�) '*+3����C�	
��"3�"#2��$"
�6��;��,�
��	
� Ni �"	����C�	6
�

-������������,�
	
� Al �*�����*
�����*����"
'������ Al �"#�$%�����&��������2 Li �� NiO �>���%��"#��

���	��	�����������;�	
� NiO '*+���#
��,�����C�'22����*"
���2�����"�
��!	
������������� 

Li0.05AlxNi0.95-xO ���'���������"# 4.67(	) �2��� �;��,�
��	
� Ni 9������_�������������� 

Li0.05AlxNi0.95-xO �"��"���;��,�
��	
� NiAl2O4 ������
��"#�C�-��,�29�%���C�'22����*"
���2�����"�
��!	
�

������������ Li0.05Al0.10Ni0.85O �;��,�
������*����"

�,����,��������	
� Al 9


��"#�$%&���� NiO �"

�������"#����	
2�	-	
����'���"#���+22	
� AlxNi1-xO   

,�����-��,�2�;��,�
��	
� NiAl2O4 ����*����"
 �������������!	
� NiAl2O4 

�"#��"�2��2������	
��;��*�� NiO ������3>����9�%&�������+���,���C�'22����*"
���2�����"�
��!	
�

������������ Li0.05Al0.10Ni0.85O &��
�4��3����������! �������� (Hsiao et al., 2007) 

 

                 
 � 
 �

 � 
 � 100

200311
311

%
42

42
42 !

�
�

NiOONiAl

ONiAl

II
I

phaseONiAl              (4.31) 

 

���#
 
 �311
42ONiAlI  '*+ 
 �200NiOI  3�
3����	%� (intensity) 	
��"3�*���>���2�;�	
� NiAl2O4 (311) '*+ 

NiO (200) -��*>���2 ,���*���3>�����2����������������!	
��;��,�
�� NiAl2O4 �"#����	6
������������

��� Li0.05Al0.10Ni0.85O �"��+��� 7.1 �*�����+���3������*����"
��������,����9�%���9


�	
� Al �"#�$%

&����
����������'���"#9


�	
� Ni 9�%��"�� 2.9 % ������
� �>����2�;��,�
�� NiAl2O4 �"#9���������2

9�%���C�'22����*"
���2�����"�
��!	
������������� Li0.05Al0.04Ni0.91O '*+ Li0.05Al0.06Ni0.89O 
�,�"�*���#
�

���,���;��,�
������*����"
�"�������"#�%
����,�9��������-��,�29�%&��,������$%��3��3 XRD   

*��7�+���Q��	
�&3����%�����,�*��3	
������������� Li0.05AlxNi0.95-xO 

(x=0.04, 0.06 '*+ 0.10) �"#������������6��"#
����C�� 1280 oC ��I���*� 4 $�#�&�� �C�46�7��%����3��3 

SEM ���'���������"# 4.68 �2���&3����%�����,�*��3�"*��7�+�"#��+�
2�%������'*+	
2���� &������

�"*��7�+��I��C��*����*"#�� ,��������� SEM �2���	�������	
������������� Li0.05AlxNi0.95-xO �"	���

*�*�-��������������#�	6
�	
� Al �"#�$%&�� �*�����*
�����*����"
'������9


�	
� Al �"#�$%&��������2 

Li �� NiO �"����$����������2��
�����-�2&-	
������������9�
��*:�-�����������*��� Li0.05AlxNi0.95-xO �*���

��*
�����*����"
�
�3*%
���2�*���46�7���������;�&���$%��3��3 XRD ���'���������"# 4.67 �*���3�
 

9


�	
� Al �"#�$%&���� NiO ,+�"����$����������2��
���������;�	
� NiO �����
�
�,��I�9�9�%���         

����-�2&-	
������C���2��
�&���;�	
� Ni �"#�,�
��
�C���������� &��������	
��;��,�
������*����"
����,��
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�����2��
��������

�9��!	
� NiO &�� Al �"#�$%&��  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.67 �C�'22����*"
���2�	
�����"�
��!	
� (�) ������� '*+ (	) ������������ Li0.05AlxNi0.95-xO  

 

 

 

 

 

 

 

 

 

20 30 40 50 60 70

 

 

Li0.05Al0.10Ni0.85O

Li0.05Al0.06Ni0.89O

(2
00

)

(1
11

)

#

#

Li0.05Al0.04Ni0.91O

+ NiO
# Ni +

++ (2
20

)

(2
00

)

(1
11

)

In
te

ns
ity

 (a
.u

.)

2� (degree)

20 30 40 50 60 70

Li0.05Al0.10Ni0.85O

Li0.05Al0.08Ni0.89O

Li0.05Al0.04Ni0.91O

+ NiO
* NiAl2O4

****

+++

(2
00

)

(2
20

)

(1
11

)

In
te

ns
ity

 (a
.u

.)

2� (degree)

(�)  

(	)  



 135

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.68 ������� SEM ��
������%�	
������������� Li0.05AlxNi0.95-xO 
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������ 4.69�����*"#��'�*���2
����C��	
� (�) 3��3��"#9�
��*:�-��� '*+ (	) 3������CG��"����9�
��*:�-���

	
������������� Li0.05Al0.04Ni0.91O ��$���3����"# 100 Hz �6� 5 MHz  

 

 

,���*���46�7������*"#��'�*���2
����C��	
���2�-����9�
� �*:�-���           

(3�� ��'*+3�� tan� 	
�����CG��"����9�
��*:�-���) ���'���������"# 4.69 �2���3�� �� �"#3����"# 102-���
103 Hz �"�����*"#��'�*�-��
����C���%
���� 
����9��:-�����#
3����"#	
�����9;;<�����
����#����	6
� 

3�� �� �"#
����C��-#>�,+�"���*�*�
���������:� '*+�
�3*%
���2��������"3	
� tan� 	
�����CG��"����   

9�
��*:�-��� ���'���������"# 4.69(	) �2���3�� tan� 	
�����CG��"����9�
��*:�-����"3���"#�C����'*+�"3��

���#�	6
�
���������:����#

����C�����#�	6
� &��3������CG��"����9�
��*:�-����"#���#����	6
�����*����"
����,���*

	
�����>�9;;<���+'�-���������������� �
�,���"
'*%�����2���3�� �� 	
������������� Li0.05AlxNi0.95-xO �"

�����+,��-��-��3����"#3�
�	%��������#
��"�2��2�����9,'
�-!9�
��*:�-����������	
� NiO �*���
�#�/ '-�

�v-�����&��������3��"����3*%����2������*��� NiO 
�#�/   
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,���*���46�7��v-����������
�3*�����9�
��*:�-���	
������������� 

Li0.05Al0.04Ni0.91O ���'���������"# 4.70 �2�����
�$���	
����*�*�
����H�2�*��	
�3�� �� '*+�"3	
� tan� 

	
�����CG��"����9�
��*:�-����"����*�#
�->�'����9��C�$���3����"#�"#���#�	6
����#���#�
����C��	
������*
�     

�*�����*
�����*����"
2��$"
9�%�����I��*���#
�,�������+-�%��%���*�����3����%
��6#�3*%����2�v-��������

��
�3*�����9�
��*:�-����"#����	6
��������9�
��*:�-���������� NiO �*���
�#�/ ,���"3	
� tan� 	
�����CG��"�

���9�
��*:�-����"#����	6
���'-�*+
����C�� ��*�	
������
�3*�����9�
��*:�-����"#
����C����
�/ ������

3>����9�%9�% &���$%3����������! ��������  

 

                                �� ��
� /S                                            (4.32) 

 

���#
 s�  '*+ ��  3�
3��3��"#9�
��*:�-����"#3����"#-#>� (static frequency limits of dielectric permittivity) '*+

3����"#�C� (high frequency limits of dielectric permittivity) -��*>���2 '*+ pf�
 2�  &���"# pf  3�
3����"# 

� ->�'�����"3	
� tan� 	
�����CG��"����9�
��*:�-��� (tan�) �����
�������"# 4.32 �������	"��9�%���C� 

 

                                 
 � 
 �0//ln/2ln ���� ��	� SBap TkEf                             (4.33) 

 

,���*���3>����&��
�4��������"# 4.33 3���*�������+-�%��"#�$%�����	�2�3*�#
���+2�������
�3*�����

9�
��*:�-��� (Ea) ������3>����9�% �>����2��+2�������
�3*�����9�
��*:�-����"#����	6
��������������� 

Li0.05AlxNi0.95-xO (x=0.04, 0.06 '*+ 0.10) 3���*�������+-�%�	
���������������
����-��
�����"
'������

-�����"# 4.9 �*���3>�����2���3���*�������+-�%�	
���+2�������
�3*�����9�
��*:�-���	
������������� 

Li0.05AlxNi0.95-xO �"3�����#����	6
��*:��%
�-��������	
� Al �"#�$%&�����#����	6
�     
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������ 4.70�v-����������
�3*�����9�
��*:�-���	
������������� Li0.05Al0.04Ni0.91O ��$���
����C�� -60 

�6� 90 oC 

 

����
��� 4.9 3��3��"#�*6� 3��3��"#9�
��*:�-��� '*+�*�������+-�%��>����2��+2�������
�3*�����          

9�
��*:�-��� '*+����>�9;;<� �>����2������������ Li0.05Al0.04Ni0.91O, Li0.05Al0.06Ni0.89O '*+ 

Li0.05Al0.10Ni0.85O 

Li0.05AlxNi0.95-xO  
3��3��"#�*6� 

(Å) 
�� 

(300 K and 1 kHz)
Ea (eV) Eg (eV) Egb(eV)

Li0.05Al0.04Ni0.91O 4.167 8,468 0.340 0.354 0.369

Li0.05Al0.06Ni0.89O 4.168 7,396 0.354 0.362 0.374

Li0.05V0.10Ni0.85O 4.162 6,566 0.373 0.367 0.377
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������ 4.71 (�) ����-���
���"'���!�$���%
�	
������������� Li0.05AlxNi0.95-xO (x=0.04, 0.06 '*+ 

0.10) �"#
����C�� -60 oC '*+ (	) �����*"#��'�*���2
����C��	
������>�9;;<���������� 

 

 

�����,���������"
9�%46�7���2�-����9;;<�	
������������� Li0.05AlxNi0.95-xO 

(x=0.04, 0.06 '*+ 0.10) &���$%��3��3
���"'���!����&���&3�J �6#���I���3��3�"#�����$%�����46�7����

-
2��
����9;;<�������	
�����'*+	
2����  &����#�9�'*%�9�%�2������-
2��
����9;;<�������	
�

����,+�"���-
2��
��"#3����"#�C�������-
2��
����9;;<�������	
�	
2���� (Sinclair et al., 2002) 

,���*�����*
����'���������"#  4.71(�) �2��� ����-���
���"'���!�$���%
�	
������������� 

Li0.05AlxNi0.95-xO ��
����-��
�����"*��7�+�"#��I���%�&3%��C�3�6#����*��
��� �*�����*
�����*����"
3*%����2

�"#�2��������������9�
��*:�-��� NiO �*���
�#�/ �"#9�%�*�����'*%������	%
�"#������ �6#�������2��$"
9�%&��-�����

������������ ��� Li0.05AlxNi0.95-xO ��I�������"#�"
�3!��+�
2	
�&3����%�����,�*��3�"#�"��2�-��������>�9;;<�

�"#-������ &��3���9����#>����
���9;;<��"#����	6
��������������� Li0.05AlxNi0.95-xO ����*����"
,+��+�
2�%��

�����"#�"3���-%�����9;;<�-#>�'*+�C� ����	
���%�&3%��"#����_�"#3����"#-#>� (�C�3�6#����*�����%��	����
	
�

���) '����6����-
2��
����9;;<�������	
�	
2���� '*+����-���
���"'���!�$���%
���%�&3%��C�3�6#�

���*��*:��"#����_�-:����"#3����"#�C�'�����-
2��
����9;;<�������	
����� ,���*�����*
�����2���

��4�"	
�����-���
���"'���!�$���%
���%�&3%��C�3�6#����*��"	����*:�*����#
���#�
����C��	
������*
�     

�*�����*
��"
2��$"
9�%���3���-%�����9;;<�	
�����'*+	
2�����"3��*�*����#

����C�����#�	6
� 3��	
�3���

-%�����9;;<�'*+3�������>�9;;<�	
�����'*+	
2�����"#
����C��-���/ ����������������������+���9�%

,��
���"'���!�$���%
�	
���������������*���"
 '*+�����*"#��'�*���2
����C��	
�3�������>�9;;<������

����'*+�"#	
2����9�%��I�9�-����	
� Arrhenius ���'���������"# 4.71(	) 3���*�������+-�%�����>�

9;;<���������� (Eg) '*+	
2���� (Egb) 	
������������� Li0.05AlxNi0.95-xO (x=0.04, 0.06 '*+ 0.10) 

������3>����9�%,��3���$��	
����;���'���������"# 4.71(	) �*���3>����	
�3���*�������+-�%�

(�)  (	)  
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-Z
'' (

�
)

Z' (�)

 Li0.05Al0.04Ni0.91O
 Li0.05Al0.06Ni0.89O
 Li0.05Al0.10Ni0.85O

3.2 3.6 4.0 4.4 4.8
-10
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-2

Li0.05Al0.04Ni0.91O; 0.354 eV
Li0.05Al0.06Ni0.89O; 0.361 eV
Li0.05Al0.10Ni0.85O; 0.367 eV

 

 

Ln
(�

T)

1000/T (K-1)
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����*����"
'������-�����"# 4.9 ,���*���3>��������*����"
 �2���3���*�������+-�%������9;;<���
�������	
�

����'*+�"#	
2����	
������������� Li0.05AlxNi0.95-xO -��
������
�����"
�"�����*"#��'�*���"���*:��%
�-��

������	
� Al �"#�,�
�$%&���� NiO �*�����*
�����*����"

�,����	6
����#
�,��������9


�	
� Al �"#

������'���"#��&3����%���*6�	
� NiO ��'-�*+����� Li0.05AlxNi0.95-xO -��
�����"�������"#-��������"��

�*:��%
� �����
�
�3!��+�
2����3�"	
������"#����
����	
������������� Li0.05AlxNi0.95-xO  ��
����-��
�����"


��
��"��2�-����9;;<��"#����
���� �6#�����*��%�*�������+-�%�����>�9;;<����������	
��������
�����"3��

'-�-��������"���*:��%
�     

   

4.3 "�'�����
�	������������
��"	#*����"�� CaCu
3
Ti

4
O

12
/(Li, Ti) �	
 NiO (CCTO/LTNO) 

�������,���������"
9�%����3��+�!'*+46�7���2�-����9�
��*:�-���	
�������������3
�&���-	
�                

(1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O ��$���3����"# 102-106 Hz '*+��$���
����C�� -50 �6� 200 oC &��

�$%������� CaCu3Ti4O12 �"#�-�"��&�����"�_�������'22����+	
�'	:� (Solid state reaction method) &������

��+2�����'3*9��!�"#
����C�� 860 oC ��I���*� 8 $�#�&�� ��	�+�"#������� Li0.30Ti0.02Ni0.68O �-�"��&�����"

&�*�,*'22�"�"�
 �����,���"
9�%�>����������
��
�$����"
��������&���$%
�-������&�������-�-���/ &��         

x = 0, 0.10, 0.25 '*+ 0.25 �����3
�&���-�"#�"
�-����������*����"
�C�'���%�� CCTO, 10%LTNO, 

25%LTNO '*+ 50%LTNO -��*>���2 �������3
�&���-�C��>�9�	6
��C���I�'����*�'*+�����6��"#
����C�� 

1100 oC ��I���*� 16 $�#�&�� �������,���"
9�%46�7��*	
����
2��%3����%
���2������4
��!�
��"#
�,����*

-�
��2�-����9�
��*:�-���	
�������������3
�&���- (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O �*���46�7�

&3����%���*6�'*+��������;�����������������
���
�'*+�*�����
2��%3����%
���2������4
��!�
�&���$%

��3��3 XRD '����������"# 4.72 �2����C�'22����*"
���2�����"�
��!��������������3
�&���-��
���
�'*+

�*�����
2��%3����%
���2������4
��!�
�9���"�����*"#��'�*� '*+����C�'22����*"
���2�����"�
��!��

������������3
�&���-����*����"
�
�3*%
���2�C�'22����*"
���2�����"�
��!�� CaCu3Ti4O12 &��9���������2

�;�	
� Li0.30Ti0.02Ni0.68O �*�����*
�����*����"

�,����,���"#2����������%�	
�������������3
�&���-  

(1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O �" � H � � + � ; � 	 
 �  CaCu3Ti4O12 � �� � ��
 �  ' * + �� � � 	 
 � 

Li0.30Ti0.02Ni0.68O 
�,,+�"����+������"#2���������������������� �����,���"
9�%46�7�&3����%�����,�*��3

�%����3��3 SEM ���'���������"# 4.73 �2��������"	����"#&-	6
����#
 Li0.30Ti0.02Ni0.68O �"#�$%3
�&���-�"

���������#�	6
� �*�����*
�����*����"

�,����,�� Ni 2������	
� Li0.30Ti0.02Ni0.68O ������'���"#��

&3����%���*6�	
������������� CaCu3Ti4O12 '*+����*��%����	
�������������3
�&���-�"	����"#&-	6
�        
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�
������ 4.72 �C�'22����*"
���2�����"�
��!�������������� (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O ��
�'*+

�*�����
2��%3����%
���2������4
��!�
� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.73 ������� SEM 	
�������������3
�&���- (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O ��
����
2

��%3����%
���2������4
��!�
� 
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������ 4.74 �����*"#��'�*���23����"#	
�3�� �� '*+3�� tan� 	
�����CG��"����9�
��*:�-����"#
����C���%
� 

�>����2������������ (�) CaCu3Ti4O12 '*+ (	) ������������3
�&���- 0.75CaCu3Ti4O12-

0.25Li0.30Ti0.02Ni0.68O ��
�'*+�*�����
2��%3����%
���2������4
��!�
� 

 

 

�������,�������"
9�%46�7��*	
����
2��%3����%
���2������4
��!�
��"#�"-�
��2�-����9�
��*:�-���

	
�������������3
�&���- (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O &��46�7��*	
�������	
�$�
�����	
�



����,��"#����	6
���&3����%���"#�"�*-�
��2�-����9;;<�'*+��2�-����9�
��*:�-���	
�������������3
�&���- 

(1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O �*�����
2��%3����%
���2������4
��!�
� �*�����*
�'��� 

�������"# 4.74(�) �2������
2��%3����%
���2������4
��!�
�9�%����*-�
��2�-����9�
��*:�-���	
������

������� CaCu3Ti4O12 ��
�3�� �� '*+3�� tan� 	
�����CG��"����9�
��*:�-����"3�����#����	6
� &���H��+�"#

3����"#-#>����� 104 Hz ��	�+�"#��2�-����9�
��*:�-���	
�������������3
�&���- 0.75CaCu3Ti4O12-

0.25Li0.30Ti0.02Ni0.68O �*�����
2��%3����%
���2������4
��!�
�9���"�����*"#��'�*����'�����      
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����"# 4.74(	) �*�����*
�����*���2��$"
��� ��2�-����9�
��*:�-���	
������������� CaCu3Ti4O12 �"���

��*"#��'�*�
�������-��������	
�$�
�����	
�

����,��"#����	6
���&3����%�� '-�9���"�*-�
������������3


�&���- 0.75CaCu3Ti4O12-0.25Li0.30Ti0.02Ni0.68O �*�����*
�����*����"

�,����,������+��	
� 

Li0.30Ti0.02Ni0.68O -��	
2���� &����#�9�'*%� ����+2�����
2��%3����%
���2������4
��!�
�

����,�

2������,+�CG��"�9�,��&3����%�� &���H��+
������#��"#2�����	
2���� �����*"#��'�*�	
���2�-����9�
��*:�

-����������������� CaCu3Ti4O12 ���#
�,����+2�����
2��%3����%
���2������4
��!�
�
�,����,�����

�CG��"�

����,�2�������"#2�����	
2���� '*+��I��"#���2����"��� ��2�-����9�
��*:�-���	
������������� 

CaCu3Ti4O12 ,+	6
���2��2�-����9;;<�	
�	
2������I�
������� (Adams et al., 2002; Chung et al., 

2004) �����
� 
�3!��+�
2����3�"	
�	
2�����"#��*"#��9���
�����*�6���2�-����9�
��*:�-���	
������    

������ �  CaCu3Ti4O12 �� ���*�����*
��"# � �� �	6
 � ���� ��� � ����� �3
�&���-  0.75CaCu3Ti4O12-

0.25Li0.30Ti0.02Ni0.68O ������
��2��9�%��� ���
2��%3����%
���2������4
��!�
�9�%����*-�
����� 

Li0.30Ti0.02Ni0.68O �"#�"����+���"#	
2����������
� �����
���2�-����9�
��*:�-���	
����������*����"
,6�

��*"#��'�*���2��+2�����
2��%3����%
���2������4
��!�
��%
���� ����,,�2�� ������������ 

CaCu3Ti4O12 ,����I������9,'
�-!9�
��*:�-����"#9�%��23������,����"#��� ���#
�,��3������"�����3����%
�

�6#���I�
"�3����2�-��"#&���������	
�����������������*����"
 
����9��:-�� ,����������,��	
��*���
�#�/ 9�%

�2��� ��2�-����9�
��*:�-���	
������������� CaCu3Ti4O12 �"�����*"#��'�*�
���������2������4
��!�
� 

(Bender, Pan, 2005) '*+ 9�&-��,� (Wang et al., 2006) �6#��*����*����"
9�%�>�*��,������	
�3������"��

���3����%
�	
������������� CaCu3Ti4O12 9� 
����9��:-�� ,���*�����*
��������,���"
9�%3%��2���"���

���7�3������"�����3����%
�	
���2�-����9�
��*:�-���	
������������� CaCu3Ti4O12  &�����3
�&���-

�%������� Li0.30Ti0.02Ni0.68O �����
������������3
�&���-	
� 0.75CaCu3Ti4O12-0.25Li0.30Ti0.02Ni0.68O ,6���I�

�������������"#�������$%���9�%�*���*�����#
�9		
�����+'��*%
�   
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������ 4.75 �����*"#��'�*���23����"#	
�3�� (�) �� '*+ (	) ��� �"#
����C�� -50 oC 	
������������� 

3
�&���- (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O �*�����
2��%3����%
���2������4


��!�
� 

 

 

��2�-����9�
��*:�-���	
�������������3
�&���-� (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O '������

����"# 4.75 �����*"#��'�*���23����"#	
�3�� ��� '*+ ��� �*�����
2��%3����%
���2������4
��!�
�   

�*�����*
��2���3�� �� �"�����*"#��'�*���2������	
� Li0.30Ti0.02Ni0.68O �"#�$%3
�&���- &��3�� �� 	
�

������������ CaCu3Ti4O12 �"3�����#����	6
����#
3
�&���-�%�� Li0.30Ti0.02Ni0.68O �������� 10% '*+ 25% 

'-����#
���#�������	
� Li0.30Ti0.02Ni0.68O ��I� 50% 3�� �� 9�%�"���*�*�
������� 
"���
�$���3����"#	
����

���������
�3*�����9�
��*:�-���9�%������$���3����"#�"#-#>�*�  

��I��"#���2����"��� 3��3��"#9�
��*:�-���	
��������/ ���,+9��3��"# '-�,+�"�����*"#��'�*���2��,,��

����
�-���/ ������ �$�� 3����"#'*+3����	%�	
�����9;;<� 
����C�� 3���$�
� 
��*:�&��� 3����3%� '*+


�#�/ (Hence, West, 1990; Moulson, Herbert, 2003) &����#�9�3����3%�'22'����"#�� (uniaxial 

compressive stress) ,+����*-�
��2�-��$���*	
������ &���������>���%&3����%�����,�*	
�������"���
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��*"#��'�*�9�,������ ��I��"#������,���3����3%��������������*-�
��2�-����9�
��*:�-���
"��%�� ���'�����

����"# 4.76(�) '*+ 4.76 (	) �����*"#��'�*���23����3%�	
���2�-����9�
��*:�-��� (��'*+ tan�) 	
�

������������ CaCu3Ti4O12 '*+������������3
�&���- 0.75CaCu3Ti4O12-0.25Li0.30Ti0.02Ni0.68O �"#�������


2��%3����%
�����-%2������4
��!�
�             

,������"# 4.76(�) �2���3�� �� '*+3�� tan� 	
�����CG��"�	
������������� CaCu3Ti4O12 �"#�������


2��%3����%
���2������4
��!�
��"�����*"#��'�*�-��3����3%��"#��% &���"3�����#����	6
�
����-�
���#
�

-��3����3%��"#���#�	6
� (���'��������'���	
�����"# 4.76(�)) ��	�+�"#��2�-����9�
��*:�-���	
������

�������3
�&���-	
� 0.75CaCu3Ti4O12-0.25Li0.30Ti0.02Ni0.68O �"#�������
2��%3����%
���2������4


��!�
��"�����*"#��'�*��%
���� �>����2������������ CaCu3Ti4O12 ��$���3����3%�-#>����� 40 MPa 3�� �� 
'*+3�� tan� 	
�����CG��"��"3��3�
�	%��3��"# '-����#
���#�3����3%��C����� 40 MPa ��
�3�� �� '*+3�� tan� 	
�

����CG��"��"3�����#�	6
�
����-�
���#
� 3�� �� �"#�C����	
������������� CaCu3Ti4O12 �"����-����#
�,��������

	
���+,����+����������"#����6#�����6�$�
�����	
�

����,� (����+�C%��2 (acceptor state)) �"#������

&3����%���%�� &���H��+
������#��"#	
2���� �����
�����"������	
�����+�C%��2�"#	
2�����"#���,+����*��%

������
��*9�	
�������#
�-����*����#
�,��������"#���>�	
�3����3%� '*+�*9����3��-��'22�������� 

(elastic deformation mechanism) ��$������#�-%�	
������%3����3%���2������������ CaCu3Ti4O12 ������#
�

-����*����#
�,��������"#���>�	
�3����3%�,+����	6
�
��������$��������� ��#�3�
����+�C%��2���3�
�C��"#	
2

����'*+�"3������"���"#�C����-�

�����*	
�3����3%� ����*��%��2�-����9�
��*:�-���9����*"#��'�*���2

3����3%� (Yimnirun et al., 2006) ���#
3����3%��"#��%���#����	6
� �"3�����I�9�9�%���3������	
�	
2����


�,,+�C�2"2��%�"	���*�*� ���#
�,��3�� �� 	
������������� CaCu3Ti4O12 �6#���I��������"#'���*�����23���

���	
�	
2���� �6#���I�9�-��'22,>�*
�	
� IBLC (Wu et al., 2002) �����
�3�� �� 	
������������� 

CaCu3Ti4O12 ,6��"3�����#����	6
����#
3������	
�	
2����*�*����#
�,�����
�����*	
�'���3%� 

�>����2������������3
�&���-	
� 0.75CaCu3Ti4O12-0.25Li0.30Ti0.02Ni0.68O �"#�������
2��%3���

�%
���2������4
��!�
� �2�����2�-����9�
��*:�-����"�����*"#��'�*�-��'���3%��%
�������'��������

�"# 4.76(	) �����*"#��'�*�����	6
���$���3���3%����#�-%��"#��%������
� �*�����*
��������,���"
9�%�2��������

�����������*����"
��I������9,'
�-!9�
��*:�-����"#�"3������"������-%2������4
��!�
� (����"# 4.74(	)) 

'*+����-%'���3%�'22'����"#�� 3������"��-�
3����3%�����*����"
����	6
����#
�,���������������������� 

Li0.30Ti0.02Ni0.68O �6#�
�,����*��%	
2����	
������������� CaCu3Ti4O12 �"3���3������"��-�
2������4

-���/ '*+3����3%�'22'����"#��  

   �
�
�
�
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������ 4.76 �����*"#��'�*���23����3%�'22'����"#��	
�3�� �� '*+3�� tan� �"#
����C���%
� 	
������ 

� � � � �� �  ( � )  CaCu3Ti4O12 ' * +  ( 	 )  �� � �� � � � � �� � 3 
 � & � �� -  0.75CaCu3Ti4O12-

0.25Li0.30Ti0.02Ni0.68O �*�����
2��%3����%
���2������4
��!�
� ���'���'���

��
�!��:�-!�����*"#��'�*�	
�3�� �� '*+3�� tan�  
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4.4 "�'�����
�	������������
��"	#�$����� CuO 

4.4.1 ���+/�:�;���
���� ��'���� &�B;���
&�
	���DDE���B&"��
���"�'�����
�DDE�

&�B��
�	������������
��"	#�$����� CuO 

�������,���"
9�%46�7���2�-����9�
��*:�-���'*+��2�-����9;;<�	
������������� CuO &��9�%

46�7��*	
����-
2��
����9;;<��������������'*+�"#	
2���� �����
��*	
�'�����9;;<���+'�-��  

�"#�"-�
��2�-����9;;<�'*+��2�-����9�
��*:�-��� �����,���������"
9�%����3��+�!������������ CuO ,��������� 

CuO (99.999%) &���>��������9�	6
��C�&�����
���%��'���3%�'22'����"#�� ��:�'����*��"#9�%�C��>�9����

��6��"#
����C�� 920 '*+ 980 oC ��I���*� 10 $�#�&�� *��7�+���Q��	
�&3����%�����,�*��3'*+&3����%��

	
��*6�	
������������� CuO �"#������������6��C�46�7�&����3��3 SEM '*+ XRD -��*>���2 ������������

�"#�������46�7�&3����%�����,�*��3'*+&3����%���*6�9�%�C��>���	�������%���
��
��%�����#
�>�	�
�9;;<�&���$%

���������I���������#
��+��Q7!��I�	�
�
��*:�&��� ���46�7���2�-����9�
��*:�-���'*+��2�-����9;;<�	
������

������� CuO �������,���"
9�%46�7���$���
����C�� -60 �6� 100 oC '*+��$���3����"#102 �6�106 Hz '*+�$%

'�����9;;<���+'�-����$��� 0-3 &�-*!  

 

 

 

 

 

 

 

 

 

������ 4.77 ������� SEM ��
������%�	
������������� CuO �"#������������6��"#
����C�� (�) 920 oC '*+ 

(	) 980 oC ��I���*� 10 $�#�&�� 

 

 

�*���46�7�*��7�+���Q��	
�&3����%�����,�*��3	
������������� CuO &���$%��3��3 

SEM '������������"# 4.77 �2���&3����%�����,�*��3�"*��7�+��+�
2�%������'*+	
2���� ������������ 

CuO �"#������������6��"#
����C�� 920 oC �"�C������&3����%����"���*:��%
� '-������������� CuO �"#�������

�����6��"#
����C�� 980 oC &3����%���"*��7�+�"#�"���
��-��	
������"#'���'*+9���2�C������&3����%�� 	���

�����H*"#�&����+���	
������������� CuO �"#������������6��"#
����C�� 920 oC '*+ 980 oC �"	���

��+��� 4.57 '*+ 9.57 �m -��*>���2 &3����%�����,�*��3	
������������� CuO 	
������,���"
�"*��7�+�"#

'-�-���,�������,���"#������&���*�����,��	
�  S Sarkar '*+3�+ (Sarkar et al., 2008) &���������������"#9�%

(�) (�) 
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,�������,���"
�"���
��'���-���������'*+�"�C�����%
���� ��	�+�"#������������ CuO �"#����3��+�!9�%��

�����,��	
� S Sarkar '*+3�+ �"�C��������	6
���&3����%�����,�*��3��I�,>�������'*+�"	���	
�����&��

�H*"#���+��� 1.4 �m �6#��"	����*:����������������� CuO �"#9�%,�������,���"
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.78�����*"#��'�*���23����"#	
���2�-����9�
��*:�-���	
������������� CuO �"#������������6��"#


����C�� (�) 920 oC '*+ (	) 980 oC  
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�*���46�7������*"#��'�*���23����"#	
���2�-����9�
��*:�-��� (3��3��"#9�
��*:�-��� (��) 
'*+����CG��"����9�
��*:�-��� (���)) 	
������������� CuO �"#������������6��"#
����C�� 920 oC '*+ 980 
oC ���'���������"# 4.78(�) '*+ 4.78(	) -��*>���2 �2���3�� �� 	
������������� CuO �"3���"#�C����&���"

3��
�C���$��� 104-105 ��+��:��"#������,��I�
������#��"#�2�������,���"
3�
 ����"3�� �� �"#�C��������*����"


����������	6
�&������$�-������-��	
�������
� �6#�9��,>���I�-%
�������+2�����&���%��9


�	
���-�


�#�/ ���
������+2����������6�&�����3�23��3������2������4'22���47 �����
����#
��,�����6��%�����

��+���-!�$%�����
��3-'*%� ������������ CuO ,6���I�������"#�"3���������,��I�
������#����#
�,����I������  



�9��!�"#�"��3�-#>� 
"���
�����������-�"��9�%�������������
����C�	
�;~*!�2��'*+������� ,������"# 4.78

(�) '*+ 4.78(	) �2���������������9�
��*:�-���	
� CuO �"�v-����������*"#��'�*���23����"#	
� 3�� �� 
�"#
����C��-#>�3*%����2����������� CCTO '*+�"*��7�+�"#3*%����2�v-������"#�2�������9�
��*:�-����*���	
� 

NiO ����"#9�%��������'*%���-
�-%� �*���3�
 3�� �� �"3���"#�C�����"#3����"#-#>� '*+���#
3����"#���#����	6
�3�� 

�� �"3���"#*�*�
����H�2�*��'*+�
�3*%
���2��������"3	
�3������CG��"����9�
��*:�-��� &���"3����*����"
,+

�*�#
�->�'����9���$���3����"#�"#�C�	6
����#
���#�
����C��	
������*
� ���'�����������'���	
�      ����"# 

4.78(�) '*+ 4.78(	) �6#�2��$"
�6��*9�*	
������+-�%��%��3����%
�  

,���*�����*
��2���3�� �� 	
��������������"#������������6��"#
����C�� 980 oC �"3��

�������������"#������������6��"#
����C�� 920 oC �*�����*
�����*����"

�,�"3����������!��2&3����%�����

,�*��3 �*���3�
	��������"#��G�����	
��������������"#������������6��"#
����C�� 980 oC 
�,,+����*��%3�� 

�� �"3�����#����	6
� ,�������������,��	
� Sarkar '*+3�+ (Sarkar et al., 2008) 9�%���
���3�� �� �"#�C����

	
������������� CuO ����	6
����#
�,�����&�*�9���$��'22 Maxwell-Wagner �"#����	6
��"#����������+�����

����'*+	
2���� &����I��*���#
�,��3�������>�9;;<��"#-�������+���������'*+	
2���� &�������"  

�����>�9;;<��"#�C���������	
2���� �����>�9;;<��"#�C�	
�����
�,�"����-����#
�,������"9


�	
� Cu3+ 

����	6
���������� �����"#2�����	
2�����"�H��+9


�	
� Cu2+ ������
� �����
�3�� �� �"#-������	
������  

������� CuO ��
��
�
�,����,������",>����	
� Cu3+ �"#-��������������� '*+
�,�"����-����#
�,������"

������	
�$�
�����

����,��"#-��������&3����%���6#��"����-����#
�,��
����C��	
���������6��"#-������ ���



�,����,���������&�����������"#�"	�����G�	
��������������"#������������6��"#
����C�� 980 oC 

,�����'���	
�����"# 4.78(�) '*+ 4.78(	) ��*�	
������
�3*�����9�
��*:�-��� 

(�) �"#
����C��-���/ ������3>����9�%,��3����������!�������� 

 

                                    1�
�                                                  (4.34) 

 

���#
 pf�
 2�  &���"# pf  3�
3����"# � ->�'�����"3	
�����CG��"����9�
��*:�-��� (���) '*+�2������

��*"#��'�*���2
����C��	
���*�	
������
�3*�����9�
��*:�-����"�v-�������I�9�-����	
� Arrhenius 
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���'���������"# 4.79 ,��3���$��	
���%����; �*�������+-�%��>����2��+2�������
�3*�����         

9�
��*:�-���	
������������� CuO �"#������������6��"#
����C�� 920 oC '*+ 980 oC ������3>����9�% &���"

3����+��� 0.195 eV '*+ 0.230 eV -��*>���2 �*���3>�����2	%
�C*�"#������,3�
 3���*�������+-�%�

�>����2��+2�������
�3*�����9�
��*:�-���	
��������������"#������������6��"#
����C�� 980 oC �"3��

�������������"#������������6��"#
����C�� 920 oC �*�����*
�����*����"

�,����,������"#������������ CuO �"#

������������6��"#
����C�� 980 oC �"�����"#�"	����"#��G����� �6#�����*��%����3���9����I��+�2"�2	
����

,����"��-��	
�
+-
���&3����%�� &��
�,������I�3���2����
�	
��*6�'22�$����%� ���
������I�&����

	����*:���������� �*�"#
�,,+����	6
�����*����"
����������*��%��2�-��������>�9;;<�*�*� �6#����*�*�

����*����"

�,����*��%���������*"#��'�*�	
�&3����%�����9;;<�	
������������� CuO '*+�>�9��C�������#�	6
�

	
��*����������+-�%��>����2��+2�������
�3*�����9�
��*:�-��� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.79 �����*"#��'�*���2
����C��	
���*�	
������
�3*�����9�
��*:�-���	
������������� CuO �"#

������������6��"#
����C�� 920  oC '*+ 980 oC 
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������ 4.80 
���"'���!�$���%
��"#
����C�� 30 oC 	
������������� CuO �"#������������6��"#
����C�� 920 oC 

����-%
�����*	
�'�����9;;<���+'�-����$��� 0-3 &�*-! ���'���'������	���	���

���*��*%,���>�����  

 

 

�����,���������"
���9�%46�7�
�����*	
�	
�'�����9;;<���+'�-��-�
��2�-����9�
��*:�-���

'*+��2�-����9;;<�������	
�����'*+�"#	
2����	
������������� CuO ,���*�����*
����'���������"# 

4.80 �2���	���	
�����-���
���"'���!�$���%
��C�3�6#����*��"	����*:�*����#
���#�'�����9;;<���+'�-�� 

(dc bias) ,�� 0 �6� 3 &�*-! �*�����*
�����*���2��$"
�6����*�*�	
�3���-%�����9;;<��$���%
����#
���#�

'�����9;;<���+'�-�� ���#
��%'�����9;;<���+'�-��������� 3 &�*-! ,+������������,���$��
�����!	
�

�����*
� �*����*����"
2��$"
�6�������	
���+'��"#����	6
�����,�9;;<�	
�$��������
2��2�-����        

9�
��*:�-����"#�������9� �����
����*�*�	
�3���-%�����9;;<����#
�,��������#�	
�'�����9;;<���+'�-��


�,�"����-����#
�,������CG��"���+,������������� ,�����'���	
�����"# 4.80 �6#�'�������-���


���"'���!�$���%
���*%,���>����� �2����"#�*�����	
�,���>�����	
�����-���
���"'���!�$���%
�9���"���

��*"#��'�*���2'�����9;;<���+'�-���"#��% �*�����*
�����*���������
��2��9�%�6����9����*"#��'�*���2

'�����9;;<���+'�-��	
���2�-����9;;<�������	
������������������� CuO �6#�3*%����2�v-��������

��*"#��'�*����9�
��*:�-���'*+���9;;<��"#	
������������� CCTO ����	6
����#
�,���*�����%'�����9;;<�

��+'�-��,������
� (Guo et al., 2006) �
�,���"
'*%�����2���'�����9;;<���+'�-���"#��%�"�*-�


3��3��"#9�
��*:�-���	
������������ CuO �"#3����"#-���/ ���'���������"# 4.81 3�� �� �"3��*�*����#


'�����9;;<���+'�-���"#��%�"	������#�	6
� ���*�*�	
�3�� �� ����*����"
2��$"
&��-���6����*�*�	
����    
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&�*�9���$�����#
�,���*	
������%'�����9;;<���+'�-�� �����
������%'�����9;;<���+'�-���������������� 

CuO ����������*&��-��-�
�����:2��+,����������� �����%'�����9;;<�-�
������������9�
��*:�-��� CuO 


�,,+�"�*��%�������2���2"
��	
��>�'��4���!�"#����	6
��"#	
2���� �6#��"�*��%3����C�	
�4���!9;;<�	�����
�    

�"#����	6
��"#����������+���������'*+	
2�����"3����C�*�*� �����
���+,�
���+,6�������	%���>�'��4���!�"#	
2

����9�%���	6
� '*+����*��%����+��	
���+,���*���"
�"#���	
�	
2����*�*� �����
�	���	
����&�*�9���$��

,6�*�*�'*+����*��%3�� �� *�*� 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.81 
�����*	
�'�����9;;<���+'�-��-�
�����*"#��'�*���23����"#	
�3�� �� 	
������������� 

CuO �"#������������6��"#
����C�� 920 oC ��I���*� 10 $�#�&��    

 

 

�4.4.2   *���"������G�B=���
"�'�����
�DDE���'�����*������	�������������">
��
��"	#�$����� CuO�
�����,���������"
9�%46�7�3����������!�+�������2�-����9;;<���2����"3�� �� �"#�C����	
�

������������ CuO &��46�7�����'22,>�*
����3��-4��-�!-���/ ����"# 4.82 '��������*"#��'�*���2

3����"#	
�3�� �� �"#
����C��-���/ ,���*�����*
��2��������*"#��'�*����23����"#	
�3�� �� �"�v-�����

�����
�3*�����9�
��*:�-���3*%��'22,>�*
������
�3*�����9�
��*:�-���	
���2�� “Dabye-like 

relaxation” 3�� �� �"3��*�*�
���������:��"#3����"#�C�'*+$���	
����*�*�
���������:�,+�3*�#
��"#9����

->�'�����"#3����"#�C�	6
����#

����C�����#����	6
� 3�� �� �"3���"#�C�����"#3����"#-#>�'����6��������&�*�9���$��9�%


������2C��! ��	�+�"#���*�
����H�2�*��	
�3�� �� �"#3����"#�C���I��*���#
�,������*�2��4	
�����9;;<��"#

��:���� ����*��%���-
2��
����9;;<�������+2�����&�*�9���$��9������������	6
�9�%
������2C��! 
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����9��:-�� ���#

����C�����#�	6
�,+�����%&�*�9���$���"
�-�����-
2��
��"#��:�	6
� �����
����-
2��
����

9�
��*:�-���
������2C��!,6�����9�%�"#3����"#�"#�C�	6
�  

&����#�9�'*%��v-����������
�3*�����9�
��*:�-���������
��2������'22,>�*
����

��
�3*�����9�
��*:�-���	
� Cole–Cole ���������"# 4.16 ,��������2��"�2'22,>�*
����3��-4��-�!-��

'22,>�*
���2	%
�C*	
�3�� �� �"#9�%,�������*
����'���������"# 4.82 �2�����*�	
������
�3*�����

9�
��*:�-����"3��*�*�
���������:�,�� 4.70 �s ��I� 0.22 �s ���#

����C�����#�,�� 213 �6� 293 K �*

����*����"
2��$"
�6�������#�	6
�	
�3������'���	
�9�&�*9;;<�'*+
�-���������&�*�9���$���"#��:�	6
� (Wu et 

al., 2002) ,���*������2��"�2	%
�C*,�������*
���2'22,>�*
� �2�����+2�������
�3*�����9�
��*:�

-����"#����	6
��������������� CuO �"3�����*%�3"����2�v-���������"'*���$��-��'22,>�*
���
���3-�	
���

2�� 	%
�C*	
�3�� �� ,���*�����*
��"#�2"#���2�

�,��'22,>�*
���I��*���#
���,���*���-
2��
����

9;;<�������	
�	
2���� (Bueno et al., 2006; Sarkar et al., 2008)  

���#
�"#,+�	%��,�v-���������>�9;;<��������������� CuO �����,���"
9�%46�7���2�-����9;;<�

	
������������� CuO &��46�7���������>�9;;<�'22��+'��*�2 (ac conductivity) ���'���������"# 4.93 

�2�����%����;�"*��7�+��I���%���2-��'��'���
��
�2�����3�
�"#3����"#-#>�'*+�"#3����"#�C� '*+����	
�

��%����;�"#�"*��7�+$�� &���"#��%����;��2-��'���
��"����*�#
�->�'����9��C�3����"#�"#�C�	6
����#

����C��

���#����	6
� �v-���������>�9;;<�����*����"
������
��2��&���$%'22,>�*
� ��������   

 

                                     qp
gb fAfA 21 ��� ��                                       (4.35) 

 

���#
 gb�  3�
�����>�9;;<�	
�	
2���� (grain boundary conductivity) '*+-��'�� A1, A2, p, and q 3�


3��3��"# ������� 4.35 �"
 �,�!	
� p
gb fA1��  ��I��,�!�"#
��2���6������
�3*�����9;;<�	
�	
2����  

(grain-boundary conductivity relaxation) ���#
 f ���#�	6
� �*9�*	
������>�9;;<�	
��������������� CuO 

9�%��*"#��,����������
�3*�����9;;<�	
�	
2������I���������
�3*�����9;;<�	
�����             

(bulk conductivity relaxation) ���#
��%��62�����*	 1–3 �"#'���������"# 4.83 3�
�*������2��"�2	%
�C*

,�������*
���2������"# 4.35 ,���*�����*
��2���3��	
�-��'�� p '*+ q ,��������2��"�2�"���

��*"#��'�*�3��,�� 0.85 ��I� 0.94 '*+,�� 1.69 ��I� 2 -��*>���2 3��	
� A1 ���#�	6
�,�� 7.8 × 10-10 ��I� 

2.5 × 10-9 S/cm ����3��	
�-��'�� A2 �"3��*�*�,�� 4.8 × 10-12 ��I� 1.5 × 10-14 ���#

����C��*�*�,�� 

213 �6� 323 K �
�,���"
'*%�����2��� gb�  �"�����*"#��'�*�-��
����C���"#��I�9�-����	
� Arrhenius �6#�

�*���3>����3���*�������+-�%�����>�9;;<�������	
�	
2�����2����"3����+��� 0.196 eV &��3��

�*������"#3>����9�%�"
�"3���C������*�������+-�%��>����2��+2�������
�3*�����9�
��*:�-���3�
�"3�� ���
0.184 eV 
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������ 4.82 �*������2��"�23�� �� 	
������������� CuO ,���*�����*
���2'22,>�*
������
�3*��

���9�
��*:�-���	
� Cole-Cole 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.83 �*������2��"�23����������>�9;;<���+'��*�2	
������������� CuO ,���*�����*
���2

'22,>�*
�-��������"# 4.35 ���'���'��������*"#��'�*���2
����C��	
������>�9;;<��"#

	
2���� 

103 104 105 106
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to the totle dielectric response
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   to the total dielectric response
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������ 4.84 
�����*	
�'�����9;;<���+'�-��-�
�����>�9;;<���+'�-��	
������������� CuO   

 

 


�����*	
�'�����9;;<���+'�-��-�
��2�-����9;;<�	
������������� CuO '���9�%������

�"# 4.84 ��%��62�"�>�3�
�*,��������2��"�2	%
�C*�����>�9;;<���+'��*�2��2������"# 4.34 3��	
� gb�  �"#9�%

,��������2��"�2�"3�����#�	6
�,�� 3.80×10-5 ��I� 2.25×10-3 S/cm ���#
���#�'�����9;;<���+'�-��,�� ��
0-3 &�*-! �*�����*
��"
'���2��$"
���'�����9;;<�'22��+'�-���"�*-�
��������>�9;;<�	
�	
2���� 

���#
��,�����6�3����������!�+���������"3�� �� �"#�C������2��2�-�����>�9;;<�'22��+'��*�2 �2�����
�����

'*+	
2������I�������+�
2�"#�>�3�G	
����-
2��
����9;;<�'*+���9�
��*:�-���	
������������� CuO 

&�����-
2��
����9;;<����#
�,��	
2����,+�"���-
2��
��"#3����"#-#>� ��	�+�"#���-
2��
����9;;<�

������	
�����,+��I�9�-��'22,>�*
�����"'*���$��	
���2��'*+�"���-
2��
����9;;<���$���3����"#

�"#�C���������	
�	
2����  
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'���� 5 "�#
;�����	��
&�B����"��&�B 

�
�

�������,���"
9�%�>��������3��+�!'*+46�7���2�-����9�
��*:�-���	
������ CCTO, ������*��� NiO, 

CCTO-LTNO ��&�3
�&���- '*+ CuO �6#���I��*���������"#�"3��3��"#9�
��*:�-����"#�C���� (103-105) '*+�"3��

��*"#��'�*�-��
����C���%
���� �������,���"
9�%����46�7�'*+���2������2�-����9�
��*:�-�����%�"3����2�-��"#

����+�����#
����>�9���+���-!�$%���,��� �����
�9�%46�7����#
��,�����#�-%����
����-�	
�����"3��3��"#       

9�
��*:�-����"#�C�������������*���"
 �*�����,������������9�%���-�
9��"
  

 

5.1 ��"	#�$����� CCTO 

�����,���������"
9�%�>�����-�"��'*+46�7���2�-����9�
��*:�-���	
������������� CCTO �"#�-�"��&��

���"����-�"������3�" 3 ���" 3�
���"&�*�,*'22�"�"�
 ���"9	�	�� '*+���"�
*���
�!�$���%
� ��������"#�-�"��9�%,�����"

��
�����"
�"	���
����3
�C����+��2��&���-� '*+�"	����"#���#�	6
�-��
����C��	
�������'3*9��! �"#
����C��

'3*9��! 800 oC ��I���*� 8 $�#�&�� 	���	
�
����3���"#9�%,������-�"����
�������"�"
�"	�����+��� 97.6 

84.9 '*+ 85.3 nm -��*>���2 �6#�	���
����3����*����"
�"	����"#-��������"���*:��%
� ������������ CCTO �"#

�-�"��9�%,�����������
����$����"
�"3���'���-���C�'*+���4,���C���� &3����%�����,�*��3��+�
2�%������

'*+	
2���� 3��3��"#9�
��*:�-���	
������������� CCTO (�"#3����"# 1 kHz) �"#����3��+�!9�%,������-�"����
�

������"�"
�"3��
�C���$�����+��� 10000-20000 �������������"#�-�"��,�����"9	�	��'*+���"�
*���
�!�$���%
��"

3��3��"#9�
��*:�-����"#��*"#��'�*�-��3����"#�%
���� ��	�+�"#3��3��"#9�
��*:�-���	
�������"#�-�"��,�����"&�*

�,*'22�"�"�
�"�����*"#��'�*�-��3����"#��I�
������� �*���46�7��v-����������
�3�����9�
��*:�-���

	
������������� CCTO �"#�-�"��,����������"#�������'3*9��!�"# 800 oC 2��$"
�6��v-����������
�3*�����

9�
��*:�-����"#3*%����2'22,>�*
�	
���2�� '*+�2�����I�9�-��'22,>�*
����&�*�9���$��'22 Maxwell-

Wagner &���$%�*���������+2�������
�3*�����9�
��*:�-�����+��� 0.122  0.210 '*+ 0.116 eV 

�>����2������������ CCTO �"#�-�"��&�����"&�*�,*'22�"�"�
 ���"9	�	�� '*+���"�
*���
�!�$���%
� -��*>���2   

�*���46�7���2�-����9;;<��2�����+2�������
�3*�����9�
��*:�-����"3����������!��2�*9�*����>�9;;<�

����������������� CCTO �����
�����"3��3��"#9�
��*:�-����"#�C����	
������������� CCTO 
�,�"����-�

���#
�,����+2�����-
2��
����9;;<�������+2�����&�*�9���$���"#$�
�H������������� �$�� �"#	
2����

'*+����&���� (grain boundary and domain barriers layer capacitance effect) ���
�"#$�
�H����"#���������

�+��������-��
������2
��*:�&��� (surface barrier layer capacitance effect)     
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5.2 ��"	#�$�������#�� NiO 

�����,���������"
9�%�>�����-�"���������������*��� NiO 3��3��"#9�
��*:�-���	
�������*����"
���������#�

9�%&������,�
�%��9


�-���/ �$�� Ti, Al, Fe '*+ V ������2����,�
	
� Li &���-�"��,�����"�
*���
�!9�&*

9��"� ���"����*��-�����3����%
� '*+���"&�*�,*'22�"�"�
 �*�����,������������9�%-�����"����-�"�� 

���-�
9��"
 

5.2.1 ��"	#�$�������#�� NiO ����������	�������������G������$�" 

�>����2������������ LixTiyNi1-x-yO (LTNO)� �����,���������"
9�%�>��������3��+�!'*+46�7�

��2�-����9;;<�'*+��2�-����9�
��*:�-���	
������������� LixTiyNi1-x-yO ���#
 x = 0, 0.02, 0.05, 0.10 '*+ 

y = 0, 0.02, 0.05, 0.10, 0.15 �2�������������,�
	
� Li '*+ Ti 9�%����*
�������-�
��������;�-���/ 

'*+&3����%�����,�*��3	
������ LTNO ������#
�9	�"#����3��+�!9�% &���;��*��	
������ LTNO ���-��
���� 

3�
�;�	
� NiO ��	�+�"#�;��,�
��	
� NiTiO3 �C��2���9�%����	6
��������������� LTNO �"#�"���������&�� 

Ti ������� 5 mol % '*+�;��,�
���"��������#�	6
�-��������	
� Ti �"#�$%&�� �6#��"����-����#
�,��9


�

	
� Ti �"#�$%&���"����������	"�,>����	
����'���"#��&3����%���*6�	
� NiO 
����9� �:-�� Ti ������

'���"#��&3����%��9�%���#�	6
�&�����#����������&��	
� Li �*���46�7�&3����%�����,�*��3�2���&3����%��

���,�*��3	
������������� LTNO ��+�
2�%������'*+	
2���� �
�,���"
����2��� 9�%�"
����3	����*:�

	
� NiTiO3 	�����+��� 0.1-0.3 �m ����	6
��"#�����%�	
������ LTNO �"#�"���������&�� Ti ������� Li 

'*+���#
���#����&��	
� Li ,��"������������� Ti 
����3	����*:�����*����"
,+9��������&3����%��          

�*���46�7��v-��������9�
��*:�-��� �2��������������� LTNO ������#
�9	�"3��3��"#     9�
��*:�-����"#�C����

&��
�C���$��� (103-105) �v-����������
�3*�����9�
��*:�-����"3����������!��2&3����%�����,�*��3 &��

�����
�3*���"#3����"#�C�9�%����	6
������-��
���� ��	�+�"#�����
�3*����� 9�
��*:�-����"#3����"#-#>�������

����	6
��������������� LTNO �"#�"���������&��	
� Ti ������� Li �6#���I�&3����%�����,�*��3�"#�"�����%�

	��	�+���#
�,���C���3*���%������	����*:�	
� NiTiO3 �v-����������
�3*���"#3����"#-#>�����,���*	
�

$�
�H����"#�����%�	
������-��
���� &��3�����I�H����"����-����#
�,��,��
����3	
� NiTiO3 �"#��3*��

�����%�'*+��2�-�����3�"�"#2�����$�
������%�	
������ LTNO �6#�������9�%,���*���46�7����
2��%3����%
�

��2������4
��!�
��"#�"-�
�v-��������9�
��*:�-���	
������������� LTNO 3��3��"#9�
��*:�-����"#3����"#-#>� 

(<104 Hz) �"3���C�	6
��*��,�����
2��%3����%
� ��	�+�"#3��3��"#9�
��*:�-����"#3����"#�C��"3��*�*���"��

�*:��%
� �*���
2��%3����%
�9�%����*-�
�v-����������
�3*�����9�
��*:�-���	
������ LTNO ��
���$���

3����"#-#>�'*+�C� '*+9�%����*��%3������CG��"����9�
��*:�-����"3��*�*��6#�����,�����*�*�	
������>�9;;<�

��+'�-��������� �6#�������
��2��9�%&���v-��������$��$�	
���+,� Ni2+ '*+ Ni3+ �v-�������
�3*��

���9�
��*:�-���'*+����>�9;;<�'22��+'�-��������
��2��9�%&�������+���-!�$%'22,>�*
�	
� Cole-

Cole ������2�����	
�����>�9;;<���+'�-�� 
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�>����2������������ LixFeyNi1-x-yO (LFNO) �������,���"
9�%46�7��*	
�$�
�H���-���/ �"#

����	6
���&3����%�����,�*��3�"#�"�*-�
��2�-
���9�
��*:�-��� �2���$�
�H����"#�����%�	
������9�%����*
����

���-�
��2�-����9�
��*:�-���	
������������� LFNO 3��3��"#9�
��*:�-����"3��*�*����#
	��$�
������%�	
������

�������

� �����-�����	%��3������CG��"����9�
��*:�-����"#3����"#-#>��"3��3�����#����	6
� 3�����I�H���	
�

$�
������%�����	6
����#
�,������+��	
��;��,�
��	
� NiFe2O4 �"#��3*��$�
������%�	
������ LFNO �6#�������

9�%&��,��������3��+�!�%����3��3 XRD '*+ SEM-EDS �*���46�7�
�����*	
�'�����9;;<���+'�-��

�2��� 3��3��"#9�
��*:�-����"3��*�*�
����-�
���#
����#
���#�'�����9;;<���+'�-�� ��	�+�"#3������CG��"����

9�
��*:�-����"#3����"#-#>��"3�����#����	6
� �*�����*
�������
��2��9�%��� 4���!9;;<�	�����
��"#	
2�����"

3���	���-#>�*��*��,�������%'�����9;;<���+'�-�� ����*��%3���-%�����9;;<��"#	
2�����"3��*�*�
����

-�
���#
�-��������#�'�����9;;<���+'�-�� ��	�+�"#����>�9;;<����������	
������ LFNO 9���"���

��*"#��'�*�-��'�����9;;<���+'�-�� �*�����*
���
����2��$"
�������� LFNO ��I�������"#9���"3���

��#>����
���9;;<� ��+�
2�%��$�
�H���	
�	
2����'*+�����%�	
������-��
���� '*+����	
������"#��I�

����6#�-���>� �����
�3��3��"#9�
��*:�-����"#�C����	
������ LFNO ,6�������
��2��9�%&��
�4����
�Q��	
���� 

&�*�9���$���"#���������	
������	
2���� '*+�"#���������	
�$�
��
����	
������%������	
�����6#�-���>��"#
�C�

�����    

�>����2������������ Li0.05VyNi0.95-yO (LVNO) �����,���������"
9�%46�7�&3����%�����

,�*��3'*+��2�-����9�
��*:�-���	
������������� LVNO �2����;��,�
��	
� Ni3V2O8 �"#����	6
���&3����%��

�"����+���"#	
2����'*+9�%����*��%	�������	
������ LVNO �"	����"#&-����6#�������
��2��9�%&���*9�

	
���������6�'22�;�	
�	
���*��"#����	6
��+�������+2���������3��+�!������������ LVNO 3��3��"#9�
�

�*:�-���	
������ LVNO �"3��*�*����#
���#����������&��	
� V &���"3����+��� (�"#3����"# 1 kHz '*+�"#


����C���%
�) 6.2!104, 3.5!104, and 3.1!104 �>����2�������������"#�"���#
�9	���&��3�
 y=0.02, 0.05 

'*+ 0.10 -��*>���2 ����*"#��'�*�	
�3��3��"#9�
��*:�-�������*����"
����,������+��	
� Ni3V2O8 �"#	
2

�������������"#���	6
��6#�����*��%	
2�����"3�������"#���#�	6
� ���#
�,������"&3����%�����,�*��3'22 

IBLC 	
������ LVNO �����
�&��
�4����
�Q��	
��*9����&�*�9���$��'22 Maxwell-Wagner ������

���C,�!9�%���3��3��"#9�
��*:�-���	
������������� LVNO ,+�"3��*�*����#
3������	
�	
2�������#����	6
� 

�*	
����46�7�
�����*	
�9


�-���/ �"#�"
��*:�-�
�$�
��
����-������ (Fe3+, Ti4+ '*+ 

V5+) �"#&��������2 Li �� NiO �"#�"-�
&3����%�����,�*��3'*+��2�-����9�
��*:�-��� �2���&3����%�����

,�*��3	
������9�
��*:�-����*��� NiO �"�����*"#��'�*�-��$���	
�9


���*���"
 �����*"#��'�*�	
�

3��3��"#9�
��*:�-����"3����������!��2��2�-����9;;<�'*+&3����%�����,�*��3 '*+������
��2��9�%&��
�4��

��
�Q��	
����&�*�9���$��'22 Maxwell-Wagner �"#����	6
���$�
�H�������������         
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5.2.2 ��"	#�$�������#�� NiO ����������	��������"��������
*������� 

�>����2������������ LTNO �����,���������"
9�%�>��������3��+�!������������ 

Li0.05Ti0.02Ni0.93O �"#
����C�� 1200 '*+ 1280 oC &�����"����*��-�����3����%
� �*�����*
��2���


����C������������6�9�%����*-�
&3����%�����,�*��3'*+��2�-����9�
��*:�-���	
������ LTNO ��
�	���	
�

����&���H*"#�'*+3��3���9�
��*:�-����"3�����#����	6
�-��������#�	
�
����C������������6� �����-�����

	%�� ��
�3���*�������+-�%��>����2��+2�������
�3*�����9�
��*:�-���'*+�*�������+-�%�����>�9;;<������

����	
������������� LTNO �"3��*�*����#
�����6��"#
����C���C�	6
� ������#�	6
�	
�3��3��"#9�
��*:�-����"3���

�>�����!��2	���	
������"#���#�	6
� �6#�������
��2��9�%&��
�4��'22,>�*
�����"&3����%�����,�*��3'22$�
�

H���	�����
������ (IBLC) ���*�*�	
��*�������+-�%�
�,�"����-����#
�,���������$�
�����

����,��"#

���#�	6
��>����2����� LTNO �"#������������6��"#
����C���C����� 

�>����2������������ Li0.05AlyNi0.95-yO (LANO) ���#
 y = 0.04, 0.06, 0.10 �����,��������

�"
9�%46�7���2�-����9;;<�	
�����'*+	
2����	
������ LANO �*���46�7���������;�'*+&3����%�����

,�*��3 �2���9


�	
� Al3+ �"#�$%&��	��	�����������;��*��	
� NiO �����
�	�����
�����-�2&-	
�����

&��	�������	
������ LANO �"	���*�*����#
���#
���������&��9


�	
� Al3+ 3��3��"#9�
��*:�-����"#�C�

���	
������ LANO ����������9�%�������,������"&3����%�����,�*��3�"#��+�
2�%������	
������"#��I����

�6#�-���>� '*+����	
�	
2�����"#�"��2�-����9;;<���I�H��� ����*��%�������-
2��
����9�
��*:�-����"#�C�

���������� LANO ������+2�����&�*�9���$�����9;;<�'22 Maxwell-Wagner��"#	
2�����   
5.2.3 ��"	#�$�������#�� NiO ����������	������$��%�&''������ 

�>����2������������ LixFeyNi1-x-yO (LFNO) ���#
 x = 0.02, 0.05, 0.10 '*+ y = 0.02, 

0.05, 0.10 �������,���������"
9�%46�7��*	
����������&�� Li '*+ Ti �"#�"-�
��2�-����9�
��*:�-���	
�

������������ LFNO 3��3��"#9�
��*:�-����"3�����#�	6
�-��������	
� Li �"#���#�	6
� '*+�"3��*�*����#
���#�������

���&�� Fe �*�����*
��"#�2�������������� LFNO �"�v-������"#3*%����2����� LTNO �����*"#��'�*�

���������&��	
� Li '*+ Ti ���9�%����*-�
&3����%�����,�*��3	
������ LFNO 
"��%�� �v-��������9�
�

�*:�-���	
������������� LFNO ������
��2��9�%,���*9����&�*�9���$��'22$�
�	�����
������ ���
�"#

��"����� Maxwell-Wagner polarization '*+�*9�����>�9;;<�'22&�*��
�	
�
��*:�-�
��+�����'*����	
� 

Ni2+"Ni3+     �
�>����2������������ LixTi0.02Ni0.98-xO (LTNO) ���#
 x = 0.05, 0.10, 0.20 �����,��������"


9�%46�7��*	
����������&�� Li �"#�"-�
��2�-����9�
��*:�-���	
������ LTNO �*���46�7���������;�'*+

&3����%�����,�*��3 �2������������&��	
� Li �"�*�%
����-�
&3����%���*6�'*+&3����%�����,�*��3 

�;��,�
������	6
��������������� LTNO �"#�"���#
�9	���&�� x = 0.20 �*����*����"
2��$"
���9


�	
� Li �"#�$%

&��������'���"#��&3����%���*6�	
� NiO 9�%�������9


�	
�&*�+$���
�#�/ �$�� Ti, Fe, V '*+ Al   

�*���46�7���2�-����9�
��*:�-��� �2���3��3��"#9�
��*:�-����"3�����#�	6
�-��������	
� Li �"#&�����#�	6
� 

�v-����������
�3*�����9�
��*:�-�������	6
��������������� Li0.05Ti0.02Ni0.93O ������
� '*+������
��2��
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9�%&��'22,>�*
������
�3*�����9�
��*:�-���	
� Cole–Cole �6#�����"3��3��"#9�
��*:�-����"#�C��������,��

���&�*�9���$��'22 Maxwell-Wagner '*+���-
2��
�	
�9�&�*9;;<��"#����	6
�,��,��2����
����*6� 

 

5.3 ��"	#�$���������*����"�� (1-x)CaCu
3
Ti

4
O

12
-xLi

0.30
Ti

0.02
Ni

0.68
O 

�����,���������"
9�%46�7�
�����*	
����
2��%3����%
�����-%2������4
��!�
�'*+�*	
�3���

�3%�'22'����"#���"#�"-�
��2�-����9�
��*:�-���	
������������� (1-x)CaCu3Ti4O12-xLi0.30Ti0.02Ni0.68O 

(CCTO-LTNO) ���#
 x = 0.10, 0.25 '*+ 0.50 �2������
2��%3����%
�����*����"
9���"�*-�
&3����%���*6�

	
������3
�&���- CCTO-LTNO �����*"#��'�*�
�3!��+�
2����3�"���������� (�������$�
�����	
�



����,�) ���#
�,�����
2��%3����%
�9�%����*��%3��3��"#9�
��*:�-���	
������ CCTO �"3�����#����	6
� '-�9��

�"�*-�
��2�-����9�
��*:�-���	
��������&�3
�&���- CCTO-LTNO '*+�2�����
�3��3��"#9�
��*:�-���'*+3��

����CG��"����9�
��*:�-���	
������ CCTO �"3�����#�	6
�
����-�
���#
����#
��%'���3%�'22'����"#�� ��	�+�"#���

��%3����3%���2�������&�3
�&���- CCTO-LTNO ,+9������������*-�
��2�-����9�
��*:�-���9�%�*� �*���

��*
�����*����"
����9�%��� ��2�-����9�
��*:�-���	
������������� CCTO ���������2������%�"3������"��-�


�����*"#��'�*�
�3!��+�
2����3�"'*+���"��-�
3����3%�,������
�9�%&������>�3
�&���-��2
����3 

��&�	
� LTNO� �����*"#��'�*���2�-����9�
��*:�-�������*����"
������
��2��9�%,����
�Q��	
����       

&�*�9���$���"#	
2����   �
 

5.4 ��"	#�$����� CuO 
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Effects of grain, grain boundary, and dc electric field on giant dielectric
response in high purity CuO ceramics
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Giant dielectric constant �� of ��2.8–3.7��104 was observed in high purity CuO �99.999%�
ceramics with grain sizes of 4.57�1.71 and 9.57�3.01 �m. The �� and Ea increase with an
increase in grain size due to the different electrical properties in the grains. The high dielectric
response observed in the CuO ceramics can be described by the internal barrier layer capacitance
model. The resistance of grain boundaries �Rgb� and the dielectric constant of the CuO samples
decrease with increasing dc bias due to the decrease in grain boundaries capacitance, whereas the
resistance of grains �Rg� remains constant. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2957063�

Giant dielectric ceramics with good thermal stability and
Ba/Pb-free have recently attracted much attention due to
their potential applications in microelectronics such as ca-
pacitors and memory devices. Recently, there has been con-
siderable interest in giant �� materials because they might
offer the opportunity to increase the performance and/or de-
crease the dimensional size of these devices. These materials
include CaCu3Ti4O12 �CCTO�,1–3 A�Fe1/2B1/2�O3 �A
=Ba,Sr,Ca and B=Ta,Nb,Sb�,4–7 �M ,N�-doped NiO �M
=Li,Na,K and N=Ti,Al,Si,Ta�,8–14 and CuO.15,16 Unlike a
complex multistage synthesized �Ba,Sr�TiO3, all of these
materials can be fabricated to form an internal barrier layer
capacitance �IBLC� structure by one-step processing.17

Among them, CuO is of great interest because it is a simple
compound which is low-cost, lead-free, environmental
friendly, easy to prepare in the pure form, and available com-
mercially in large scale.16 So far, only a few studies have
reported on the dielectric properties of CuO ceramics,15,16

and it still has to pass through an extensive compatibility test
before it becomes available for commercial applications in
devices. In the work reported by Sarkar et al.,15 the purity of
starting CuO powder for fabrication of CuO ceramic is 99%,
and so 1% of impurities would possibly affect the giant di-
electric response in the CuO ceramic. It has been reported
that only 2.5 at. % Mn doping �CaCu3Mn0.1Ti3.9O12� can
suppress the dielectric constant in CCTO by up to two orders
of magnitude, and the nonlinear varistor characteristics dis-
appear completely.18,19 Therefore, it is important to prepare
the CuO ceramics using high purity CuO powder. This will
rule out the impurity effects on the high dielectric constant in
this CuO system, and thus the origin of giant dielectric re-
sponse can be proposed.

In this paper, we report the dielectric behavior in high
purity CuO �99.999%� ceramics with two different grain
sizes of 4.57�1.701 and 9.57�3.01 �m. Interestingly, the
activation energy and �� were found to increase with an in-

crease in grain size. The high dielectric response in the CuO
ceramics arises from the IBLC effect. It was also observed
that the resistance of grain boundaries �GBs� �Rgb� and di-
electric constant of the CuO samples decrease with increas-
ing dc bias due to the decrease in capacitance of GBs,
whereas the resistance of grains �Rg� remains constant.

High purity CuO �99.999%, Cerac� powder was used to
fabricate the CuO polycrystalline ceramics. The CuO powder
was pressed into disks and then sintered at 1193 and 1253 K
for 10 h to obtain bulk CuO ceramics with different grain
sizes, hereafter referred to as CuO-1 and CuO-2, respec-
tively. The sintered ceramics were characterized by x-ray dif-
fraction �XRD� �Philips PW3040, The Netherlands� and
scanning electron microscopy �SEM� �Hitachi S-4700, Ja-
pan�. XRD patterns �not shown� confirm a single phase of
CuO in both samples. The ceramic samples were polished
and electroded by silver paint on both sides of the disk-
shaped samples. They were allowed to dry overnight. The
dielectric response of the samples was measured using a
Hewlett-Packard 4194A impedance gain phase analyzer over
a frequency ranging from 1 kHz to 1 MHz and an oscillation
voltage of 1.0 V. The measurements were performed over a
temperature ranging from 213 to 353 K using an inbuilt
cooling-heating system. Each measured temperature was
kept constant with an accuracy of �1 K.

Figure 1 reveals the surface morphologies of the sintered
CuO ceramics. As can be seen, the morphologies change
with the sintering temperature, and the grain size increases
with increasing sintering temperature. The mean grain sizes
of CuO-1 and CuO-2 are 4.57�1.71 and 9.57�3.01 �m,
respectively.

The frequency dependence of �� for CuO-1 at various
temperatures was demonstrated in Fig. 2. It is clear from Fig.
2 that both samples exhibit the giant �� of �2.8�104 for
CuO-1 and �3.7�104 for CuO-2 �inset �1� of Fig. 2� at low
frequencies and at 263 K. Each sample exhibits similar di-
electric behavior where �� displays a step decrease at high
frequency and shifts to higher frequency at higher tempera-
ture, accompanied by the appearance of corresponding peaksa�Electronic addresses: sanmae@kku.ac.th and santimaensiri@gmail.com.
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in the imaginary parts of the dielectric spectra. This overall
dielectric response observed in our CuO ceramics is similar
to those observed in CCTO �Refs. 1–3 and 20–23� and
LixTiyNi1−x−yO.

8 It is worth noting that the giant �� response
in high purity CuO ceramic in this study does not arise from
the effects of any impurities, as observed in the case of CuO
ceramic prepared using a 99% CuO starting powder reported
in Ref. 15.

Sarkar et al.15 reported the detection of the microscopic
amount of Cu3+ in CuO polycrystalline ceramics by using
x-ray photoelectron and transmission electron microscopies.
They also proposed that the concentration of Cu3+ is lower in
GBs than in grains.16 Therefore, the conduction mechanism
in CuO is mainly governed by hole hopping between Cu2+

and Cu3+, which produces a p-type semiconducting grain.
Since the GBs consist of only Cu2+, it behaves as an insulat-

ing wall.15 From these results, an array of boundaries and
grains is formed and high �� is achieved for CuO ceramics.
Therefore, the authors concluded that the giant dielectric re-
sponse in CuO ceramics is attributed to the IBLC effect.16

From our experimental results, we found that �� increases
with an increase in the grain size. This implies that the high
dielectric response in our CuO ceramics has a close relation
to the IBLC mechanism. According to the simple series layer
model for the IBLC, the dielectric constant of ceramics can
simply be expressed as ����gbd / t, where �gb is the dielec-
tric constant of the boundary layer, d is the grain size, and t
is the boundary layer thickness. Hence, the dielectric con-
stant of the ceramics would increase with an increase in the
grain size, which is in good agreement with our results ob-
served in the CuO ceramics.

Generally, the dielectric relaxation can be represented by
a Debye relaxation relation, and the dielectric relaxation time
� can be obtained by the relations ��=1 and �=2�fp, where
fp is a characteristic frequency corresponding to the peak of
��, and � should follow24

� = �0 exp�Ea/kBT� , �1�

where Ea is the activation energy required for relaxation, �0
represents the pre-exponential factor, kB is the Boltzmann
constant, and T is the absolute temperature. The activation
energy �Ea� of the relaxation processes of CuO-1 and CuO-2
can be calculated from the fitted curves following Eq. �1�
�not shown�. The results reveal that Ea increases from 0.195
to 0.230 eV with an increase in grain size from 4.57�1.71 to
9.57�3.01 �m. Therefore, the values of the activation en-
ergies of CuO-1 and CuO-2 are close to the reported value of
0.248 eV for the CuO �99%� ceramic.15 The small difference
of Ea between our samples and that of Ref. 15 may be due to
the difference in the purity of starting CuO powder.

As well known, the giant �� response of materials, which
is enhanced by IBLC mechanism, demonstrates the close re-
lationship between dielectric relaxation and the conductivity
in the grain interior.25,26 Therefore, the variation of grain size
will probably result in the change of the amount of defects in
the CuO ceramics. This affects the electric conductivities of
the bulk and leads to the difference of activation energies. It
has been shown by the dielectric spectroscopy analysis that
the grain has a major contribution to the giant �� value of
CuO at low temperature, whereas GB contribution dominates
around room temperature and above.16 The grain response of
CuO to the overall �� value might be due to the presence of
defects such as the existence of domain boundaries �DBs�
within the grain. The increase in Ea value with increasing
grain size observed in our CuO samples may be considered
on the basis of DBs within the grain. DBs usually develop
inside larger grains and influence the mobility of charge car-
riers at different frequencies, i.e., the migration of charge
carriers is restricted by DBs.27 Hence, the total potential bar-
rier inside the grains is increased by the increase in the grain
size causing the increase in Ea. Moreover, the existence of
DBs in larger grains might be responsible for the higher ��
value in our CuO-2. However, the evidence of the presence
of DBs is beyond the scope of our work, and further work is
needed to make a more detailed explanation about it.

FIG. 1. SEM micrographs of the CuO ceramics. �a� CuO-1 sintered at
1193 K and �b� CuO-2 sintered at 1253 K.

FIG. 2. �Color online� The frequency dependence of �� for CuO-1 at various
temperatures; inset �1� shows the frequency dependence of �� for CuO-1,
and inset �2� displays the frequency dependence of �� for CuO-2.

036107-2 Thongbai, Maensiri, and Yamwong J. Appl. Phys. 104, 036107 �2008�

Downloaded 15 Aug 2008 to 202.12.97.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



Let us now consider the complex impedance spectros-
copy, which is a powerful tool in separating the bulk and the
GB effects. Data collected from this technique can often be
modeled on an ideal equivalent circuit consisting of two par-
allel RC elements connected in series, one RC element for
the bulk and the other for the GB response.28 Figure 3 shows
the complex impedance �Z�� plot containing a large semicir-
cular arc with a nonzero intercept on the Z� axis at high
frequencies. Here, we assign the nonzero intercept at high
frequencies and semicircle at low frequencies to the charge
transport within the grain and GB effects, respectively. As
can be seen, with increasing dc bias, the radius of the arc
significantly decreases, whereas the high frequency noninter-
cept does not change �inset �1� of Fig. 3�. According to the
above-mentioned equivalent circuit, as the dc bias increases,
Rgb decreases whereas Rg remains constant. The inset �2� of
Fig. 3 shows the effect of the dc bias on the frequency de-
pendence of �� for CuO-1. It is clear that �� of CuO-1 de-
creases as the applied frequency increases at a frequency
range from 1 kHz to 1 MHz. This indicates that the capaci-
tance of GBs decreases with increasing dc bias being accom-
panied by the decrease in Rgb.

29 Noted that the dc bias de-
pendence on the electrical property behavior of CuO-2 �not
shown� is also found to be similar to that observed in CuO-1.

As previously discussed, the grain contribution plays a
major role for the giant �� value in CuO ceramics at below
room temperature, whereas GB contribution dominates
around room temperature and above. At room temperature,
the resistance of GBs and �� decrease with increasing dc
bias. Then, the capacitance bridge is not balanced at voltages
over 3 V due to the large leakage current. When the dc bias
is over the limit balance, the charge carriers can be across the
potential well at GBs, thus the free charges accumulated at
GBs �interfacial polarization� disappear, and then the total
polarization is only contributed by the grains. Note that the
decrease in capacity upon application of a dc bias is due to

an extension of a depletion region as observed in CCTO thin
films.30 We think that part of the decrement in �� due to the
influence of dc bias is contributed by GBs, and the remaining
value of �� after the dc bias over limit balance is contributed
by grains. Therefore, the dc bias should have effects on the
electrical properties of GBs, whereas it has no effect on
grains.

In conclusion, the high �� of ��2.8–3.7��104 has been
observed in polycrystalline CuO ceramics fabricated from
high purity �99.999%� CuO powder. The high dielectric re-
sponse observed in the CuO ceramics can be described by
the IBLC model. This work demonstrates that the grain size
has a strong effect on the electrical properties in the grains of
CuO. The �� and Ea were found to increase with an increase
in grain size. Under dc bias condition, �� and Rgb decrease
with the increase in dc bias, whereas Rg remains constant.
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We reported the effects of grain size on high dielectric and related electrical properties of
Li0.05Ti0.02Ni0.93O �LTNO� ceramics, which were prepared by a direct thermal decomposition
method. The analysis of complex impedance indicated that these LTNO ceramics were electrically
heterogeneous consisting of conducting grains and insulating grain boundaries �GBs�. Interestingly,
our results revealed that the dielectric permittivity ���� increases with the increase in grain size,
which can be well described by Maxwell–Wagner relaxation model. Furthermore, we also found
that the activation energy required for relaxation process �Ea� and related activation energy of the
conductivity in the grain interior �Eg� decreased with the increase in grain size. These results
suggested that the different microstructures resulted in chemical change �e.g., oxygen vacancies�
inside the grains, leading to the changes in electrical properties of the LTNO ceramics. © 2008
American Institute of Physics. �DOI: 10.1063/1.2990768�

I. INTRODUCTION

Dielectric oxide ceramics with high dielectric permittiv-
ity ���� have raised considerable research attentions in recent
years because these oxides play an important role in micro-
electronics and have numerous technological applications
such as capacitors and memory devices.1 Generally, high-
permittivity dielectric materials are ferroelectric and relaxor
oxides. However, both kinds of materials have �� values that
strongly depend on temperature and their structures contain
lead, which pollutes the environment. Therefore, lead-free
materials with high-�� and good thermal stability are becom-
ing increasingly attractive. These promising materials re-
cently reported include CaCu3Ti4O12 �CCTO�,1–9

�M ,N�-doped NiO systems �M=Li, Na, K and N=Ti, Al, Si,
Ta�,10–16 and CuO.17,18 Most of the researchers attribute such
a high apparent �� to Maxwell–Wagner �MW� relaxation as a
result of semiconducting properties inside grains and insulat-
ing properties at grain boundary �GB� �Ref. 6� or electrode
interfaces.9

For nonperovskite �M , N�-doped NiO materials, it is
now widely accepted that the high-�� at radio frequencies is
associated with internal barrier layer capacitance �IBLC� ef-
fect arising from core/shell structure, which induces MW
polarization �i.e., interfacial polarization� at the interfaces be-
tween grains and GBs.19 The N-dopant is rich on the GBs
�indigent within the grains� and forms a second phase, which
acts as an insulator enclosing the core of the grain which is
semiconductive M-doped NiO particles, and the polarization
relaxation is closely related with the conductivity in the grain
interior.19 Moreover, Lin et al.20 have found that the huge-��
response of LixTiyNi1−x−yO system could be also enhanced

by the polarization of defect dipoles such as oxygen vacan-
cies. Normally, such defect is easily induced by processing
conditions �e.g., sintering temperature and duration of
sintering�,6,21–24 and the concentration of defect depend on
the microstructure of ceramics such as grain size.25 There-
fore, the processing conditions should have a strong influ-
ence on the polycrystalline ceramics properties �e.g., electric
conductivity and optical and dielectric properties�. For ex-
amples, the �� values of CCTO ceramics increase from 9000
to 280 000 with increasing the sintering time from 3 to 24 h
�grain size increases from �5 to �100 �m� at 1100 °C.26

Moreover, Shao et al.27 showed that the �� values of CCTO
ceramics also increase from 1200 to 60 000 with increasing
the sintering temperature from 1000 to 1120 °C for 10 h.

Unfortunately, only a few studies have focused on the
effect of sintering conditions on the dielectric properties of
NiO-based ceramics. The study of the influence of sintering
conditions �effects of grain size� on the electrical properties
of �Li, Ti�-doped NiO ceramics have not been reported. Gen-
erally, the sintering conditions are often used to tune the
microstructure of ceramics, leading to dramatic changes in
its electrical properties. Thus, investigation of the effects of
sintering conditions may not only be useful to optimize the
preparing conditions for the future applications, but also be
able to provide the important clues about the underlying
mechanism governing the intriguing dielectric behavior of
ceramics.

In this paper, we report the effects of grain size on di-
electric and electrical properties of high-�� Li0.05Ti0.02Ni0.93O
�LTNO� ceramics synthesized by a simple thermal decompo-
sition method. Our results revealed that high-�� increased
with an increase in grain size. Impedance spectroscopy �IS�
indicated that our LTNO ceramics had an electrically hetero-
geneous structure. The high-�� behavior and dielectric relax-a�Electronic addresses: sanmae@kku.ac.th and santimaensiri@gmail.com.
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ation of the LTNO ceramics were also investigated, and it
was suggested that such a high-�� response could be en-
hanced by the IBLC mechanism through MW relaxation. In-
terestingly, the activation energy required for relaxation and
related conduction activation energy inside the grain de-
creased with grain size increasing, which was attributed to
the effect of oxygen vacancies in ceramics.

II. EXPERIMENTS

�CH3COO�2Ni.4H2O �99.0%, UNILAB�,
C2H3LiO2.2H2O �	97.0%, Fluka�, and titanium�diisopro-
proxide� bis�2,4-pentanedionate� 75 wt % in 2-propanol �Ti-
solution� �99%, Acros� were employed as starting raw mate-
rials. The polycrystalline LTNO ceramic samples were
simply prepared by the following procedure. First, stoichio-
metric amounts of �CH3COO�2Ni.4H2O, C2H3LiO2.2H2O,
and Ti-solution were dissolved in distilled water and mixed
in alumina crucible using a magnetic stirrer. Then, the mixed
powder was decomposed at a temperature of 650 °C for 10
h. The obtained LTNO powder was pressed into pellets of
9.5 mm in diameter and �1–2 mm in thickness by a
uniaxial pressing method at 200 MPa. Finally, these pellets
were sintered at 1200 and 1280 °C for 4 h in air. Throughout
this paper, we assigned symbols of LTNO-1 and LTNO-2 for
the samples sintered at 1200 and 1280 °C, respectively.

The sintered ceramics were characterized by x-ray dif-
fraction �XRD� �Philips PW3040, The Netherlands� and
scanning electron microscopy �SEM� �Hitachi S-4700, Ja-
pan�. The ceramic samples were polished and electroded by
silver paint on both sides of the disk-shaped samples. They
were allowed to dry overnight. The dielectric response of the
samples was measured using a Hewlett Packard 4194 A im-
pedance gain phase analyzer over the frequency ranging
from 100 Hz to 10 MHz and at the oscillation voltage of 1.0
V. The measurements were performed over the temperature

ranging from −50 to 130 °C using an inbuilt cooling-heating
system. Each measured temperature was kept constant with
an accuracy of �1 °C.

III. RESULTS AND DISCUSSION

Figure 1 displays the XRD patterns of the prepared
LTNO powder and sintered ceramics with different sintering
temperatures, confirming a single phase of NiO in the pow-
der and ceramic samples. We have thus produced good
LTNO powder at a much lower reaction temperature com-
pared to those prepared by conventional sol-gel route10 and
polymerized complex route.11 All of the main peaks are com-
parable to that of powder diffraction pattern of NiO in Ref.
32. The values of lattice parameter calculated from XRD
spectra are shown in Table I. These values are close to value
reported in Ref. 32. Additionally, it is also important to no-
tice that a normal insulating phase NiTiO3 was not detected
in the XRD patterns. This is not surprising given that the
typical detection limit of the technique when the Ti content is
less than 0.05 and/or it might be attributed to the Ti-dopant
content, which is not over the solid solution limitation of
Ti–Ni–O system, forming a single solid solution.

The surface morphology of LTNO samples was revealed
by SEM, as shown in Figs. 2�a� and 2�b�. It is clear that the
grain size increases with increasing the sintering tempera-
ture. The mean grain sizes are about 2.67�0.75 and
6.02�2.38 �m for LTNO-1 and LTNO-2 samples. Note
that large portion of porosity is observed in the microstruc-
ture of LTNO-1 sample, but LTNO-2 sample is dense ce-
ramic.

To confirm the existence of electrically inhomogeneous
in our LTNO samples, IS, which is a powerful tool in sepa-
rating out the bulk and the GBs effects,28 was carried out. In
general, Fig. 3�a� shows the impedance spectra of LTNO-2
sample as a function of temperature. The impedance semi-
circles became larger with decreasing temperature. When the
temperature was sufficiently low, other impedance semi-
circles were observed �inset of Fig. 3�a��. Note that the
LTNO-1 sample also shows a similar spectra �not present�.
The observation of two semicircles suggests that our LTNO
ceramics are electrically heterogeneous and the core/shell
model could be appropriated for further analysis. These re-
sults are similar to the other report in literature.19 Accord-
ingly, the observed semicircles at high and low temperatures
can be assigned to the effect of charge transport within the
grain and GB, respectively. The charge transport inside the
grain is mainly affected by the addition of Li ions in NiO,
leading to an increase of conductivity and some defects can
be introduced due to different valences of doped ions
�0.69 Å for Ni2+ and 0.68 Å for Li+�.12 For every added Li+,
one Ni2+ is promoted to the Ni3+ state, which is the lost

FIG. 1. �Color online� XRD patterns of the LTNO powder and LTNO ce-
ramics �LTNO-1 and LTNO-2�.

TABLE I. Lattice constant, grain size, ��, and activation energy for LTNO-1 and LTNO-2 samples.

Samples
Lattice

parameter �Å�
Grain size

��m�
��

�300 K and 1 kHz�
Ea

�eV�
Eg

�eV�
EGB
�eV�

LTNO-1 4.173 2.67�0.75 5534 0.320 0.324 0.562
LTNO-2 4.175 6.02�2.38 11187 0.303 0.315 0.483
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electron filling a state in the oxygen 2p valence band. The
lattice now contains Ni2+ and Ni3+ ions on equivalent sites
and is the model situation for conduction by polaron
hopping.29 In polaronic scenario, the temperature depen-
dence of the conductivity is, with a temperature dependence
prefactor, ascribed as,19


 � T−1 exp�− E/kBT� , �1�

where E, kB, and T are the activation energy, Boltzmann
constant, and absolute temperature, respectively. In general,
the GB effect on electric conductivity may originate from a
GB potential barrier, which should be ascribed by the Ti-rich
boundary for �Li, Ti�-doped NiO system.19 From the inter-
cepts of each semicircular arc with the real axis, the resis-
tance of the grain Rg and the resistance of the GB RGB can be
obtained. As a result, conductivity data were obtained for the
grain �
g� and GB �
GB� components. We found from Fig.
3�b� that both 
g and 
GB values at different temperatures
follow Eq. �1�. Accordingly, in the LTNO-2 sample, the con-
duction activation energies inside the grain and at the GB
were obtained to be Eg=0.315 eV and EGB=0.483 eV, re-
spectively. These results strongly indicate that the grain and
GB have different characters of electrical transport, forming
an electrically heterogeneous structure. This difference was

also observed in the LTNO-1 sample. The summary of acti-
vation energies and related parameters are also tabulated in
Table I. From this point of view, it is appropriate to make the
assumption that such the appearance of electrically heteroge-
neous should be a key factor of affecting the dielectric be-
havior in our LTNO ceramic samples.

To clarify the assumption above, we have studied the
temperature dependence of �� and the dissipation factor
�tan �� for LTNO samples at various frequencies, as shown
in Fig. 4. It is clearly seen from Figs. 4�a� and 4�c� that both
samples exhibit high-�� of 5534 for LTNO-1 and 11 187 for
LTNO-2 at room temperature and 1 kHz, and each sample
has a similar dielectric behavior. Below 10 kHz, the dielec-
tric constant is nearly temperature independent over the mea-
sured temperature range. However, with increasing fre-
quency, �� dramatically drops to low values at low
temperatures, being accompanied by the appearance of cor-
responding peaks in the tan � �Figs. 4�b� and 4�d��. More-
over, the tan � peak moves to a higher temperature range
with increasing frequency, which is a suggestion of the ther-
mally excited relaxation process. With decreasing the tem-
perature, the electric dipoles freeze through relaxation pro-
cess and then the rate of polarization is decreased, resulting

FIG. 2. SEM images of surface morphologies of �a� LTNO-1 and �b�
LTNO-2. FIG. 3. �Color online� �a� Impedance spectra as a function of temperature

for the LTNO-2 sample. Inset is the impedance spectra at low temperature.
�b� The Arrhenius plots of the conductivities of the grain and the GB.
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in the dramatic decrease in �� value. According to the
LTNO-2 sample, the increase in tan � at high temperature is
mainly due to the effect of dc conductivity.10 Note that the
overall dielectric behavior in the reported samples is similar
to that observed in the other prepared LTNO methods,10,11

which is in marked contrast to the well-known ferroelectric
one, resulting from structure distortion due to a soft-mode

condensation. Therefore, the high dielectric response in our
LTNO ceramics might be attributed to the apparent electri-
cally heterogeneous structure in the ceramics.

We have further studied the frequency dependence of the
real ���� part and imaginary part ���� of complex permittivity
at various temperatures in order to obtain the underlying
mechanism of high-�� response in the LTNO samples, the

FIG. 4. �Color online� ��a� and �c�� Temperature dependence of �� for the LTNO-1 and LTNO-2, respectively. ��b� and �d�� Temperature dependence of tan �
for the LTNO-1 and LTNO-2, respectively.

FIG. 5. �Color online� ��a� and �c�� Frequency dependence of �� for the LTNO-1 and LTNO-2, respectively. ��b� and �d�� Frequency dependence of �� for the
LTNO-1 and LTNO-2, respectively. Inset of �b� shows the comparison of �� at room temperature over the measured frequencies. Inset of �d� demonstrates the
Arrhenius plots of the relaxation process.
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results are shown in Fig. 5. As demonstrated in Figs. 5�a� and
5�c�, the �� shows the high values at low frequencies, and it
rapidly decreases if the frequency is sufficiently high. This
step decrease shifts to higher frequency with increasing the
temperature, corresponding to the movement of the �� peaks.
Such a behavior is typical for the Debye-like relaxation,
which for the present work can be attributed to the MW
relaxation. The MW relaxation model was usually employed
to explain the observed high-�� in electrically inhomoge-
neous materials.19 Thus, this may be the most appropriate
one to elucidate the origin of high-�� in our LTNO samples
due to the different electrical transport between the grain and
the GB, as confirmed by the IS study �Fig. 3�.

We now turn to see the dielectric relaxation behavior of
the LTNO samples, which usually provide important clues
for the explanation of the related mechanism.28 The inset of
Fig. 5�d� shows the plot of ln��� versus 1 /T, in which the
solid line is the fitted result obeying the Arrhenius law, i.e.,

� = �0 exp�Ea/kBT� , �2�

where �0 is the pre-exponential factor, Ea is the activation
energy for the relaxation, kB is the Boltzmann constant, and
T is the absolute temperature. � is calculated from the rela-
tions ��=1 and �=2�fp, where � is angular frequency and
fp is the characteristic frequency corresponding to the peak
of ��, as displayed in Figs. 5�b� and 5�d�. According to the
fitted curve in the inset of Fig. 5�d�, for the LTNO samples
with different grain sizes, the activation energy �Ea� for re-
laxation process can be obtained. The values of Ea are 0.320
and 0.303 eV for the samples of LTNO-1 and LTNO-2, re-
spectively. From Table I, the activation energies of the con-
ductivity in the grain interiors of the sample of LTNO-1,
Eg�0.324 and LTNO-2, Eg�0.315 eV obtained from Fig.
3�b� are very close to the activation energies required for
relaxations. These results imply that the nature of charge
carriers responsible for dielectric relaxation peaks and dc
conduction belongs to the same category, indicating that the
polarization relaxation has a close relation to the conductiv-
ity in the grain interior.19 Consequentially, Ea and Eg are
almost the same in value and the polarization process de-
pends on the conductivity of the charge inside the grain. This
behavior is consistent with the literature report for LTNO
prepared by sol-gel method.19 According to the IS and di-
electric results, here we think that the high-�� response in our
LTNO ceramics is mainly due to the MW relaxation caused
by the existent of electrically inhomogeneous in microstruc-
ture. Such structure is referred to as a core/shell structure,
i.e., the LTNO samples consist of semiconducting grains en-
closed by insulating boundaries, so the grains and their
boundaries give rise to the different electrical response in the
impedance formalism.

It is of interest to note that Ea decreases from 0.320 to
0.303 eV with increasing the grain size from 2.67�0.75 to
6.02�2.38 �m, corresponding to the increase in ��, as
shown in Table I. As shown in the inset of Fig. 5�b�, �� value
of LTNO-2 sample is higher than that of LTNO-1 sample
over frequency range of 100 Hz–1 MHz. However, �� of
both samples is almost the same in value at the frequencies
higher that 1 MHz. This is possibly due to the bulk effect.

Obviously, �� increases with the sintering temperature and is
accordingly closely related to the polycrystalline microstruc-
ture, particularly to the grain size. Thus, the differences in
the values of �� and Ea for the LTNO-1 and LTNO-2 samples
are strongly affected by their microstructures. All these facts
indicate that microstructures play a crucial role in changing
the electrical properties and related dielectric behavior. The
observed microstructure dependence of dielectric properties
is similar to that observed in CCTO ceramics.27

According to the IS results, grain and GB in our LTNO
samples have different values of conductivities �
g and 
GB�
and dielectric permittivities ��g� and �GB� �. Therefore, the
complex permittivity in the LTNO system can be described
as30

�g
� = �g − j
g/� , �3�

�gb
� = �gb − j
gb/� . �4�

The total complex permittivity ���� can be quantitatively ap-
proximated by30

�� = L� tg

�g
� +

tgb

�gb
� 	−1, �5�

where tg is the particle size of the conducting grain, tGB is the
thickness of boundary layer, and L= tg+ tGB. Since L
 tGB
and 
g

GB, Eq. �5� can be simplified as30

�� =
�g

a
+ ��gb

a�
	� 1

1 + j��
	 , �6�

where a=1+��g /�gb, �=a�gb /�
g, and �= tgb /L.
At zero or very low frequency, the Eq. �6� can be further

simplified as

�� =
L�gb

tgb
. �7�

From the relation in Eq. �7�, it is reasonable to propose that
the different dielectric permittivity in LTNO-1 and LTNO-2
samples is affected by the grain size. Note that tGB are about
the same in value because it depends on the Ti-dopant con-
centration. It is important to note that the lower in dielectric
permittivity in LTNO-1 sample may also be affected by the
observed porosity, as shown in the SEM image of Fig. 2�a�.
However, we believe that the grain size is still the main
effect on the dielectric properties of our LTNO ceramics. To
support this conclusion, we consider the dielectric permittiv-
ity of LTNO-1 ��LTNO-1=5534� and LTNO-2 ��LTNO-2
=11187� at room temperature and 1 kHz and evaluate the
ratio of the dielectric permittivity of LTNO-2 and LTNO-1
based on the dimensions of the grain observed in SEM. Since
both LTNO-1 and LTNO-2 have the same amount of Ti, the
thickness of GB tGB of these two samples may be assumed to
be the same. From Eq. �7� and by assuming tGB and �GB to be
the same for both the LTNO-1 and LTNO-2, the ratio of the
dielectric permittivity of LTNO-2 and LTNO-1 becomes
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�LNTO-2�

�LNTO-1�
=

LLTNO-2
LLTNO-2

. �8�

By substituting LLTNO-1=2.67�0.75 �m and LLTNO-2
=6.02�2.38 �m into Eq. �8�, �LNTO-2� /�LNTO-1� was obtained
to be 2.25. This result agrees with the experimental result
�i.e., �LNTO-2� /�LNTO-1� =11187 /5534=2.02�.

For the present work, we speculate that high-�� response
in the LTNO samples is attributed to their electrically inho-
mogeneous structures. When the alternative electric field is
applied through the samples, the charge carriers are restricted
by the Ti-rich boundary, and thus the opposite charges accu-
mulate at the two edges of the GBs.19 Consequentially, the
polarization formation primarily depends on the accumula-
tion of the charge via conducting in the grain interiors. This
provides an extended description for the physical explanation
for the underlying polarization. Therefore, the difference in
�� of LTNO samples with different grain size is attributed to
the different amount of the accumulated charges at GBs. As
well known, these accumulated charges in the LTNO ceram-
ics depend on the concentration of monovalent impurities
like Li+ ions.10 For both of our samples, however, they have
the same chemical composition, but different sintering tem-
perature. Hence, the increase in �� in the LTNO-2 sample
with higher sintering temperature may be attributed to the
other free charge carriers but does not related to the affect of
the dopant concentration. One may deduce from this assump-
tion that grains made by different sintering conditions could
have very different electrical properties. The fact that the
higher conduction activation energy of 0.324 eV for the
grains in LTNO-1 sample than that of 0.315 eV for LTNO-2
sample may imply that there are lower oxygen vacancies
concentration in the grains of LTNO-1 sample than in the
grain of LTNO-2 sample. This is reasonable because the
LTNO-2 sample was fabricated at the temperature of
1280 °C, which is higher than that of 1200 °C for the
LTNO-1. Based on the explanation above, we think that the
oxygen vacancies have the influence on the electrical prop-
erties of the LTNO ceramics and the contribution to the total
dielectric response in a LTNO system. However, the evi-
dence of the presence of oxygen vacancies is beyond the
scope of our work, and further work, i.e., the study of heat
treatment effects on the oxidizing and/or reducing atmo-
sphere on electrical properties, is needed to make a more
detailed explanation for it. It is worth to noting that the lower
�0 values of the LTNO-1 sample than those of the LTNO-2
sample over the measured temperature is attributed to the
shorter distance between the nearest GBs in the LTNO-1
sample compared to the larger grain for the LTNO-2 sample.
Thus, the polarization of LTNO-1 sample is fully developed
at higher frequency than that of LTNO-2 sample at the same
temperature as shown in Fig. 5. This result was also observed
in CCTO ceramics.31 Additionally, EGB also decreases with
increasing the sintering temperature �Table I�. This is associ-
ated to the ceramic microstructure of LTNO samples. We
think that the higher EGB observed in the LTNO-1 sample
compared to that of the LTNO-2 sample is attributed to the
observed porosity in the LTNO-1 sample. Some of the GB
regions are replaced by the porosities �air gaps� in the

LTNO-1 ceramic, and thus the total potential barrier at the
GB regions increases. Another possible of such observation
is that the defect equilibrium at the GB regions may be modi-
fied by the increase of grain size, affecting on the electrical
transport at the regions.

IV. CONCLUSION

The high-�� of LTNO ceramics have been synthesized
by a simple thermal decomposition method. The complex
impedance spectroscopy indicates that the electrically het-
erogeneous structures exist in the LTNO ceramics consisting
of semiconducting grain and insulating GB. The �� value of
our LTNO ceramics increases with the increase in grain size,
and the dielectric response can be well explained by the MW
relaxation model. The experimental results indicate that the
polarization relaxation has a close relation to the conductiv-
ity inside the grain. Our results also reveal that Ea and related
Eg and EGB decrease with the increase in grain size. It can be
proposed that the different microstructures lead to the chemi-
cal change �e.g., oxygen vacancies� inside the grains and at
the GBs.
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We report the giant dielectric response and electrical properties of Li0.05B0.02Ni0.93O �B=Fe, Ti, and
V� ceramics prepared by a polymer pyrolysis route. The giant dielectric response in these materials
can be ascribed based on the Maxwell–Wagner polarization and thermally activated mechanisms. It
is found that Fe, Ti, and V doping has a strong effect on the microstructure and the conduction of
grains and grain boundaries of these NiO-based ceramic systems, which make large contribution to
their dielectric properties. © 2009 American Institute of Physics. �DOI: 10.1063/1.3072356�

Generally, the relationship between the structure of ma-
terials and their properties is studied at two different levels of
length scale: microscopic and microstructural levels. Thus,
the inhomogeneities within macroscopically homogeneous
ceramic materials can be classified as microscopic and mi-
crostructural inhomogeneities. Lattice defects and the grain
growth are possible causes for these two inhomogeneities,
respectively.1

In recent years, high permittivity Bi/Pb-free dielectric
materials with good thermal stability particularly attracted
ever-increasing attention for their practical applications in
microelectronics such as capacitors and memory devices.
High-permittivity AxByNi1−x−yO ceramic system �where A
=Li, Na, and K and B=Ti, Al, Ta, and Si� is one of the most
important high-permittivity materials that has been inten-
sively researched in recent years.2–8 It is widely accepted that
a high dielectric permittivity ���� of these materials is attrib-
uted to the Maxwell–Wagner �MW� polarization mechanism
based on the existence of the inhomogeneities of grain, grain
boundary �GB�, and defects within the materials.9–11 Interest-
ingly, the dielectric properties and related electrical response
of these NiO-based systems can be tuned by changing the
composition of the additives of A and B,2,9 which normally
have the effects on the grain and GB properties, respectively.
However, it has been reported that the Ti content in the
LixTiyNi1−x−yO system also has a strong effect on the trans-
port properties inside the grain, which should be attributed to
the fact that some part of Ti entered into the NiO crystal
lattice. Moreover, it was found that the dielectric properties
of NiO-based ceramics depended on the sintering
temperature12 and the feature of microstructure.7

In this work, we studied the effects of the microstructure,
grain, and GB modifications on the giant �� properties of the
Li0.05B0.02Ni0.93O �B=Fe, Ti, and V� ceramics. The results
suggested that Fe, Ti, and V dopings had great impact on the
microstructure and the electrical transports of the grains and
GBs, which are major contributions on the giant �� response
in these materials.

Ni�NO3�2 ·6H2O, LiNO3, C16H28O6Ti, Fe�NO3�3 ·9H2O,
C10H14O5V, �NH4�2S2O8, and acrylic acid were employed as

starting raw materials. The polycrystalline Li0.05Ti0.02Ni0.93O
�LTNO� ceramic sample was prepared by a polymer pyroly-
sis route. First, stoichiometric amounts of Ni�NO3�2 ·6H2O,
C16H28O6Ti, and LiNO3 were dissolved in 10 g of acrylic
acid aqueous solution �acrylic acid: H2O=70:30 wt %� un-
der constant stirring and heating at 100 °C. Second, a small
amount �0.5 g� of 5% �NH4�2S2O8 aqueous solution as the
initiator was added to the mixed acrylic acid solution to pro-
mote the polymerization. Then, the gel precursor was dried
at 350 °C for 1 h. The dried gel was ground and later cal-
cined at 700 °C for 5 h in air. The LTNO powder was
pressed into pellet of 9.5 mm in diameter and �1–2 mm in
thickness by a uniaxial pressing method at 200 MPa. Finally,
this pellet was sintered at 1280 °C for 4 h in air. The
Li0.05V0.02Ni0.93O �LVNO� and Li0.05Fe0.02Ni0.93O �LFNO�
samples were also prepared by the same method, but
Fe�NO3�3 ·9H2O and C10H14O5V were used instead of
C16H28O6Ti for the preparation of LVNO and LFNO, respec-
tively.

X-ray diffraction �XRD� �Philips PW3040, The Nether-
lands� and scanning electron microscopy �SEM� �LEO
1450VP, UK� with energy dispersive x-ray spectrometer
�EDS� were used to characterize the phase composition and
microstructure of the NiO-based ceramics. XRD patterns
�not presented� confirm a main phase of NiO in all samples
with no diffraction peaks of possible impurity phases. The
sintered ceramic samples were polished and electroded by
silver paint on both sides of the disk-shaped samples. The
dielectric and electrical responses of the samples were mea-
sured using a Hewlett Packard 4194A impedance gain phase
analyzer over wide range of frequency �100 Hz–10 MHz�
and temperature �from �60 to 150 °C� at the oscillation
voltage of 1.0 V. Each measuring temperature was kept con-
stant with an accuracy of �1 °C.

Figures 1�a�–1�c� show surface morphologies of the
LFNO, LTNO, and LVNO ceramic samples, indicating that
Fe, Ti, and V dopings have a remarkable effect on their mi-
crostructures. The mean grain sizes of the LFNO, LTNO, and
LVNO samples are 3.3�0.9, 4.8�2.0, and 46�14 �m, re-
spectively. The observed abnormal grain growth in the
LVNO sample is attributed to a typical liquid phase of their
microstructure, which usually contribute to form grain-to-
grain bridges and to eliminate intergrain pores. The effect of

a�Author to whom correspondence should be addressed. Electronic mail:
sanmae@kku.ac.th.
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V-dopant on the microstructure of ceramics has also been
observed in V-doped ZnO system. It was caused by the rela-
tively low melting points of V and the related second
phase.13,14

The inset of Fig. 1�c� illustrates the fracture surface of
the LVNO sample, showing the obvious grain and GB struc-
tures. The EDS measurements of the grain �point 2� and GB
�point 1� of the LVNO sample, as shown in Fig. 1�d�, reveal
the V-rich at the GB but not in the grain. The EDS spectra at
points 3 and 4 �not shown� are similar to that detected at
point 2, i.e., no corresponding peak of V observed. There-
fore, the shells of the grains of these three samples could be
regarded as Fe-, Ti-, and V-rich boundaries, while the core of
the grains is part of Li-doped NiO particles. Thus, dielectric
properties of these ceramics might be ascribed by the MW
polarization.

Figure 2�a� demonstrates the frequency dependence of
�� and tan � of the samples of LFNO, LTNO, and LVNO at
room temperature, showing the giant �� �104–105� response
in all samples. The LTNO sample has the lowest �� among
these three samples over the measured frequency range, cor-
responding to the observed lowest value of tan �. The �� of
the LVNO sample is slightly higher than that of the LFNO
sample, and interestingly its tan � is lower than that of the
LFNO sample at below and above frequency 104 Hz. The
small step decrease in the LVNO sample at the frequency at
about 104 Hz might be attributed to the heterogeneous relax-
ation such as defect-induced polarization.7 Figure 2�b� illus-
trates the temperature dependence of �� of the LVNO sample
at the selected frequencies. The temperature independence of
�� can be observed at frequency below 100 kHz. However,
with increasing frequency, �� drops dramatically to the low
values at low temperatures, and such step decrease moves to
the higher temperature range with increasing frequency. This
is a suggestion of the thermally excited relaxation process.
The overall dielectric behavior is similar to those observed in
other NiO-based ceramics,2,6 which is in marked contrast to
the well-known ferroelectric one resulting from the structure
distortion due to the soft-mode condensation.

Figures 3�a� and 3�b� display the complex impedance
plain plots of the LVNO and LTNO samples, respectively.

The impedance semicircles become larger with the decrease
in temperature, and when the temperature is sufficiently low,
the other impedance semicircles of the LTNO sample can be
observed �inset of Fig. 3�b��. The observed two semicircles
suggest the existence of the electrical inhomogeneities in the
LTNO ceramic. Accordingly, the observed semicircles at
lower and higher temperatures in the LTNO sample can be
assigned to the effects of the charge transport within the
grain and GB. Note that the impedance semicircles at low
temperature cannot be observed in the LVNO sample and the
LFNO sample �not shown�. This is because the electrical

FIG. 1. �Color online� SEM images of the surfaces for the samples of �a�
LTNO, �b� LFNO, and �c� LVNO; inset of �c� shows the fractured surface of
the LVNO sample. �d� EDS spectra of the grains and GB for the LVNO
sample.

FIG. 2. �Color online� �a� Frequency dependence of �� and tan � at room
temperature of the LTNO, LFNO, and LVNO samples. �b� The temperature
dependence of �� at selected frequencies for the LVNO sample.

FIG. 3. �Color online� The complex impedance plane plots for the samples
of �a� LVNO and �b� LTNO at various temperatures. Insets show the corre-
sponding impedance spectra at low temperatures. �c� and �d� are the Arrhen-
ius plots of the conductivities of the grains and GBs, respectively.

022908-2 Thongbai et al. Appl. Phys. Lett. 94, 022908 �2009�

Downloaded 16 Jan 2009 to 202.12.97.114. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



responses of grains in both samples shift out of the measured
frequency range. However, we can assign the nonzero inter-
cepts at low temperatures to the effects of the grains.15 Con-
sequently, the core/shell model is appropriate for further
analysis. According to the polaron theory, the temperature
dependence of the conductivity �
� is, with a temperature
dependence prefactor, ascribed as5,9


 � T−1 exp�− E/kBT� , �1�

where E is the conduction activation energy and kB and T are
the Boltzmann constant and the absolute temperature, re-
spectively. Generally, the GB effect on electric conductivity
may originate from a GB potential barrier,9 which should be
ascribed by the Fe-, Ti-, and V-rich boundaries for our NiO-
based systems. Based on the RC model,15 the resistances of
the grain and GB can be obtained at various measuring tem-
peratures. According to the fitted curves using Eq. �1� for the
LFNO, LVNO, and LTNO samples shown in Figs. 3�c� and
3�d�, the conduction activation energies inside the grain �Eg�
and at the GB �Egb� can be estimated—the values of Eg are
0.190, 0.216, and 0.293 eV, while the values of Egb are
0.240, 0.304, and 0.453 eV for the samples of LFNO, LVNO,
and LTNO, respectively. These results indicate that the grain
and GB of these materials have different characteristics of
electrical transport.

As previously reported,16 the different valence states of
A in the A0.03Ti0.10Ni0.87O �A=K+, Mg2+, and Y3+� materials
had a remarkable effect on the dielectric properties of NiO-
based ceramics, which should be mainly attributed to the
large variation in Eg values. In the present work, the different
observed values of Eg and Egb of these three NiO-based ce-
ramics imply that the Fe, Ti, and V doping have remarkable
effects on both grain and GB conductivities. Such various Eg
values observed in the LTNO and LFNO samples may be
caused by the substitution of some parts of Ti4+ �0.68 Å� and
Fe3+ �0.64 Å� ions into the Ni2+ �0.69 Å� ion sites in the NiO
crystal lattice, which induces the different defects �i.e., FeNi

•

and TiNi
•• � in the grain interiors.9,17 The different electrical

properties of these two samples can suitably be referred to as
the microscopic inhomogeneity effect. On the other hand, the
V-doping is most likely to present only at GBs to form a
second liquid phase, as clearly seen in Figs. 1�c� and 1�d�.
Subgrains usually develop inside larger grains and affect the
mobility of charge carriers and the dielectric response at dif-
ferent frequencies.18 This would be responsible for the ob-
served highest low-frequency �� of the LVNO ceramic
among these three samples. These results indicate that the
microstructural inhomogeneity has a strong effect on the
electrical properties of the NiO-based ceramics. Additionally,
the relaxation activation energies �Ea� of the LVNO �0.224
eV� and LTNO �0.287 eV� samples are almost the same as
their Eg values �data not shown�. Ea of the LFNO ceramic
with the smallest Eg cannot be obtained because its dielectric
relaxation peak shifts out of the measured temperature range.
Therefore, it is suggested that the observed lowest �� of the
LTNO sample among these three samples and such disap-
peared relaxation peak of the LFNO sample are due to the
fact that the polarization relaxation in these three samples
has a close relation to the conductivity inside the grains.
Therefore, it is reasonable to suggest that the Fe, Ti, and V
dopants have significant effects on both the microstructure
and the electrical transports inside the grain and at the GBs,

which leads to the different dielectric responses in these
NiO-based ceramics. These different ceramic properties can
be ascribed to both microscopic and microstructural inhomo-
geneities, which should be due to the differences in the va-
lence state and the melting point of the dopants, respectively.

We now turn to see the effects of Fe, Ti, and V doping on
the GB conductivity in the NiO-based ceramics. Lin et al.17

reported the positive values of the Seebeck coefficient of
Fe-doped NiO samples, indicating that holes are major car-
riers in these samples. In the case of the LFNO sample, we
think that the different concentrations of the holes at the
grains and GBs might be attributed to the effects of Li-doped
NiO and Fe-doped NiO, respectively. This is responsible for
the slight difference between Eg and Egb in the LFNO
sample. Thus, the different values of Egb in our NiO-based
ceramic samples could be attributed to the difference in the
intrinsic properties of the GBs, which are affected by the
dopants.

In conclusion, the giant �� permittivity Li0.05B0.02Ni0.93O
�B=Fe, Ti, and V� ceramics have been investigated. The gi-
ant �� response and related electrical properties of these ma-
terials are studied as functions of frequency and temperature.
Our results reveal that Fe, Ti, and V dopings have great
effects on both microstructure and electrical properties of the
grains and GBs, resulting in the giant �� response in these
materials. The giant �� behavior of these NiO-based ceram-
ics can be explained based on the MW polarization and ther-
mally activated mechanisms.
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Electrical properties of giant-permittivity core/shell structured Li0.05FexNi0.95−xO �LFNO� are
studied as functions of frequency, temperature, and dc bias. Three electrical responses of depletion
surface �DS�, grain boundary �GB�, and bulk grain are detected in the LFNO ceramics. The DS and
GB effects can be separated by removing the surface samples, whereas the grain effect is extracted
by applying dc bias. It is found that the interfacial polarizations at the DSs and GBs are suppressed
by applied voltages. Our results suggest that the polarization relaxation in the LFNO ceramics is
closely related to the electrical response inside the grains. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3120567�

It is generally believed that the presence of insulating
layers in polycrystalline ceramics has remarkable effects on
their electrical properties, and they are usually used to design
ceramic properties for practical applications. The effects of
insulating layers, e.g., depletion surfaces �DSs�, grain bound-
aries �GBs�, and internal domains within the bulk grain, on
high dielectric properties of materials are often observed. For
example, the existence of these three insulating layers in
CaCu3Ti4O12 �CCTO� ceramics have an influence on the
giant dielectric permittivity ���� of the CCTO.1–3 The
Maxwell–Wagner �MW� polarization �interfacial polariza-
tion� at these insulating layers has, therefore, been used to
ascribe the giant �� response in this material. For
�A ,B�-doped NiO ceramics �A=Li, Na, K and B=Ti, Si, Al,
Ta, V, Fe�,4–9 it is widely accepted that the giant �� response
in these ceramics is associated with their heterogeneous mi-
crostructure, consisting of semiconducting grains �A-doped
NiO� and insulating GBs �B-rich insulating boundaries�. It is
interesting that the dielectric properties and the related elec-
trical response of these NiO-based systems can be modified
by varying the composition via additions of A and B.4,10

Most recently, we found that the dielectric properties of �Li,
Ti�-doped NiO ceramics system depended on both sintering
temperature and grain size.11 The presence of oxygen vacan-
cies and the existence of internal domains might be respon-
sible for these observations. These results imply that both DS
and bulk grain effects may have impacts on the electrical and
dielectric properties of these NiO-based ceramics. However,
the experimental results supported these are still missing.

In this paper, the effects of insulating layers on the elec-
trical properties of high-permittivity Li0.05FexNi0.95−xO
�LFNO� ceramics are investigated. The results reveal that the
electrical responses in the DSs, GBs, and grains have signifi-
cant effects on the electrical properties of the LFNO ceram-
ics. The evident DS effect is proved by removing the sample
surface layer, while the bulk grain effect is identified by ap-
plying dc bias. The close relationship between the relaxation
mechanism and the electrical transport inside the grains is
observed.

The polycrystalline Li0.05Fe0.05Ni0.90O and
Li0.05Fe0.10Ni0.85O ceramic samples were prepared by a poly-
mer pyrolysis method. Details about the sample preparation
were given elsewhere.9 The sintered LFNO samples were
characterized by x-ray diffraction �XRD� �Philips PW3040,
The Netherlands�, Field-emission scanning electron micros-
copy �FE-SEM�, and energy-dispersive X-ray spectroscopy
�EDS� �Hitachi S-4700, Japan�. XRD patterns �did not show�
confirmed a main phase of NiO in both samples. However,
the second phase of NiFe2O4 could only be observed in the
XRD pattern of the Li0.05Fe0.10Ni0.85O sample. The dielectric
and electrical properties of both as samples �before polished�
and polished samples were measured using a Hewlett-
Packard 4194A impedance gain phase analyzer over a fre-
quency ranging from 100 Hz to 10 MHz and an oscillation
voltage of 1.0 V. The measurements were performed over a
temperature ranging from �50 to 200 °C using an inbuilt
cooling-heating system. Each measured temperature was
kept constant with an accuracy of �1 K. Silver paint was
used as the electrodes. Throughout this paper, we assigned
symbols of LFNO-1Be and LFNO-2Be for the as-sintered
samples of Li0.05Fe0.05Ni0.90O and Li0.05Fe0.10Ni0.85O ceram-
ics and LFNO-1Af and LFNO-2Af for the sintered samples
with surface polishing of Li0.05Fe0.05Ni0.90O and
Li0.05Fe0.10Ni0.85O ceramics.

Figure 1 reveals the fractured surface of the
Li0.05Fe0.10Ni0.85O ceramic sample, showing obvious struc-
ture consisting of grains and GBs. Interestingly, the EDS
analysis, inset of Fig. 1, shows that the lower relative inten-
sity of Fe is detected at the white core regions �points 2 and
5�, but it is high at the hilly dark regions �points 1, 3, and 6�.
According to the XRD and ESD analyses, it is reasonable to
suggest the existence of the core/shell structure in the LFNO
ceramics, consisting of semiconducting core grains �e.g., Li-
doped NiO�10 and Fe-rich insulating GBs �e.g., NiFe2O4�.
The existent core/shell structure in the NiO-based ceramics
was also be observed in the �Li, Si�-, �Li, V�-, and �Li, Ti�-
doped NiO ceramic systems.6,9,10 It is worth noting that the
Fe-dopant is also rich on the outmost sample surfaces, as
displayed in the inset �b�.a�Electronic addresses: sanmae@kku.ac.th and santimaensiri@gmail.com.
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It is clearly seen from Fig. 2 that the DS has a significant
influence on the high dielectric properties of the LFNO ce-
ramics. As illustrated in Fig. 2, after the LFNO-1Be sample
was polished evenly from both sides, the decrease in �� and
the exponential increase in the loss tangent �tan �� were ob-
served in the polished- LFNO-1Be sample �LFNO-1Af
sample�. Under an applied electric field, some mobile
charges in the inner part of the bulk LFNO ceramics may be
blocked by the DS. Thus, the MW polarization is produced
by the accumulated charges at the interface between the in-
sulating DS layer and the inner part. After the DSs were
removed, these accumulated charges are free and they be-
come mobile charge carriers. Consequently, the polarization
at the DS does not response, which causes decrease in the
total polarization. On the other hand, the observed exponen-
tial increase in tan � is suitably attributed to the dc conduc-
tivity effect. It is interesting that the LFNO-1Af sample still
exhibits the high �� response, implying that there may be
other polarizations contributing to the dielectric responses in
the LFNO-1Af sample.

Although the DSs were removed, the relaxation tan �
peaks still appear and the activation energy for relaxation
process �Ea� remains almost constant, i.e., Ea=0.483 eV
�0.419 eV� and 0.468 eV �0.411 eV� for the LFNO-1Be
�LFNO-2Be� and LFNO-1Af �LFNO-2Af� samples, respec-
tively. Therefore, the Ea values of the LFNO ceramics may
actually be affected by the relaxation in the inner part of the
LFNO ceramics. This is similar to that observed in the
CCTO ceramic,3 which was clearly explained based on the
different electrical conductivities between the DS and inner
part due to the difference in oxygen concentration between
them. This might be responsible for the formation of the
insulating DS layer in the LFNO ceramics. Moreover, the DS
effect may also be attributed to the fact that the shells of the
grains are the NiFe2O4 phase, which is rich on the outmost
surface layers of the LFNO ceramic samples �inset �b� of
Fig. 1�.

Figure 3�a� shows the impedance spectra of the as-
sintered LFNO and polished-LFNO ceramic samples, prov-
ing the DS effect on their electrical properties. It is clear that
after the DSs of the as-sintered samples were removed, the
arcs of the polished-LFNO samples �LFNO-1Af and LFNO-
2Af samples� at lower frequencies decreased, whereas the
arcs at higher frequencies remained constant. These results
strongly indicate that the enhanced arcs in the low frequency
range contain two overlapped arcs, and thus the DS and GB
effects are roughly separated. Consequently, it is reasonable
to suggest that there are three sets of electrical responses in
the LFNO ceramics, i.e., DS, GB, and bulk grain responses.
Based on the above analysis, it is clearly proved from Fig.
3�b� that the interfacial polarizations of the DSs and GBs are
suppressed by applying dc bias, whereas the bulk polariza-
tion is independent of the biases. This suppression of the
interfacial polarization is similar to that observed in
La0.7Sr0.3MnO3 /BaTiO3 multilayers.

12

Figure 4 demonstrates the effect of dc bias on the fre-
quency dependence of �� for the LFNO-1Af sample at room
temperature. It is found that the �� values below 104 Hz
decrease with the increase of applied voltage, corresponding
to the decrease in the capacitance of GBs,12,13 which is being
accompanied by the decrease in RGB �inset of Fig. 3�b��.
These results suggest that, with increasing the applied volt-
age, the accumulated charge carriers are becoming more and
more overcome the potential barrier at the GBs, implying
that these accumulated charge carriers become mobile
charges. Consequently, the intensity of the space charge po-
larization at this region is decreased by the increase in the
applied voltage, while the conductivity increases due to the
increase in the mobile charge. This is confirmed by the ob-

FIG. 1. �Color online� Fractured surface of the Li0.05Fe0.10Ni0.85O sample.
Inset �a� shows Ni ��� and Fe ��� element profiles obtained from the EDS
spectra at different points. Inset �b� is a SEM image of surface morphology.

FIG. 2. �Color online� Frequency dependence of �a� �� and �b� tan � for
LFNO-1Be �symbols� and LFNO-1Af �solid lines� samples at various tem-
peratures from �40 to 200 °C with the step increase in temperature is
30 °C.

FIG. 3. �Color online� �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 LFNO-1Af.
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served exponential increase in tan � at the highest applied
voltage, as shown in the inset of Fig. 4. When the applied
voltage increases over 20 V, the dc bias is over limit balance
�over 20 V� due to the large leakage current, which results
from the large conductivity in the bulk ceramics.

Figure 5 displays the frequency dependence of the
imaginary parts Z� of complex impedance at selected tem-
peratures, in which Z� plots usually highlight phenomena
characterized by the large resistance.14 Two thermally acti-
vated electrical responses are observed at lower and higher
frequencies―both shift to higher frequency with increasing
the temperature. To identify these electrical responses, the
frequency dependence of Z� has been studied as a function of
dc bias. As illustrated in the inset of Fig. 5, both the peak
height and frequency of the Z� peak of the electrical response
at the lower frequency are strongly dependent of the applied
voltage, but not for the higher-frequency electrical response.
As a result, the lower- and higher-frequency electrical re-
sponses are suitably identified to the GB and bulk effects,
respectively. Moreover, it was found that the plots of �Z��max
frequency and versus 1000 /T follow the Arrhenius law,
�does not present�. The estimated activation energies of the
LFNO-1Af �LFNO-2Af� were found to be 0.454 �0.408� and
0.444 �0.506� eV for the bulk grains and GBs, respectively.
The two activation energies of the electrical responses in the
LFNO-1Af sample are similar to its relaxation activation en-
ergy. However, the activation energies of the grain electrical
response in the LFNO-2Af and its relaxation are almost the

same in value, while its activation energy of the GB is larger
than that of the relaxation activation energy. Therefore, it is
appropriate to suggest that the relaxation mechanism in the
LFNO ceramics has a close relation to the conductivity in-
side the grains. Lin et al.,15 reported that the dc conduction
activation energy of pure-NiO ceramics could be increased
by doping with Fe ions, which was attributed to the effects of
FeNi
• defects and the nickel vacancies. This might be respon-

sible for the observed large relaxation activation energy in
the LFNO ceramics comparing to the other NiO-based ce-
ramics systems.6,9–11 With the larger conduction activation
energy, the dielectric relaxation of the LFNO ceramics are
hardly activated by thermal. Thus, the polarization should
fully be responded at higher temperatures. From these points
of view, we think that the relaxation behavior of the NiO-
based ceramics can be adjusted by varying the semiconduc-
tivity of grains. Note that the increase of GB conduction
activation energy of the LFNO-2AF sample might be asso-
ciated with the accumulation of NiFe2O4 phase at the GB, as
revealed in Fig. 1.

In conclusion, the high dielectric permittivity LFNO ce-
ramics were investigated as functions of frequency, tempera-
ture, and dc bias. Three thermally activated electrical re-
sponses were observed at the DSs, GBs, and bulk grains. The
effects of the DS and GB were separated by removing the
surface samples, whereas the applied dc bias was used to
identify the electrical response of the bulk grain. It was
found that the interfacial polarizations of the DSs and GBs
could be suppressed by the applied voltage, but not for the
bulk polarization.
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We report the effects of postsintering annealing in argon and compressive prestress on the giant
dielectric properties of CaCu3Ti4O12–Li0.3Ti0.02Ni0.68O composites in the frequency range from
100 Hz to 1 MHz. After postsintering annealing, all compounds investigated still display a
Debye-like relaxation, which can be interpreted based on the Maxwell–Wagner model. The
dielectric behavior and the effect of compressive prestress of CaCu3Ti4O12 and
CaCu3Ti4O12–Li0.3Ti0.02Ni0.68O after annealing are closely related to the oxygen vacancies in the
grain boundaries. © 2008 American Institute of Physics. �DOI: 10.1063/1.2937238�

I. INTRODUCTION

Giant dielectric ceramics with good thermal stability and
Ba /Pb-free have recently attracted much attention due to
their potential applications in microelectronics such as ca-
pacitors and memory devices. Giant-permittivity dielectric
response with weakly temperature-dependent permittivity
has been observed in CaCu3Ti4O12 �CCTO� ����104 for
polycrystalline ceramics and ���105 for single crystals�,1–3

NiO-based ceramic ����104–105�,4–8 Ba4YMn3O11.5 ���
�104�,9 and CuO ����104�.10 Most recently, our group11

reported the giant values of ���105 observed in polycrystal-
line CaCu3Ti4O12 ceramics reinforced with 10 mol % of
39 nm Li0.3Ti0.02Ni0.68O �LTNO� nanoparticles. The dielec-
tric behavior of these composites exhibits Debye-like relax-
ation, which can be explained based on the Maxwell–Wagner
model, and the dielectric dispersions of the composites arise
from the internal barrier layer capacitor �IBLC� effect.12,13

Interestingly, the colossal dielectric constant of �106 at
room temperature can also be obtained in CaCu3Ti4O12 after
annealing in argon at 1000 °C for 6 h, and this enhancement
was attributed to the increase in concentration of oxygen
vacancies and hence charge carriers.14 The influence of
postsintering annealing on dielectric properties of
CaCu3Ti4O12 was further investigated by Wang and
Zhang.15,16 They showed that the annealing treatment on
CaCu3Ti4O12 in reducing �nitrogen� and oxidizing �oxygen�
atmospheres has strong effects on dielectric properties of the
CaCu3Ti4O12. These results support the results reported in
Ref. 14 and strongly suggest that the concentration of oxy-
gen plays an important role in the dielectric properties of
CaCu3Ti4O12. In addition to its interesting dielectric prop-
erty, CaCu3Ti4O12 has remarkably strong nonlinear current-
voltage characteristics without the addition of dopants.13

These excellent properties render this material particularly
attractive for a wide range of applications. However, in some
practical applications, dielectric ceramics may be subjected

to mechanical or thermal stresses causing changes on their
properties. A prior knowledge of how the material properties
change under different load conditions is therefore crucial for
proper design of a device and for suitable selection of mate-
rials for a specific application. Despite that fact, material
constants used in many design calculations are often ob-
tained from a stress-free measuring condition, which in turn
may lead to incorrect or inappropriate device designs.

Most recently, we observed that postsintering annealing
in argon for 5 h leads to a significant increase in �� for
CaCu3Ti4O12 ceramic, which is closely related to the oxygen
vacancies.17 The dielectric properties of the argon-annealed
samples were also found to change significantly with the
applied compressive stress �the absolute change can reach
25% at a maximum stress of 130 MPa�, which could be ex-
plained by the stress-induced aging mechanism.17 The stress
dependence of the permittivity in CaCu3Ti4O12-based ceram-
ics has not been thoroughly studied. Herein, we investigate
the influences of the postsintering annealing in argon and
compressive prestress on the giant dielectric properties of the
�1−x�CaCu3Ti4O12·xLi0.3Ti0.02Ni0.68O �CCTO-LTNO� com-
posites sintered in air at 1100 °C for 16 h.

II. EXPERIMENT

The sample preparations of �1−x�CaCu3Ti4O12·
xLi0.3Ti0.02Ni0.68O �x=0, 0.1, 0.25, and 0.5� composites
are given in our previous publication.11 The dimensions
of the samples were �12 mm in diameter and �3 mm in
height. Here, we assign symbols of CCTO, 10%LTNO,
25%LTNO, and 50%LTNO, for the sintered samples of
�1−x�CaCu3Ti4O12·xLi0.3Ti0.02Ni0.68O, with x=0, 0.1, 0.25,
and 0.5, respectively. A postsintering annealing process was
carried out in flowing argon �99.999% purity� at 1000 °C for
5 h, and we assign symbols of CCTO-Ar, 10%LTNO-Ar,
25%LTNO-Ar, and 50%LTNO-Ar, for the sintered samples
of CCTO, 10%LTNO, 25%LTNO, and 50%LTNO, after ar-
gon annealing. The sintered ceramics were characterized by
x-ray diffraction �XRD� �Philips PW3710, The Netherlands�a�Electronic address: santimaensiri@gmail.com and sanmae@kku.ac.th.
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and scanning electron microscopy �SEM� �LEO 1450VP,
UK�. The frequency and temperature dependences of dielec-
tric properties for the as-sintered samples were measured us-
ing a Hewlett Packard 4194A impedance gain phase ana-
lyzer. Silver paste was used as the electrode, and it was
coated on both surfaces of the sample and dried overnight.
The dielectric properties of the samples after postsintering
annealing were measured under the influence of the compres-
sive stress through spring-loaded pins connected to an induc-
tance capacitance impedance �LCZ� meter �Hewlett Packard
4276A� at the frequency of 100 kHz at room temperature
�25 °C�. The details of the system are described elsewhere.18

III. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the sintered ceramics
before and after postsintering annealing, confirming only a
main phase of CaCu3Ti4O12 in all the samples with no dif-
fraction peaks of LTNO and other possible impurities such as
TiO2, CuO, CaTiO3, and NiTiO3. The values of lattice pa-
rameter a calculated from XRD spectra are shown in Table I;
these values are close to 0.7391 nm of that reported in
literature.1 Higher concentrations of LTNO did not result in
any noticeable shift in lattice parameter, suggesting that the
added LTNO is most likely present in the microstructure ei-
ther in the grain boundaries or as a second phase. Moreover,

the values of lattice parameter of the CCTO-LTNO compos-
ites after postsintering annealing also did not result in any
noticeable shift in lattice parameter. Their values show little
change, which is comparable to the values of samples before
postsintering. These results indicate that the postannealing
sintering treatments did not change the crystal structure—the
structure of all samples remains cubic and centric.

Microstructures of the sintered composites ceramics
were revealed by SEM. The samples were fractured in order
to observe their composite morphologies. Figures 2�a�–2�d�
show SEM micrographs of the sintered samples revealing
polycrystalline grains with estimated grain sizes of 9.0�1.9,
8.8�1.7, 12.4�2.8, and 13.4�2.7 �m for CCTO,
10%LTNO, 25%LTNO, and 50%LTNO, respectively. No
change in grain size of the samples before and after anneal-
ing was observed. It is important to note that the thickness of
grain boundary cannot be accurately measured by SEM tech-
nique. However, the thickness of grain boundary was esti-
mated to about 50–200 nm for CCTO ceramic. It is seen
from the backscattered electron images of the fracture sur-
faces of the samples �Figs. 2�e�–2�h�� that a large portion of
porosity increases with increasing amount of LTNO, as can
be clearly observed in the microstructures of 25%LTNO and
50%LTNO. The LTNO nanoparticles distribute inhomoge-
neously and form clusters or agglomerates and locate be-
tween grain boundaries of CCTO matrix �indicated by ar-
rows�. It is noted that no diffraction peaks of LTNO and the
other possible layer is impurities were detected by XRD, but
the inhomogeneous distribution of LTNO was observed by
the backscattered SEM images of the fracture surfaces of the
CCTO-LTNO composites. This indicates that the outmost
layer of the composites is LTNO and other possible impurity
deficient. Similar observation was reported for
CaCu3Ti4O12 /Ag composites having the Ag deficient in the
outmost layer and Ag rich in the inner part of the
composites.19

Figure 3 shows the real ���� and imaginary ���� parts of
dielectric dispersion for the Ar-annealed samples, measured
at −50 °C over the frequency range of 100 Hz–1 MHz. It is
clearly seen from Fig. 3�a� that all of the samples exhibit the
giant dielectric constant ����1�104–3.5�104� below the
relaxation frequency �f �100 kHz�. The drastic decrease in
the real parts of dielectric spectra of all samples is seen in the
frequency range above 20 kHz, accompanied by the appear-
ance of corresponding peaks in the imaginary parts of dielec-
tric spectra, as shown in Fig. 3�b�. Moreover, the relaxation
peak in all samples shifts to higher frequency at a higher
temperature �not shown�. The dielectric behavior of all

FIG. 1. �Color online� XRD patterns of the sintered materials of CCTO and
CCTO-LTNO before and after annealing at 1000 °C for 5 h under flowing
argon. �a� CCTO, �b� 10%LTNO, �c� 25%LTNO, and �d� 50%LTNO.

TABLE I. Lattice parameter a and activation energies �Ea� for CCTO-LTNO
ceramics before and after postannealing sintering.

Materials

Lattice parameter �nm� Activation energy �eV�

Before After Before After

CCTO 0.7385 0.7391 0.112 0.112
10%LTNO 0.7385 0.7391 0.112 0.112
25%LTNO 0.7388 0.7389 0.116 0.112
50%LTNO 0.7387 0.7392 0.116 0.112
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samples after postsintering annealing still exhibits a Debye-
like relaxation similar to that of the as-sintered samples. The
dielectric behavior of the nonannealed and annealed samples
can be interpreted based on the Maxwell–Wagner model and
their dielectric dispersions arise from the IBLC effect.11,17

This behavior is also similar to that observed in CaCu3Ti4O12
ceramics reported in literatures.2,17,20–22

The Ea values of the low-temperature relaxation deter-
mined from the slopes of Arrhenius plot of log � vs 1 /T �the
inset of Fig. 3�b�� were obtained to be �0.112 eV for all of
the Ar-annealed samples. Annealing in argon results in a
slight decrease in Ea values of the 25%LTNO-Ar and

50%LTNO-Ar, whereas the Ea values of CCTO-Ar and
10%LTNO-Ar do not change with annealing treatment and
show the same value of 0.112 eV. This value is comparable
to the reported values of 0.067,23 0.08,12,24 0.093,25

0.059–0.076,26 and 0.084–0.132 eV �Refs. 20 and 22� for
the grains of CaCu3T4O12. The Ea values are also tabulated
in Table I. Based on the Maxwell–Wagner model, it is seen
that the Ea of the dielectric process is approximately equal to
that of the grain conduction process.17,21 Thus, the postsin-
tering annealing does not change the electrical properties of
the part of grains in CCTO matrix.

Figure 4 shows the dielectric constant ���� and loss tan-

FIG. 2. SEM micrographs of the ce-
ramic samples sintered in air at
1100 °C for 16 h: �a� CCTO, �b�
10%LTNO, �c� 25%LTNO, and �d�
50%LTNO; �e�-�d� show the backscat-
tered SEM micrograph of fracture sur-
face of CCTO, 10%LTNO,
25%LTNO, and 50%LTNO,
respectively.
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gent �tan �� of CCTO and CCTO-Ar, 25%LTNO, and
25%LTNO-Ar. Figure 4�a� shows a significant increase in ��
at low frequency for the CCTO after postsintering annealing
�CCTO-Ar�, accompanied by the increase in tan � at the
same frequency range. At high frequency, the �� value of
CCTO-Ar gradually decreases to the �� value of CCTO. For
the 25%LTNO and 25%LTNO-Ar �Fig. 4�b��, the �� values
of these composite samples show a little change after anneal-
ing. The dramatic increase in �� for CCTO-Ar is closely
related to the oxygen vacancies, as previously reported.17

Annealing the CaCu3Ti4O12 sample in argon atmosphere at
high temperature would increase the concentration of the
oxygen vacancies and thus increase �� values, as obtained in
the nitrogen-annealed CaCu3Ti4O12 reported by Wang and
Zhang.16

At present, the extrinsic effect of IBLC is widely
accepted as the origin of the giant dielectric response
in both �Li, Ti�-doped NiO �Refs. 4 and 5� and
CaCu3Ti4O12.

12,13,15–17,20–27 However, many aspects for the
origin of semiconducting grains and insulating grain bound-
ary regions for CCTO ceramics remain unclear. Li et al.28

proposed that the grain and grain boundary regions in CCTO
ceramics may consist of the same phase but with slightly
different compositions. Sinclair et al.12 reported that heat

treatment of CCTO pellets in N2 at 1000 °C caused a sig-
nificant change in electrical properties at room temperature,
in which the resistance of grain boundary �Rgb� decreased by
two orders of magnitude but the resistance of grain remained
unchanged. They proposed a plausible explanation that the
semiconductivity of the grains arises from a small but sig-
nificant loss of oxygen during ceramic processing in air at
high temperatures, whereas furnace cooling allows reoxida-
tion to occur along the grain boundary regions, which con-
verts these regions into insulators. From this proposal, it im-
plied that the grain boundary region �the shell of grain� of
CCTO ceramic is the nonoxygen vacancy region. Interest-
ingly, the low-Rgb value of the sample after heat treatment in
N2 can be reverted to the high-Rgb value of the as sample by
annealing in oxygen.29 From these results, it is strongly be-
lieved that the electrical properties of grain boundary have a
close relation to the stoichiometry of oxygen at this region.
Therefore, the difference in dielectric properties for our
CCTO and CCTO-Ar is greatly affected by the oxygen va-
cancies at the grain boundary. These indicate that an oxygen
at the grain boundary for our CCTO ceramic has been oxi-
dized during annealing treatment in argon, and the reoxida-
tion process during furnace cooling has been limited by an-
nealing in this reducing atmosphere. Hence, the thickness of
grain boundary layers for the CCTO-Ar has reduced to a
thinner layer compared to CCTO.

In our previous work,17 the dielectric behavior of CCTO
has been interpreted based on the Maxwell–Wagner model.
From this model, Liu et al.21 estimated the dielectric constant
of bulk CCTO, i.e., �s���gb�dg+dgb� /dgb, where �gb is the
dielectric constant of grain boundary layer, and dg and dgb
are the thicknesses of grain and grain boundary layers, re-
spectively. Therefore, the increase in the dielectric constant
of CCTO-Ar is possibly due to the decrease in its dgb. Bueno
et al.30 used dielectric spectroscopy to examine CCTO to
demonstrate that at low frequency, the contribution of the
grain boundary can be separated from the total dielectric re-
sponse. At present, we propose that the increment of �� for
CCTO-Ar at low frequency is contributed by grain bound-
aries, which arise from the loss of oxygen and limited reoxi-
dation during furnace cooling. This suggests that the anneal-
ing treatment modifies the defect equilibrium at this region.
At high frequency, the �� of CCTO-Ar slightly changes, as
compared to the �� of CCTO. This corresponds to the un-
changed value of Ea for the grains of the samples before and
after postsintering annealing. In contrast, the values of �� and
tan � for the 25%LTNO-Ar are unchanged with Ar annealing
over the measured frequencies. We think that annealing in
argon does not cause a significant change in the total polar-
ization at the grain boundary of the 25%LTNO-Ar because
there are LTNO nanoparticles located between grain bound-
aries of the CCTO matrix.11 This suggests that the LTNO has
more contribution on polarization at this region than the
grain boundary of CCTO matrix.

Figures 5�a� and 5�b� show the stress dependent dielec-
tric properties of CCTO-Ar and 25%LTNO-Ar, respectively.
It is clearly observed that the dielectric properties of both
samples change significantly with applied compressive
stress. The absolute change of �� can reach 16% and 7% at

FIG. 3. �Color online� The frequency dependence of dielectric dispersions
of CCTO ceramic and CCTO-LTNO composites after postsintering anneal-
ing in argon at 1000 °C measured at −50 °C. �a� the real part �� and �b� the
imaginary part ��. The inset displays the Arrhenius plot of log log��� vs
1000 /T.
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the maximum stress of 130 MPa for CCTO-Ar and
25%LTNO-Ar, respectively. However, the changes in dielec-
tric properties with the stress in the CCTO-Ar and
25%LTNO-Ar follow opposing trends. For the CCTO-Ar,
both �� and tan � increase with increasing stress and inter-
estingly continue to decrease upon the reduction of the ap-
plied stress �Fig. 5�a��. On the other hand, the dielectric
properties of the 25%LTNO-Ar sample decrease when the
stress is increased in the range of 0–40 MPa, and beyond
this range, �� and tan � are almost unchanged with compres-
sive stress �Fig. 5�b��. As previously discussed,17 the
CCTO-Ar possesses very much higher concentration of the
oxygen vacancies in the grain boundaries, as compared to the
25%LTNO-Ar. With lower concentration of oxygen vacan-
cies, 25%LTNO-Ar should contain more mobile dipoles that
can easily be activated by the applied stress. Hence, this
leads to a stress-induced aging mechanism,17,31 which results
in the decrease in �� and tan � at the low stress level. In the
case of the CCTO-Ar, with very high concentration of the
oxygen vacancies, there are competing mechanisms between
the stress-induced aging and the elastic deformation. Ini-
tially, with the stress-induced aging mechanism still dominat-

ing, most of the oxygen vacancies come to rest at the grain
boundaries and stabilize the stress influence, as it is observed
that the dielectric properties are rather stable at a lower stress
level.17,31 A further increase in the compressive stress may
result in a slight decrease in the grain boundary thickness.
The effective dielectric properties of this ceramic, which can
be regarded as the IBLC,12 therefore increase, and the de-
crease in the effective dielectric properties follows with the
reduction of the stress, as observed in Fig. 5�a�. Here, we
attribute that the differenes in the absolute change of �� un-
der compressive stress are closely related to the concentra-
tion of oxygen vacancies in the grain boundary.

IV. CONCLUSION

In conclusion, the giant dielectric behaviors of polycrys-
talline CaCu3Ti4O12 and CaCu3Ti4O12–Li0.3Ti0.02Ni0.68O
composites subjected to postsintering annealing and com-
pressive stress were investigated. The dielectric behavior of
all samples after postsintering annealing still exhibits a
Debye-like relaxation. A significant increase in �� was ob-
served for CCTO-Ar at low frequency, whereas an unchange

FIG. 4. �Color online� Room temperature �� and tan �
of �a� CCTO and �b� 25%LTNO, before and after
postsintering annealing.
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in �� was observed for 25%LTNO-Ar. The dielectric proper-
ties of both CCTO-Ar and 25%LTNO-Ar samples change
significantly with the applied compressive stress, and this
can be explained by the stress-induced aging mechanism.
The different bases in dielectric behaviors of the two ceram-
ics can be explained by the level of concentration of oxygen
vacancies in the grain boundaries after postsintering anneal-
ing.
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a b s t r a c t

The correlation between high dielectric response and electrical conductivity in CuO ceramic was

investigated. The dielectric dispersion was in good agreement with the Debye-like relaxation model at

low temperature, but it deviated from the model at low frequencies as the temperature increased. High-

ε′ response in our CuO ceramic was attributed to the contributions of grain and GB corresponding to the

grain and GB conductivity relaxations, respectively. The conductivity of GB was found to increase with

increasing dc bias.

© 2008 Elsevier Ltd. All rights reserved.

In recent years, high dielectric materials have been attracting
much attention due to their potential applications in the micro-
electronic industry. These materials include CaCu3Ti4O12 [1–11],
LixTiyNi1−x−yO [12,13], and CuO [14]. Among them, CuO is of great
interest because it is a low cost, lead free environmentally friendly
material, and is simple compound which is easy to prepare in the
pure form and is available commercially on a large scale [15]. So
far, only a few studies have reported on the dielectric properties
and the origin of high- ε′ of CuO ceramics [14–16]. Most recently,
we reported the giant dielectric constant ε′ of ∼2.8 − 3.7 × 104

observed in high purity CuO (99.999%) ceramics with grain sizes of
4.57± 1.71 and 9.57± 3.01 μm [17]. The ε′ and Ea were found to
increase with an increase in grain size, due to the different electri-
cal properties in the grains. The high dielectric response observed
in these CuO ceramics can be described by the IBLCmodel. We also
observed that the resistance of grain boundaries (Rgb) and the di-
electric constant of the CuO samples decrease with increasing dc
bias due to the decrease of grain boundaries capacitance, whereas
the resistance of grains (Rg) remains constant.

It is known that the measurements of ac conductivity can pro-
vide the underlying mechanisms of relaxation and also give a

∗ Corresponding author. Tel.: +66 43 202222; fax: +66 43 202374.

E-mail addresses: sanmae@kku.ac.th, santimaensiri@gmail.com (S. Maensiri).

straightforward method to separate the contributions of grain, GB,

and electrodes through their frequency and/or temperature depen-

dent response characteristics [18]. Understanding of ac conduc-

tion mechanisms can describe the grain and GB contributions to

the overall electrical conductivity of materials. To date, only a few

studies have reported on the ac conductivity response of high-ε′
CuO ceramic, which is closely related to the formation of high per-

mittivity in CuO ceramic.

In this study, we report the relationship between high-ε′
response and electrical conductivity in CuO ceramic. The results

indicate that both the grain and GB contributions are responsible

for the high-ε′ value at low and high temperatures, respectively.

Both contributions have connections with the apparent grain

and GB conductivity relaxations, respectively. Our results also

demonstrate that the conductivity of GB strongly increase with

increasing the dc bias.

High purity CuO (99.999%, Cerac) powder was used to fabricate

a polycrystalline CuO ceramic. The CuO powder was pressed into

disk and then sintered at 920 ◦C for 10 h. The sintered CuO ceramic

was characterized by X-ray diffraction (XRD) (Philips PW3040,

The Netherlands) and scanning electron microscopy (SEM) (LEO

1450VP, UK). The disk-shaped ceramic sample was polished and

electroded by silver paint on both sides. It was allowed to dry

overnight. The dielectric response of the sample was measured

using a Hewlett Packard 4194A impedance gain phase analyzer

0038-1098/$ – see front matter© 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ssc.2008.06.020
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Fig. 1. XRD pattern of polycrystalline CuO ceramic; inset is the SEMmicrograph of

the surface for CuO ceramic.

over the frequency ranging from 1 kHz to 1 MHz and at the
oscillation voltage of 1.0 V. The measurements were performed
over the temperature ranging from 213 to 353 K using an inbuilt
cooling–heating system. Each measured temperature was kept
constant with an accuracy of±1 K.

Fig. 1 shows XRD pattern of the CuO ceramic, confirming amain
phase of monoclinic CuO (JCPDS card no. 80-0076). As illustrated
by the SEM image in the inset of Fig. 1, the CuO ceramic is dense
having obvious grain and GB structures. The mean grain size is
about 4.57± 1.71 μm.

Fig. 2(a) shows frequency dependence of giant-ε′ as a function
of temperature. It is seen that ε′ shows a Dabye-like relaxation,
i.e., ε′ decreases dramatically at the frequency where ε′′ shows a
relaxation peak, and the relaxation peak in the sample shifts to
higher frequency at higher temperature (does not present). This
implies that the polarization may fully develop at sufficiently low
applied frequencies at fixed temperature, but if the frequency of
the applied field is too high then the field is reversed before the
polarization responds. However, when the temperature is high,
the rate of polarization formed is quick, and thus the relaxation
occurs in high frequency. Normally, dielectric relaxation can be
empirically described by Debye-like or Cole–Cole relaxation [19].
To understand the physical nature of the giant-ε′ as mentioned
above, the frequency dependence of giant-ε′wasplotted, and these
data were fitted to the Cole–Cole equation:

ε∗ = ε′ − jε′′ = ε∞ + εs − ε∞
1+ (jωτ)1−α

, (1)

where εs and ε∞ are respectively the static and high frequency
limits of dielectric permittivity, τ is the relaxation time, and α is
a constant (0 ≤ α ≤ 1). For an ideal Debye relaxation, α = 0. If
α > 0, it implies that the relaxation has a distribution of relaxation
times, leading to a broader peak shape than aDebyepeak. As shown
in Fig. 2(a), a nearly monodispersive nature of dielectric relaxation
is observed in our CuO ceramic with a very small α parameter
(0.05–0.07). The rapid decrease in τ (from 4.70 to 0.22 μs) with
increasing temperature (from 213 to 293 K) is suggestive of an
increasing dipole density and faster polarization process [12]. From
the fitted results, the dielectric relaxation in CuO ceramic can be
concluded as a nearly Debye relaxation, which is attributed to
the dipole relaxation related to the defects in the grain interiors
or other motions which do not involve long-range displacement
of mobile charge carriers [16]. Note that, at low temperature the
experimental curves are quite well fitted using Eq. (1). However,
with increased temperature, a disagreement between them could

Fig. 2. (a) The frequency dependence of ε′ for CuO ceramic at various temperatures;

the solid lines represent calculated values of Eq. (1), assuming a Cole–Cole model.

(b) ac conductivity as a function of frequency at various temperatures of CuO

ceramics and the solid lines 1–3 are the fittings according to Eq. (2); inset is the

Arrhenius plot of the conductivity of the grain boundary.

be observed at low frequencies. This might be attributed to the GB
effect, and it can be responsible for up to 30% (at 1 kHz and 293 K)
of the total ε′ of CuO ceramic.

To clarify the electrical conductivity in our polycrystalline
CuO ceramic, electrical properties were further characterized by
ac conductivity. As demonstrated in Fig. 2(b), there are two
plateaus of behavior. First, the plateau at higher frequencies with
the conductivity does not increase rapidly at high frequency
and is referred to as the bulk conductivity relaxation [20]. This
region shifts to higher frequencies as the temperature increases
and it moves out of the frequency range of our experiment
at higher temperatures (>273 K). Second, at low frequencies,
another plateau can be observed. Here, it is referred to as the
GB conductivity relaxation [18], and this can be ascribed by the
relation

σ = σgb + A1f
p + A2f

q, (2)

where σgb is GB conductivity and the parameter A1, A2, p, and
q are constants. In Eq. (2), the σgb + A1f

p term describes the
grain-boundary conductivity relaxation [21].With f increasing, the
conductivity of CuO ceramic changes from the GB conductivity
relaxation to the bulk conductivity relaxation [21]. In Fig. 2(b),
the solid lines 1–3 are the fitting curves according to Eq. (2).
Interestingly, we have observed that the exponents p and q
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Fig. 3. Frequency dependence of conductivity σ at room temperature under

different dc bias electric field for CuO ceramic; inset is the frequency dependence

of ε′ for under 0–3 dc bias.

vary from 0.85 to 0.94 and 1.69 to 2, respectively. The value
of A1 increases from 7.8 × 10−10 to 2.5 × 10−9 S/cm, while
the value of A2 decreases from 4.8 × 10−12 to 1.5 × 10−14 as
temperature increases from 213 to 323 K. Note that the fitted σgb

values followed Arrhenious-like equation (inset of Fig. 2(b)), σ =
σ1 exp(−Ea/kBT ) [20], and the activation energy for conduction at
GBwas obtained to be 0.196 eV. This value is little higher than that
of the activation energy required for relaxation, 0.184 eV (does not
present) which τ is obtained from the fitted values using Eq. (1).

The influence of dc bias on ac conductivity of CuO ceramic was
also studied, as presented in Fig. 3. The solid lines 1–3 are the
experimental results showing curves fitted according to Eq. (2). The
underlying fitted σgb values, shown in the inset of Fig. 3, increase

from 3.80×10−5 to 2.25×10−3 S/cm as the dc bias increases from
0 to 3 V, revealing the strong electric field dependent nature of σgb.

We now turn to see the relationship between the observed
high-ε′ and the related conduction in CuO ceramic. As shown in
Fig. 2(a), there are two main contributions to the high-ε′ response
in CuO ceramic: grain and GB contributions. Based on a Debye-
like relaxation model, our measured data at low temperature was
found to be in good agreement with the model and this indicates
that the dielectric response in such material is associated with the
permanent dipole orientation and/or the short-rangedisplacement
of mobile charge carriers inside the grains [22]. However, the
displacement of charge carriers is most likely to be responsible
for the dielectric response in CuO ceramic due to the presence
of the microscopic amount of Cu3+ inside the grains [15,16]. This
corresponds to the observed bulk conductivity relaxation at low
temperature, as shown in Fig. 2(b). Moreover, we think that the
presence of defects (such as oxygen vacancies) and existence of
domain boundaries (DBs) inside the grains might be responsible
for the high-ε′ at low temperature. However, the evidence of such

defects and DBs is beyond the scope of our work and further
work is needed to make a more detailed explanation. When the
temperatures increased, the experimental data deviated from the
model at low frequencies. We attribute the deviated data to the
effect of the GB dielectric response, which is confirmed by the
observed plateau at low frequencies for GB conductivity relaxation,
as shown in Fig. 2(b). With the temperature increasing, more
charges accumulate at the two sides of the boundary layer,which is
responsible for the highermagnitude of the interfacial polarization
and contributing to the total dielectric value of CuO ceramic.

In conclusion, high-ε′ dispersion observed in CuO ceramic can
be ascribed by a Debye-like relaxation model. High-ε′ response in
our CuO ceramic is attributed to the contributions of grain and
GB corresponding to the grain and GB conductivity relaxations,
respectively. Our result also reveals that the resistance of GB
increases with increasing dc bias.
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Abstract
Giant dielectric permittivity (Li, Ti)-doped NiO (LTNO) ceramics are prepared by a simple
PVA sol–gel method. The dielectric properties are investigated as a function of frequency
(102–106 Hz) at different temperatures (233–473 K). The concentration of Li has a remarkable
effect on the dielectric properties of the LTNO ceramics. The modified Cole–Cole equation,
including the conductivity term, is used to describe the experimental dielectric spectra of a high
permittivity response with excellent agreement over a wide range of frequencies (103–106 Hz)
and temperatures (233–313 K). A frequency dielectric dispersion phenomenon in an LTNO
ceramic is also analyzed by impedance spectroscopy. A separation of the grain and grain
boundary properties is achieved using an equivalent circuit model. The grain and grain
boundary conduction and the dielectric relaxation time of the Li0.05Ti0.02Ni0.93O follows the
Arrhenius law associated with estimated activation energies of 0.216, 0.369 and 0.391 eV,
respectively. Through the analysis by the modified relaxation model and impedance
spectroscopy, it is strongly believed that the high dielectric permittivity response of the LTNO is
not only contributed by the space charge polarization (Maxwell–Wagner polarization)
mechanism at low frequency regions, but also by the defect-dipole polarization mechanism at
high frequency regions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High permittivity Bi/Pb-free dielectric materials with good
thermal stability have particularly attracted ever-increasing
attention for their practical applications in microelectronics
such as capacitors and memory devices. These materials
include CaCu3Ti4O12 (CCTO) [1], some Fe-containing
complex perovskites A(Fe1/2B1/2)O3 (A = Ba, Sr, Ca and
B = Nb, Ta, Sb) [2, 3], (M, N)-doped NiO (M = Li,
Na, K and N = Ti, Al, Si, Ta) [4–10] and CCTO–LTNO
composites [11]. They generally exhibit a very high and nearly
temperature-independent dielectric permittivity at evaluated

3 Author to whom any correspondence should be addressed.

temperatures. Several models have been already proposed to
explain the origin of high dielectric permittivity (high ε′) in
these compounds [12–15]. Nowadays, it is generally accepted
that high ε′ in CCTO ceramics are electrically heterogeneous
consisting of semiconducting grains and insulating grain
boundaries [16]. Therefore, high ε′ in the CCTO is associated
with an internal barrier layer capacitance (IBLC) effect due to
the development of Schottky barriers at grain boundaries rather
than being due to an intrinsic contribution. Hence, polarization
effects at insulating grain boundaries between semiconducting
grains or other internal barriers generate extrinsic high ε′,
accompanied by a strong Maxwell–Wagner (MW) relaxation
mode. However, some fundamental questions regarding

0953-8984/08/395227+11$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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the composition–property relationships remain unanswered.
For example, what is the origin and composition of the
semiconductive grain and insulating grain boundary in CCTO?
For other high-ε′ materials apart from CCTO, a grain boundary
(internal) barrier layer capacitor has also been evoked to
explain these high permittivity phenomena.

For nonperovskite materials (M, N)-doped NiO (M =
Li, Na, K and N = Ti, Al, Si, Ta), it is now
widely accepted that the high ε′ at radio frequencies
near room temperature is associated with the IBLC effect,
arising from core/shell structure, which induces Maxwell–
Wagner polarization (i.e. interfacial polarization) at the
interfaces between grains (semiconducting/high conducting
region) and grain boundaries (insulating/low conducting
region) [4, 7, 17, 18]. The N dopant is rich on the grain
boundaries (indigent within the grains) and forms a second
phase, which acts as an insulator enclosing the core of the
grain, which is semiconductive M-doped NiO particles, and the
polarization relaxation is closely related to the conductivity in
the grain interior [17]. Raevski et al [2] have suggested that the
effective dielectric permittivity (ε′) of the core/shell structure
at very low frequency can be estimated as ε′ ≈ ε2(t + d)/d ,
where ε2 is the dielectric permittivity of the grain boundary
(shell) and t and d are the size of the conducting grain (core)
and the thickness of the shell, respectively. This relation is
consistent with the experimental results, reported by Wu et al
[4]. Namely, the dielectric permittivity of LTNO ceramics
decreases with increasing Ti dopant (d increased). In contrast,
Zhang et al [19] reported that high dielectric permittivity of
an (Li, Ti)-doped NiO thin film with 200 nm in thickness
increases with increasing Ti content. Moreover, Lin et al [18]
have proposed that the huge dielectric permittivity response
of Lix TiyNi1−x−yO (LTNO) could also be enhanced by the
polarization of defect dipoles. Therefore, the Ti-dopant in
LTNO ceramics and thin films may not only act as insulator,
which restricts the long-range migration of charge carriers, but
also contributes to the dielectric properties.

Unfortunately, only a few studies have focused on the
defect-dipole polarization response of these materials to
characterize relaxation processes, which are closely related to
the formation of high permittivity in LTNO ceramics. Most
recently, we reported that the polymerized complex (PC)
method can be used to synthesize ∼39 nm nanoparticles of
Li0.3Ti0.02Ni0.68O and to fabricate ceramics showing ε′ ∼ 105–
106. However, the Li0.3Ti0.02Ni0.68O powders prepared by this
method contained some second phase (i.e. Ni).

In this paper, a nonperovskite and nonferroelectric high
permittivity core/shell structured materials, Li and Ti co-doped
NiO (LixTi0.02Ni0.98−xO, where x = 0.05 0.10 and 0.20),
are successfully synthesized by a simple polyvinyl alcohol
(PVA) sol–gel method. The PVA sol–gel method is a chemical
solution process, which has received considerable attention
due to its relative simplicity and usefulness for obtaining a
homogeneous and fine powder precursor [20]. The synthesized
fine LTNO powders and ceramics are characterized by x-
ray diffraction (XRD) and scanning electron microscopy
(SEM). The high dielectric permittivity and its relaxation were
investigated on the LTNO ceramics. It is suggested that

such a high dielectric response of LTNO could be partially
enhanced by the IBLC mechanism through MW relaxation
at low frequency (<1 kHz), and partially associated with the
polarization of defect dipoles above 1 kHz. Both contributing
factors are thermally activated mechanisms.

2. Experimental details

Ni(NO3)2·6H2O (99.9%, Kento), LiNO3 (98%, Panreac),
titanium(diisopropoxide) bis(2,4-pentanedionate) 75 wt% in
2-propanol (C16H28O6Ti, Ti solution) (99%, Acros), citric
acid (C6H8O7·H2O, 99%, BDH) and polyvinyl alcohol
(PVA) ([–CH2CHOH–]n, Mn = 72 000, Fluka) were
employed as starting raw materials. The polycrystalline
LTNO ceramic samples with different contents of Li,
i.e. Li0.05Ti0.02Ni0.93O (LTNO-05), Li0.10Ti0.02Ni0.88O (LTNO-
10) and Li0.20Ti0.02Ni0.78O (LTNO-20) were designed and
prepared by the following procedure. Firstly, 5 g of citric acid
was dissolved in 95 ml of distilled water (CA solution) with
constant stirring using a magnetic stirrer at room temperature,
and then 5 g of PVA was added to this solution by stirring
at 473 K to obtain the polymer solution network. Secondly,
stoichiometric amounts of Ni(NO3)2·6H2O and LiNO3 were
added to this solution. Subsequently, Ti solution was slowly
added into the mixed solution, followed by stirring and heating
at 353 K to form the transparent gel. Note that the ratio of
CA solution: PVA: total amount of the precursors is about
100:5:10 wt%. Then, the gel precursor was dried at 393 K
overnight. To obtain the LTNO powders, the dried gel was
ground and later calcined at 923 K for 10 h in air. The resulted
powders were pressed into pellets 16 mm in diameter and ∼1–
2 mm in thickness by a uniaxial pressing method at 200 MPa.
Finally, these pellets were sintered at 1523 K for 5 h in air.

To reveal the phase composition and microstructure,
the LTNO powders and ceramics were characterized by x-
ray diffraction (XRD) (Philips PW3040, The Netherlands),
energy-dispersive spectroscopy (EDS), and scanning electron
microscopy (SEM) (LEO 1450VP, UK), respectively. The
ceramic samples were polished and electroded by silver
paint on both sides of the disc-shaped samples. They
were allowed to dry overnight. The dielectric response of
the samples was measured using a Hewlett Packard 4194A
impedance gain phase analyzer over the frequency ranges
from 100 Hz to 1 MHz and at the oscillation voltage of
1.0 V. The measurements were performed over the temperature
ranges from 233 to 473 K using an inbuilt cooling–heating
system. Each measured temperature was kept constant with
an accuracy of ±1 K.

The complex impedance (Z∗) of the samples was
calculated from the relation

ε∗ = ε′ − jε′′ = 1

jωC0 Z∗
(1)

where ε′ and ε′′, respectively, are the real part and imaginary
part of the complex permittivity (ε∗). ω is the angular
frequency (ω = 2π f ) and j = √−1. C0 = ε0S/d is the
empty cell capacitance, where S is the sample area and d is
the sample thickness. The values of ac conductivity (σac) were
derived from

σac = ε0ωε′′. (2)

2
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Figure 1. XRD patterns of LTNO powders and ceramics.

Table 1. Lattice parameter a and grain size of the LTNO ceramics.

Sample
Lattice
parameter (Å)

Grain
size (μm)

LTNO-05 4.165 6.29
LTNO-10 4.169 4.80
LTNO-20 4.164 6.99

3. Results and discussion

Figure 1 shows the XRD patterns of the LTNO powders and
the sintered ceramics with different Li contents, confirming
a possibility to produce the LTNO phase at a much lower
reaction temperature compared to those prepared by the sol–
gel route [4] and PC method [5]. All of the main peaks are
comparable to those of the powder diffraction pattern of NiO
in JCPDS card no. 78-0429 and those reported in the literature
for cubic NiO [18, 21]. However, the second phase of LiTiO2 is
observed in the sintered LTNO-20 sample (JCPDS card no. 74-
2257). The lattice parameters, determined from the diffraction
patterns using Cohen’s method, are summarized in table 1.
These values are close to values reported in JCPDS card no.
78-0429 for cubic NiO with the lattice distortion of ∼0.05–
0.3%. The SEM micrographs, shown in figure 2, reveal that
the LTNO ceramics are dense and have obvious grain and grain
boundary structure. The mean grain sizes are about 6.29±2.11,
4.8 ± 1.51 and 6.99 ± 2.28 μm for LTNO-05, LTNO-10 and
LTNO-20, respectively.

Figure 3(a) shows a typical SEM image of the fracture
surface of the LTNO-05 sample; labeled with numerals 1–3 are
the EDS measurement points. The EDS spectrum at point 2 is
shown in figure 3(b), confirming the presence of Ti dopant in
the microstructure of our LTNO-05 sample. The results of the
EDS measurements at the grain and grain boundary regions,
shown in figure 3(c), indicate that the Ti component can be
found in both the grain and grain boundary layer. However, the
concentration of Ti content at the grain boundary (point 2) was
higher than that in the grain (points 1 and 3).

The temperature dependence of the real part of the
complex permittivity (ε′) and dissipation factor (tan δ = ε′′/ε′)
of LTNO-05 is shown in figure 4(a) at selected frequencies
between 0.5 and 500 kHz. ε′ is nearly independent of
temperature above a characteristic temperature, increasing

4 μm

4 μm

4 μm

Figure 2. SEM micrographs of LTNO ceramics: (a) LTNO-05,
(b) LTNO-10 and (c) LTNO-20.

with frequency increase. It attains a high value of ε′ ∼ 104,
which is close to the value reported in [4] and much larger
than that of pure NiO of ∼30 (at 1 kHz). The high ε′ for
LTNO is not related to the intrinsic nature of ferroelectricity (a
thermally driven phase transition) [4]. Below the characteristic
temperature, a rapid decrease of ε′ by about two orders of
magnitude is observed, being accompanied by the appearance
of corresponding relaxation peaks in the tan δ. The peak
shifts to lower temperature as the frequency decreases. This
confirms the thermally activated behavior which is typical for
the Maxwell–Wagner relaxation. At high temperature and
low frequency, the increase in tan δ may be attributed to the
migration of excited electrical particles.

Figure 4(b) shows the temperature dependence of ε′ and
tan δ for LTNO-05, LTNO-10 and LTNO-20 at 1 kHz. The
ε′ values at room temperature for the LTNO-05, LTNO-
10 and LTNO-20 samples are 9063, 74499 and 128236,
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Figure 3. (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.

respectively. The ε′ value for the LTNO-20 sample is nearly
14 times larger than that for the LTNO-05 sample. It is
well known that NiO is a Mott–Hubbard insulator at room
temperature [22]. However, introduction of Ni2+ vacancies
(V ′′

Ni) and/or doping with monovalent cation impurities like
Li+ can dramatically increase the conductivity of NiO and
thus NiO becomes semiconducting due to these defects [18].
Earlier works [4, 17] have shown that the Ti dopant is rich on
the grain boundaries but indigent within the grains in (Li, Ti)-
doped NiO ceramics. Thus the interiors of the grains for LTNO
are semiconducting (i.e. Li-doped NiO), while the shells of the
grains are Ti-rich insulating boundaries (e.g. NiTiO3). The
giant dielectric permittivity observed in our (Li, Ti)-doped NiO
ceramics is therefore caused by its microstructure, because of
the creation of an effective circuit of parallel capacitors, as
found in boundary layer capacitors (BLC) [23]. According
to the BLC structure and Maxwell–Wagner models, under an
applied electric field the carrier conducting access is blocked
by the Ti-rich boundary layer and thus the opposite charges
will accumulate at the two edges of the insulator layer, creating
a macroscopic electric dipole, which can be considered as
a micro-parallel capacitor. As a result, the polarization
formation primarily depends on the accumulation of charge via
conduction in the grain interior. Therefore, an LTNO ceramic
with higher Li concentration will possibly process more
polarization and ascribe to the boundary layer capacitance
effects. The highest dielectric permittivity seen in the LTNO-
20 is therefore due to its higher Li concentration compared
to those of the LTNO-10 and LTNO-05 samples. Note that,

because the doping concentration of Ti is kept constant, the
difference in dielectric behavior of LTNO samples can only
be attributed to the effect of Li. As shown in figure 4(b),
with the increase in temperature, the ε′ values of LTNO-10
and LTNO-20 samples drop rapidly. This corresponds to the
strong increases in their tan δ values at the same temperature
range. Such electrical responses of the LTNO-10 and LTNO-20
samples in the high temperature region may be attributed to the
migration of excited electrical particles at high temperatures.
However, the detailed description of the associated conduction
behavior goes beyond the theme of this paper.

To understand the possible mechanism for high permit-
tivity in LTNO-05, the real part (ε′) and imaginary part (ε′′)
of the complex permittivity are plotted as a function of fre-
quency over a temperature range of 233 and 313 K, as shown
in figures 5(a) and (b). It is clear that ε′ and ε′′ show a
Debye-like relaxation, namely ε′ displaying a step decrease at
the frequency and the relaxation peak shifting to higher fre-
quency with increasing temperature. At high temperature, ε′
increases in the low frequency range (<1 kHz), and with in-
creasing frequency up to 104–105 Hz, a sharp decrease of ε′
is observed. Normally, space charge (interfacial) polarization
occurs when mobile charge carriers are impeded by a physical
barrier (i.e. grain boundary) that inhibits charge migration. The
charges then pile up at the barrier, producing a localized po-
larization within grains [24]. With increased temperature, the
density of charges contributing to the space charge polarization
is sufficiently large. The frequency range of sensitivity for such
polarization may extend from 10−3 Hz into the kilocycle range,
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Figure 4. (a) Temperature dependences of ε′ and tan δ for LTNO-05
at selected frequencies and (b) the temperature dependence of ε′ and
tan δ for LTNO-05, LTNO-10 and LTNO-20 at 1 kHz.

producing a very large ε′ in this region. Therefore, the increase
in ε′ at low frequency is possibly due to space charge polariza-
tion. For the step-like decrease in ε′ at the frequency range of
103–105 Hz (corresponding to the respective relaxation peaks
in ε′′) as shown in figure 5(b), dielectric relaxation in this re-
gion may be ascribed to the defect-dipole polarization effect,
which appears at radio-frequency ranges. In general, there are
two main effects responsible for the mechanism of polariza-
tion: the frequency of applied electric field and temperature.
According to the effect of frequency, at fixed temperature, if an
alternating field is applied then the polarization may fully de-
velop at sufficiently low applied frequencies (the polarization
and the field are in phase) but if the frequency of the applied
field is too high then the field is reversed before the polariza-
tion has responded and no response will be the result of the
net effect. The magnitude of the polarization thus drops off as
the frequency is increased. For the effect of temperature [7],
at low temperature, the electric dipoles freeze through the re-
laxation process, and there exists decay in polarization with
respect to the applied electric field, which results in the sharp
decrease in ε′. When the temperature is high, the rate of polar-
ization formed is quick, and thus the relaxation occurs in high
frequency as shown in figure 5(a).

In general, the frequency-dependent behavior of ε′ and
ε′′ of high dielectric permittivity can be well described by the
simple Cole–Cole relaxation equation, which ignores the effect

of the electrical conduction [25, 26]:

ε∗ = ε′ − jε′′, (3)

ε∗ = ε∞ + εs − ε∞
1+ (jωτ)1−α

, (4)

where εs and ε∞ are respectively, the static and high frequency
limits of dielectric permittivity, τ is the most probable
relaxation time and α is the Cole–Cole parameter with values
between 0 and 1. For an ideal Debye relaxation, α = 0.
If α > 0, it implies that the relaxation has a distribution of
relaxation times, leading to a broader peak shape than a Debye
peak. However, when the electrical conductivity is dominated
at the low frequency range as shown in figures 5(a) and (b), a
contribution term by electrical conduction is generally added
to the relaxation equation. The modified Cole–Cole equation
that incorporates the conductivity term is given by [3, 27]

ε∗ = ε∞ + εs − ε∞
1+ (jωτ)1−α

− j
σ ∗

ε0ωs
(5)

where σ ∗(σ ∗ = σ1 + jσ2) is the complex conductivity. Here
σ1 is the conductivity due to the free charge carrier (dc
conductivity) and σ2 is the conductivity due to the space
charges (localized charges) and s is a dimensionless exponent
(0 < s < 1). For an ideal complex conductivity, s = 1. If
s < 1, it implies that the polarization has a distribution of
the carrier polarization mechanism. From this relation, the
complex permittivity can be decomposed into the real and
imaginary parts. i.e.

ε′ = ε∞ + (εs − ε∞)
{
1+ (ωτ)1−α sin (απ/2)

}
1+ 2 (ωτ)1−α sin (απ/2)+ (ωτ)2−2α

+ σ2

ε0ωs
,

(6)
and

ε′′ = (εs − ε∞) (ωτ)1−α cos (απ/2)

1+ 2 (ωτ)1−α sin (απ/2)+ (ωτ)2−2α
+ σ1

ε0ωs
. (7)

It is clearly seen from equations (6) and (7) that
the conductivity may have contributions to the dielectric
permittivity (ε′) and dielectric loss (ε′′). The first term of
equation (7) is the part of the losses associated with the
dielectric relaxation due to permanent dipole orientation or
other motions which do not involve long-range displacement
of mobile charge carriers, whereas the second term is the
part of the losses associated with long-range migration of
carrier response. From the above equations, the charge carrier
localization at defect sites and interfaces (σ2) can make a large
contribution to the dielectric permittivity, while the free charge
carrier (σ1) contributes to the dielectric loss.

Analysis of the experimental data was carried out on the
basis of equations (6) and (7). Typical fitting results are shown
in figures 5(a) and (b): the solid lines are the fitted curves
of experimental results. As clearly seen from figures 5(a)
and (b), the excellent agreement between experimental data
and calculated data over the entire range of frequencies and
temperatures for both ε′ and ε′′ is consistent with equations (6)
and (7) for LTNO-05 ceramic. We notice a disagreement
between the measured and calculated values for ε′ at low
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Figure 5. Frequency dependences of ε′ (a) and ε′′ (b) of LTNO-05 at various temperatures. The solid curves are the best fits to equations (6)
and (7) for ε′ (a) and ε′′ (b), 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.

frequencies (<1 kHz) at temperature above 273 K. This may be
due to the fact that some parts of the Ti dopant have entered into
the NiO crystal lattice [17] and have an influence on the space
charge localized inside the grain. Additionally, figure 5(c)
shows the evolution of the relaxation and dc conductivity
contributing on dielectric loss at 293 K. It is clearly seen
that there are two main factors responsible for the dielectric
relaxation of LTNO: dipole and conduction relaxation. A
complete list of parameters used in the calculation (	ε(εs −
ε∞), τ , α, s, σ1 and σ2) for LTNO-05 is shown in table 2. It is
also important to mention that the s values tend to increase
(s → 1) with increasing temperature (does not present),
indicating that the carrier polarization mechanism is weakly
dispersive at higher temperature, which might be attributed to
some barrier height extracted. For the value of α, a relatively
lower value of 1− α corresponds to a more disordered system.
Hence it can be inferred from the 1 − α values of LTNO-05
(0.66) and CCTO (0.91) [28] at 233 K that a relatively higher
disorder is present in LTNO-05 compared to that of the CCTO
system.

In order to elucidate the dielectric relaxation response in
LTNO-05, it is important to estimate the activation energy of
relaxations. Figure 5(d) shows the plot of log τ with 1/T , in
which the solid line is the fitted result obeying the Arrhenius
law:

τ = τ0 exp

(
Ea(τ )

kBT

)
, (8)

where τ0 is the relaxation time at an infinite temperature, Ea(τ )

is the activation energy for the relaxation, kB is the Boltzmann
constant and T is the absolute temperature. As shown in
table 2 and figure 5(d), the rapid decrease in τ with increasing

Table 2. Fitted results of 	ε(εs − ε∞), τ , α, s, σ1 and σ2 using the
experimental results with equations (6) and (7) in a different
temperature range for the LTNO-05.

T
(K)

	ε =
(εs−ε∞) α s

τ
(μs)

σ1

(10−4 S m−1)
σ2

(10−4 S m−1)

233 8700 0.340 — 170 — —
253 8250 0.320 0.8 38 0.080 0.021
273 7800 0.300 0.8 10 0.210 0.053
293 7500 0.280 0.8 3.1 0.460 0.180
313 7000 0.275 0.85 1.2 1.350 0.640

temperature is suggestive of an increased dipole density and
faster polarization process [4]. According to the fitted curve
for the LTNO-05 sample, the activation energy Ea(τ ) value of
the relaxation process is 0.391 eV and τ0 = 6.35 × 10−13 s.
Additionally, the value of Ea(τ ) is higher than that of 0.313 eV
as reported by Wu et al, for Li0.05Ti0.02Ni0.93O [4]. It is
important to note that, with increasing Li concentration, the
relaxation peak moves out of the measured frequency range,
which is similar to that reported by Wu et al [4]. Thus, the
Ea(τ ) values of the LTNO-10 and LTNO-20 samples could not
be obtained.

As previously mentioned, the addition of Li2O to NiO
leads to an increase in conductivity, and some defects can be
introduced due to different valences of doped ions. For every
added Li+, one Ni2+ is promoted to the Ni3+ state, which is the
lost electron filling a state in the oxygen 2p valence band. The
lattice now contains Ni2+ and Ni3+ ions on equivalent sites and
is the model situation for conduction by polaron hopping [29].
In the polaronic scenario, the nearest-neighbor hopping obeys
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0

Figure 6. (a) Frequency dependence of ac conductivity at various temperatures. (b) Arrhenius plots of the temperature dependence of
dc conductivity and (c) shows a typical conductivity spectrum of LTNO-05 ceramic at 293 K.

the Arrhenius-like law [30]

σ = σ ′1 exp

(−Ea(σ )

kBT

)
, (9)

where σ ′1 is a constant and Ea(σ ) is the conduction activation
energy. As shown in figure 5(d), we found that the fitted σ1 and
σ2 values at different temperatures follow the Arrhenius-like
law, in which the solid line is the fitted result. Accordingly,
in the LTNO-05 sample, both of the conduction activation
energies for the localized charge and free charge carrier,
Ea(σ2) = 0.263 eV and Ea(σ1) = 0.272 eV, were obtained,
respectively. As previously reported [4, 17], the polarization
relaxation has a close relation to the conductivity in the grain
interior, because the value of Ea(σ ) is almost the same as the
value for Ea(τ ). However, both values are different from our
experimental results, indicating that the dielectric relaxation
response in an LTNO-05 ceramic does not correspond to the
conductivity in the grain interior.

In order to understand the effect of the conductivity on
the dielectric properties of LTNO-05 ceramic, the frequency
dependence of ac conductivity (σac) was further characterized
over the temperature from 293 to 453 K. As shown in figure 6,
the σac shows a dispersion that shifts to higher frequency
with increasing temperature, and it decreases with decreasing
frequency, and then it nearly saturates to a constant value at
low frequency. Extrapolating these curves at low frequencies
gives the dc conductivity (σdc). As illustrated in figure 6(c),
the frequency dependence of ac conductivity at 293 K, a
typical conductivity–frequency spectrum is divided into three

parts [31]. In region I, according to the jump relaxation model,
since at low frequency and/or at high temperature the electric
field cannot perturb the hopping conduction mechanism of
charged particles, the conductance is approximately equal to
the dc value and the conduction mechanism is the same as
that for dc conduction as mentioned above, i.e. hopping of
charged particles from one localized site to another. The
conductivity begins to increase nonlinearly after the frequency
exceeds the critical frequency fc in region II due to the fact
that the capacitor admittance becomes numerically larger than
the resistor admittance with increasing frequency. In region
III, conductivity becomes proportional to frequency, resulting
in nearly constant loss (NCL). In most materials, the NCL
regime dominates the ac conductivity at high frequency or
low temperature [32]. Here, we are interested in only region
I (dc conducting region), but detailed descriptions of the
associated conduction behavior in regions I and II go beyond
the theme of this paper. As shown in figure 6(b), the resulting
σdc follows an Arrhenius-like law in equation (9) with the
estimated conduction activation energy of Ea(cond) = 0.390 eV.
From this result, it is seen that the activation energy required
for the relaxation (Ea(τ ) = 0.391 eV) is almost the same
value as the activation energy required for hopping of charged
particles. However, it is premature to associate the polarization
relaxation with the conductivity because the activation energies
of the two processes were carried out at different temperature
ranges.

In order to clarify the observed behavior as mentioned
above, we used impedance spectroscopy (IS) analysis to study
the electrical behavior of LTNO-05 ceramic. Conventionally,
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Figure 7. Equivalent circuit used to represent the electrical
properties of a ceramic sample that exhibits grain (Rg, Cg) and grain
boundary (Rgb, Cgb) effects.

the bulk and grain boundary contributions to the overall
impedance can be resolved by exploiting differences in their
responses to an alternating applied field. Separation of the bulk
and grain boundary of the material is obtained by fitting the
experimental response to that of an equivalent circuit, which
is usually considered to comprise a series of parallel resistor–
capacitor (R–C) elements, as shown in figure 7. The circuit
consists of a series array of two subcircuits, one represents
grain effects and the other represents grain boundaries. Each
subcircuit is composed of a resistor and capacitor joined in
parallel. Let (Rg, Rgb) and (Cg, Cgb) be the resistances and
capacitances of grains and grain boundaries, respectively, then
the impedance Z∗ for the equivalent circuit in this system
is [15]

Z∗ = 1

R−1
g + jωCg

+ 1

R−1
gb + jωCgb

= Z ′ − jZ ′′, (10)

where

Z ′ = Rg

1+ (
ωRgCg

)2
+ Rgb

1+ (
ωRgbCgb

)2
(11)

and

Z ′′ = Rg

[
ωRgCg

1+ (
ωRgCg

)2

]
+ Rgb

[
ωRgbCgb

1+ (
ωRgbCgb

)2

]
,

(12)
where Z ′ and Z ′′ are the real and imaginary parts of complex
impedance. Figure 8(a) shows the frequency dependence of Z ′′
at different temperatures. As shown in figure 8(b), at 233 K, a
weak peak at about 500 kHz shifts to higher frequency with
decreased intensity as the temperature increases, and it moves
out of the frequency range of our experiment. However, with
the temperature increased above 273 K, a strong peak appears
in the measured frequency range as shown in figure 8(a),
which also moves to higher frequencies with a fall in intensity
as temperature increases. This implies that both electrical
responses are thermally activated. Based on equation (12),
the response peaks of the grains and grain boundaries are
positioned at 1/(2π RgCg) and 1/(2π RgbCgb), respectively,
and the peak values are proportional to associated resistances.
In general, the peak frequency for grain boundaries is much
lower than that for grains due to their large resistance and
capacitance compared with those of grains [12].

Figure 8(c) shows the impedance spectra for the
LTNO-05 ceramic at various temperatures. It can be
seen that the impedance semicircles became smaller with
increasing temperature, and two semicircles were observed
and overlapped according to figure 8(d). The appearance of
two semicircles strongly suggests that the core–shell model
is appropriate for further characterization. Therefore, in the
impedance spectra, we attribute the small semicircle at high
frequency, which corresponds to the weak peaks in figure 8(b),
to the grains, whereas we attribute the big semicircle at low
frequency, which corresponds to the strong peaks in figure 8(a),
to grain boundaries.

Figure 8. (a) Frequency dependence of the imaginary part (Z ′′) of impedance Z∗ at high temperatures and the solid curves are the best fits to
equation (14). (b) Frequency dependence of Z ′′ at low temperatures. (c) Impedance spectra as a function of temperature and the solid curves
are the best fits to equation (14). (d) Impedance plane plot at low temperatures.
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Table 3. Capacitances and conduction activation energies of grain
and grain boundary of the LTNO samples.

Capacitance (nF) Resistance (
)

Conduction
activation
energy (eV)

Sample
Cg

(233 K)
Cgb

(303 K)
Rg

(233 K)
Rgb

(303 K) Eg Egb

LTNO-05 0.023 5.0 1.32× 104 1.01× 105 0.216 0.369
LTNO-10 — 17.0 99 0.25× 103 — 0.302
LTNO-20 — 60.0 44 1.16× 103 — 0.307

As shown in figure 8(a), it is appropriate to fit the Z ′′
to a single RgbCgb parallel circuit due to the fact that the
response peaks of the grains are too weak to be analyzed
by equation (12), and it already moved out of the measured
frequency range. Hence, equation (12) has been reduced to

Z∗ = Rgb

1+ jωRgbCgb
. (13)

Unfortunately, equation (13) cannot be used to describe
the experimental data very well. However, we found that the
complex plane plot of Z∗ is better described by using the
Cole–Cole equation [25, 26], which is commonly used for
polycrystalline ceramic samples [15]:

Z∗ = Rgb

1+ (
jωτgb

)1−α
, (14)

where τgb = RgbCgb and the parameter α is constant (0 <

α � 1). By fitting the experimental data to equation (14), we
obtained the values of Rgb, Cgb and α at different temperatures.
The fitted values of α at different temperatures are in the
range of 0.21–0.14. The value of α appears to decrease with
increasing temperature. Rgb decreases from 1.5 × 106 
 at
253 K to 1.1 × 103 
 at 443 K, whereas Cgb = 5 nF is
almost constant over the temperature range of 253 and 443 K.
As shown in figure 8(d), the electrical response of the grain
dominated at low temperatures, and the Rg and Cg values
can simply be estimated by the relation that is similar to
equation (14), i.e. Z∗ = Rg/[1+ (jωRgCg)

1−β]. The fitted
values of Rg and Cg are tabulated in table 3.

Conductivity data, σ , where σ = R−1, were obtained
from the fitted Rg and Rgb values for the bulk (σg) and grain
boundary (σgb) components, and plotted against reciprocal
temperature in Arrhenius format, in which the solid lines
are the fitted results using equation (9). It is clearly seen
from figure 9 that both are well fitted with the Arrhenius-
like law. From the slopes of the fitted straight lines, we
obtain an activation energy of about 0.369 eV for grain
boundary and about 0.216 eV for grain, which indicate that
the grain and grain boundary have different electrical transport
characteristics. As previously reported, in the intermediate
temperature range, heavy doping (5–10%) of Li in NiO induces
a drop in activation energy from 0.9 eV to about 0.18 eV below
500 K [33]. It should be noted that the activation energy
of the conductivity in the grain interiors for our LTNO-05
sample is about 0.216 eV, which is higher than 0.18 eV as

0

Figure 9. The Arrhenius plots of the conductivities of the grain and
the grain boundary.

mentioned above. This is due to the fact that some part of
Ti is incorporated into the crystal lattice of NiO and some
defects are formed [17]. These results have an effect on the
electric conductivity in the grains. Note that the value of
grain conductivity activation energy in our LTNO sample is
lower than that of the LTNO sample prepared by the sol–gel
method, Ea(g) = 0.309 eV, reported by Wu et al [4]. This
may be attributed to the difference in the concentration of the
part of the Ti dopant that has entered into the grain interiors
due to the difference in the preparation method. In our case,
such a part of the Ti dopant may have a low concentration
inside the grain. This implies that the distribution of Ti
dopant in the LTNO microstructure is the only factor that
has an impact on the electrical properties of the bulk LTNO
ceramics. It is of special interest to note that the activation
energy of the conductivity in the grain interiors (Ea(g) ∼
0.216 eV (figure 9)) is significantly lower than the activation
energy required for relaxation (Ea(τ ) ∼ 0.391 eV (figure 5(c)))
as reported in the literature [7, 17]. In contrast, the value
of activation energy for relaxation processes (∼0.391 eV) is
close to the activation energy of the conductivity in a grain
boundary (∼0.369 eV). However, it is premature to associate
the high relaxation activation energy of the LTNO-05 sample
with its grain boundary conductivity activation energy because
there are several factors that have a strong effect on the
electrical properties of the LTNO ceramics, such as the defects
(vacancies) and internal domain within the grain. This implies
that high dielectric response in the LTNO ceramics is not only
contributed by the dc conductivity in the grain interiors, but
also by the defect dipoles.

It is widely accepted that the giant dielectric permittivity
in LTNO is extrinsic in origin, which can be attributed to
a Maxwell–Wagner relaxation mechanism in material, and
often arises in a material consisting of conductive grains
separated by insulating grain boundaries (or other insulating
interfaces) [12, 14]. Based on the Maxwell–Wagner relaxation
model, the measured ultrahigh dielectric permittivity and the
relaxation process in the complex permittivity as a function
of frequency can be easily understood. However, it is only
a simplified model of interfacial polarization based on an
equivalent circuit, and does not provide a physical explanation
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for the underlying polarization. Lin et al [18] used positron
annihilation spectroscopy to investigate defect properties in
LTNO and revealed that a large amount of defects exists in the
LTNO ceramics. Some defects can be introduced due to the
different valence of doped ions. This may be represented by
the reaction [18]

Li2O
NiO−→ 2Li′Ni + V ••

O + Ox
◦ (15)

TiO2
NiO−→Ti••Ni + V ′′

Ni + 2Ox
◦ . (16)

It is well known that NiO is p-dopable [34]. At room
temperature, free-hole density is low in pure NiO, because
the acceptor levels of the hole producer VNi are not close
enough to the valence band maximum to ionize most vacancies.
In other words, the free-hole density of cation-deficient of
NiO is limited by a too large an ionization energy of the Ni
vacancy. However, it can be strongly increased by extrinsic
dopants (e.g. Li) with shallower acceptor levels [33]. This
implies that there is a high density of free holes in the grain
interiors of LTNO ceramics. Meanwhile, TiO2 near the grain
boundary also creates some Ni vacancies (V ′′

Ni) as seen in
equation (16) [17, 18]. Thus the LTNO system contains a
large number of hopping charge carriers (and/or vacancies)
and the grain boundary is highly disordered. As previously
reported [19], the dielectric permittivity of Li0.10TixNi0.90−xO
thin films with 200 nm in thickness increases with increasing
Ti content. This result strongly indicates that the Ti dopant in
LTNO may not only act as an insulating layer, which obstructs
the migration of charge carriers, but may also induce the
permanent defect dipoles at the grain boundary. As illustrated
in figure 5, the experimental results can be well described by
the modified Cole–Cole equation, including the conductivity
term. Therefore, the conductivity has contributions to the
dielectric permittivity and dielectric loss at low frequency
regions, and the dielectric relaxation peaks in higher frequency
are associated with permanent dipole orientation or other
motions, which do not involve long-range displacement of
mobile charge carriers. In general, the grain boundary
effect on electric conductivity may originate from a grain
boundary potential barrier, which should be ascribed to the
thin layer of Ti-rich boundary. As mentioned above, we think
that the giant dielectric permittivity response of LTNO (or
other dielectric material of co-doped NiO) can be partially
contributed from Maxwell–Wagner space charge (long-range
migration of carriers) effects at low frequency regions due
to the difference of potentials barrier between grain (core)
and grain boundary (shell). At high frequency, it is partially
contributed from the polarization of highly permanent defect
dipoles.

4. Conclusion

The high dielectric permittivity LTNO ceramics have been
successfully synthesized by a simple PVA-sol–gel method.
XRD results show the single phase of NiO. The temperature
and frequency dependence of dielectric permittivity and
dielectric loss were investigated. An excellent fit between

the experimental and simulated data has been obtained over a
wide frequency and temperature using the modified Cole–Cole
model with the consideration of the conductivity contribution.
The high dielectric permittivity response can be ascribed to the
Maxwell–Wagner polarization mechanism and defect-dipole
polarization.
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a b s t r a c t

High permittivity (Li, Fe)-doped NiO (LFNO) ceramics are prepared by a simple PVA sol–gel route and

their dielectric properties are investigated as functions of temperature and frequency. It is found that

the concentrations of Li and Fe have strong influences on the microstructure and dielectric properties of

the LFNO ceramics. Two thermally activated dielectric relaxations are observed in the Li0.05Fe0.10Ni0.85O

ceramic sample with the activation energies of 0.448 and 0.574 eV for the high- and low-frequency

relaxations, respectively. By using a complex impedance analysis, it is believed that the high-frequency

relaxation is closely related to the transport properties inside the grains, and the low-frequency relaxation

might be ascribed to the interfacial polarization at the interface layers of grain boundaries and/or NiFe2O4

secondary phase layers.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

High permittivity NiO-based ceramic, a non-perovskite and

non-ferroelectric material with a formula AxByNi1−x−yO (where A
are monovalents of Li+, Na+, K+ and B are Ti, Al, Ta, Si, V, W) [1–12],

has recently attracted considerable attentions due to its impressive

apparent high dielectric permittivity (ε′) value (103–105), which

remains constant in the temperature range of −50 to 150 ◦C at

low frequency range. The dielectric and related electrical proper-

ties of these material systems are usually modified by changing

the compositions of the additives of A and B [1,3–6,10,11]. A

core/shell structure was found to exist in these NiO-based ceramic

systems [4,8–13], which induced an electrically heterogeneous

microstructure, consisting of semiconducting grains (Li-doped NiO)

and insulating grain boundaries (GBs) (Ti-rich boundary). As a

result, the Maxwell–Wagner (MW) polarization (interfacial polar-

ization) mechanism has been used to explain the giant ε′ response

in this material system. The MW polarization usually introduces in

materials that have electrically heterogeneous structure consist-

ing of conducting and insulating parts, which are often observed in

∗ Corresponding author. Tel.: +66 43 202222; fax: +66 43 202374.

E-mail addresses: sanmae@kku.ac.th, santimaensiri@gmail.com (S. Maensiri).

the grains and GBs, respectively [4,8–13]. Most recently, we found

that both the sintering temperature and grain size have remarkable

influences on the electrical properties of the NiO-based ceram-

ics [8,14]. These indicate that the electrical transport properties

within the materials also strongly depend on defects such as oxy-

gen vacancies and/or internal insulating domains inside the grains.

According to two our previous works, we prepared the LTNO pow-

ders and ceramics by using polymerized complex (PC) (Ref. [2]) and

polyvinyl alcohol (PVA) (Ref. [15]) methods. The PC method can be

used to synthesize∼39 nm nanoparticles of Li0.3Ti0.02Ni0.68O. How-

ever, this prepared LTNO powders contained some second phase.

In the other hand, the PVA method can be used to synthesize the

LTNO powders without any impurity phases.

In this paper, we studied the dielectric properties of polycrys-

talline (Li, Fe)-doped NiO (LFNO) ceramics. Our results indicate that

both Li and Fe doping have strong influences on the microstruc-

ture and electrical properties of the LFNO ceramics. The dielectric

polarization relaxations in this material system might be associ-

ated with both the electrical transport (hopping motion) inside the

semiconducting grains and the space charge polarization.

2. Experimental details

Ni(NO3)2·6H2O, LiNO3, Fe(NO3)3·9H2O, citric acid, and polyvinyl alcohol

(PVA) (Mn = 78,000, Fluka) were employed as starting raw materials. The

0254-0584/$ – see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.matchemphys.2010.03.061
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Fig. 1. XRD patterns of LFNO ceramics with different Li and Fe contents; (a)

Fe0.02Ni0.98O, (b) Li0.02Fe0.02Ni0.96O, (c) Li0.05Fe0.02Ni0.93O, (d) Li0.10Fe0.02Ni0.88O, (e)

Li0.05Fe0.05Ni0.90O, and (f) Li0.05Fe0.10Ni0.85O.

polycrystalline LFNO ceramic samples with different addition contents of Li

and Fe, i.e., Fe0.02Ni0.98O, Li0.02Fe0.02Ni0.96O, Li0.05Fe0.02Ni0.93O, Li0.10Fe0.02Ni0.88O,

Li0.05Fe0.05Ni0.90O, and Li0.05Fe0.10Ni0.85O, were prepared by the following procedure.

Firstly, citric acid 5 g was dissolved in 95 ml of distilled water in with constant stir-

ring using a magnetic stirrer at room temperature, and then PVA 5 g was added to

this solution by stirring at 200 ◦C to obtain the polymer solution network. Secondly,

stoichiometric amounts of Ni(NO3)2·6H2O, Fe(NO3)3·9H2O, and LiNO3 were added

to this solution, followed by stirring and heating at 100 ◦C to form the transpar-

ent gel. Then, the gel precursor was dried at 120 ◦C overnight. To obtain the LFNO

powders, the dried gel was ground and later calcined at 750 ◦C for 10 h in air. The

obtained powders were pressed into pellets of 16 mm in diameter and ∼1–2 mm

in thickness by a uniaxial pressing method at 200 MPa. Finally, these pellets were

sintered at 1250 ◦C for 5 h in air.

The phase composition and microstructure of the LFNO ceramics were char-

acterized by X-ray diffraction (XRD) (Philips PW3040, The Netherlands) and

Field-emission scanning electron microscopy (FE-SEM) (Hitachi S-4700, Japan),

respectively. The ceramic samples were polished and electroded by silver paint

on both sides of the disk-shape samples. They were allowed to dry overnight. The

dielectric response of the samples was measured using a Hewlett Packard 4194A

impedance gain phase analyzer over the frequency ranges from 102–107 Hz and at

the oscillation voltage of 1.0 V. The measurements were performed over the tem-

perature ranges from −50 to 100 ◦C using an inbuilt cooling–heating system. Each

measured temperature was kept constant with an accuracy of ±1 K.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LFNO ceramics with dif-

ferent addition contents of Li and Fe ions, confirming a main phase

of NiO in all samples. All of the main peaks are comparable to that

of the powder diffraction pattern of NiO in JCPDS card no. 78-0429

and those reported in the literature for cubic NiO [14–16]. The sec-

ond phase of NiFe2O4 (JCPDS card no. 74-2081) is only detected

in the XRD pattern of the Li0.05Fe0.10Ni0.85O sample with high-

est Fe concentration. Since the difference in ionic radius between

Ni2+ (0.69 Å), Fe2+ (0.74 Å), and Fe3+ (0.64 Å) ions is small, Fe ions

can substitute the Ni2+ ions in the NiO crystal lattice [17]. The

observed NiFe2O4 should be attributed to the Fe-dopant content

which is over the solid solution limitation of Fe–Ni–O system. The

lattice parameters are calculated from the XRD patterns of the LFNO

ceramic samples and are summarized in Table 1. These values are

close to the value reported in JCPDS card no. 78-0429 (4.177 Å) for

cubic NiO.

Fig. 2 reveals the surface morphologies of the LFNO ceramics,

showing obvious grain and GB structure. The microstructural evo-

lution is observed. The SEM image of the Fe0.02Ni0.98O sample, Fig.

2(a), shows hillock-like morphology and large portion of poros-

ity. However, after the Fe0.02Ni0.98O sample was increasingly added

by Li ions, the ceramic density tended to increase with increasing

Table 1
Lattice parameter, relaxation activation energy, and conduction activation energy

inside the grain.

Sample a (Å) Ea (eV) Eg (eV)

Fe0.02Ni0.98O 4.176 0.855 0.643

Li0.02Fe0.02Ni0.96O 4.176 0.425 0.418

Li0.05Fe0.02Ni0.93O 4.172 – –

Li0.10Fe0.02Ni0.88O 4.177 – –

Li0.05Fe0.05Ni0.90O 4.173 0.353 0.357

Li0.05Fe0.10Ni0.85O 4.172 (HFR) 0.448 0.455

Li content and the hillock-like morphology became disappeared

and it was completely disappeared after the Li concentration was

increased up to 5 mol%, as shown in Fig. 2(c). Interestingly, this

special morphology appeared in the Li–Fe–Ni–O system again,

when the Fe concentration was increased up to 10 mol%, as seen

in Fig. 2(f). These results indicate that both the Li- and Fe-dopants

affect the microstructure, i.e., grain size and feature, of the LFNO

ceramics. The possible explanation for this mechanism might be

ascribed based on the difference in the diffusivity of the carriers

(i.e., Ni2+, Li+, and Fe3+ ions) in the LFNO ceramics, which is related

linearly to their electrical conductivity [6].

Fig. 3 illustrates the influence of Li doping on the dielectric

properties of the LFNO ceramics at room temperature. It is clear

that the high dielectric response in the LFNO ceramics depends on

the Li concentration. Both the real part ε′ of complex permittiv-

ity and loss tangent tan ı (tan ı = ε′′/ε′, where ε′′ is the imaginary

part of the complex permittivity) of the LFNO samples increase

with an increase in the Li content over the measured frequency

range. These results are similar to that observed in the (Li, Ti)-

doped NiO (LTNO) ceramics system [1]. A plateau can be observed

in all the dielectric spectra, as displayed in Fig. 3(a). However,

the steplike decrease in ε′ is only detected in the dielectric spec-

trum of the Li0.02Fe0.02Ni0.96O sample. This is accompanied by the

appearance of the corresponding peak tan ı in Fig. 3(b). The dis-

appearance of the steplike decrease in the Li0.05Fe0.02Ni0.93O and

Li0.10Fe0.02Ni0.88O samples is due to the fact that it shifts out of

our measuring frequency range. The effect of Fe doping on the

dielectric behavior of the LFNO ceramics has also been investi-

gated, as illustrated in Fig. 4. Clearly, the concentration of Fe affects

on both the value of ε′ and dielectric relaxation behavior of the

LFNO ceramics. With increasing the Fe concentration, ε′ decreases

and the steplike decrease at the characteristic frequency shifts

to lower frequencies. Looking carefully at Fig. 4(a), the dielectric

spectrum of the Li0.05Fe0.10Ni0.85O sample with highest Fe concen-

tration exhibits two steplike decreases, corresponding to the two

respective peaks in tan ı. This suggests that there exist two sets of

thermally activated relaxations, i.e., low- and high-frequency relax-

ations (abbreviated as LFR and HFR, respectively). It is worth noting

that the exponential increase in tan ı, which is usually attributed to

the dc conductivity effect [15], decreases with the increase in the

Fe concentration, and disappears in the Li0.05Ti0.10Ni0.85O sample.

It has been reported that pure NiO is a Mott–Hubbard insulator

with the conductivity at room temperature less than 10−13 S cm−1

[1]. However, this low conductivity can greatly be increased by dop-

ing with monovalent ions such as Li+ [18]. For every added Li+, one

Ni2+ is promoted to the Ni3+ state, which is the lost electron fill-

ing a state in the oxygen 2p valence band. The lattice now contains

Ni2+ and Ni3+ ions on equivalent sites and is the model situation

for conduction by polaron hopping [18]. Therefore, the carrier con-

centration in the bulk LFNO ceramics raises with increasing the

Li concentration, and thus the accumulated charges at insulating

layers (e.g., grain boundary, contact, impurity phase, and internal

domain) in the bulk ceramics should increase. This may be respon-

sible for the observed increase in ε′ with increasing the content of

Li ions, as shown in Fig. 3(a). Moreover, it has been proposed that
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Fig. 2. SEM images of the surface morphologies for the samples of (a) Fe0.02Ni0.98O, (b) Li0.02Fe0.02Ni0.96O, (c) Li0.05Fe0.02Ni0.93O, (d) Li0.10Fe0.02Ni0.88O, (e) Li0.05Fe0.05Ni0.90O,

and (f) Li0.05Fe0.10Ni0.85O.

dipolar effects in semiconducting materials can be induced by the

hopping of localized charge carriers between spatially fluctuating

lattice potentials [19], which usually causes an increase in electri-

cal conductivity. Therefore, it is possible that the dipolar effects in

the semiconducting grains of the LFNO ceramics are induced, and

it should be increased by increasing the Li doping ions.

It was reported that the high dielectric response in the LTNO

ceramics system could be ascribed by a simple series-layer model

(ε′ ∼ εgbA/t, where εgb, A, and t are the dielectric permittivity of

the grain boundary, the mean grain size, and the thickness of grain

boundary, respectively). The decrease in ε′ of the LTNO ceramics

was attributed to the increase in t, resulting from the Ti-rich bound-

aries (second phase of NiTiO3) [1]. According to this model, for the

NiO-based ceramics, t should be tuned and depended linearly on the

concentration of the apparent second phase at the grain boundary.

However, for our LFNO ceramics, the second phase of NiFe2O4 can

Fig. 3. The effect of Li concentration on frequency dependence of the (a) ε′ and (b) tan ı for the LFNO ceramics at room temperature.
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Fig. 4. The effect of Fe concentration on the frequency dependence of the (a) ε′ and (b) tan ı of the LFNO ceramics at room temperature.

only be detected in the XRD pattern of the Li0.05Fe0.10Ni0.85O sam-

ple. There, it is not suitable to deduce that the observed decrease

in ε′ is attributed to the increase in t, resulting from the increase in

NiFe2O4 concentration in the NiO matrix. Consequently, this model

fails to ascribe the effect of Fe concentration on dielectric properties

of the LFNO ceramics.

To deepen the understanding on the high dielectric response

mechanism in the LFNO ceramics, we have further studied the

dielectric relaxation behavior, which usually provides important

clues about the dielectric response mechanisms. Therefore, the fre-

quency dependences of ε′ and tan ı were investigated at various

temperatures. As seen in Fig. 5, the steplike decreases and the

corresponding tan ı peaks of the LFNO samples move to higher

frequencies as the temperature increases, indicating the ther-

mally excited relaxation process. This behavior is similar to those

observed in the other NiO-based ceramic systems such as (Li, Ti)-,

(Li, Si)-, (Na, Ti)-, (Li, V)-, and (Li, Al)-doped NiO systems [1,4,6,9,10].

Note that, the movements of the LFR and HFR in Li0.05Fe0.10Ni0.85O

sample are clearly seen in Fig. 5(d). According to the observed ther-

mally activated relaxations in the LFNO ceramics, the activation

energies required for these relaxations can be calculated by using

the Arrhenius law, i.e.:

� = �0 exp

(
Ea

kBT

)
, (1)

where � is the dielectric relaxation time, �0 is the pre-exponential

factor, Ea is the activation energy for the relaxation, kB is the Boltz-

mann constant, and T is the absolute temperature. By using the

extreme value relation [20]:

ω� =
√

εS

ε∞
, (2)

where εS and ε∞ are respectively the static and high frequency

limits of dielectric permittivity, and ω = 2�fp, where fp is the char-

acteristic frequency corresponding to the peak of tan ı. Equation

(1) can be expressed as:

ln(2�fp) = −Ea

kBT
+ ln

(√
εS/ε∞
�0

)
(3)

According to the fitted curves in Fig. 6, the activation energy (Ea)

for the relaxation processes can be calculated by using the relation

in equation (3), and are summarized in Table 1. Note that the char-

acteristic peaks of the LFR, Fig. 5(d), cannot be estimated accurately

from the experimental data. Thus, two Gaussian peaks were used to

fit the experimental data of tan ı, as shown in the inset of Fig. 5(d).

The Ea values of the Li0.05Fe0.02Ni0.93O and Li0.10Fe0.02Ni0.88O sam-

ples cannot be obtained because their relaxation peaks shift out of

the measured frequency range, as clearly seen in Fig. 3. It is inter-

Fig. 5. Frequency dependence of ε′ and tan ı for Li0.02Fe0.02Ni0.96O [(a) and (b)] and Li0.05Fe0.10Ni0.85O [(c) and (d)] samples at the selected temperatures. The inset of (a) and

(b) shows frequency dependence of ε′ of Fe0.02Ni0.98O sample at temperature range of 50–190 ◦C. The inset of (c) and (d) shows two Gaussian peaks (blue lines) which are

least-squares fitting of experimental data at 100 ◦C; the red line is fitting result; (1) and (2) are the LFR and HFR, respectively.
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Fig. 6. Arrhenius plots of the relaxations of the LFNO ceramics.

esting that, with increasing the Fe concentration from 5 to 10 mol%,

Ea increases from 0.353 to 0.448 eV for the HFR. This implies that

the Fe-dopant has an influence on the polarization relaxation prop-

erties of the LFNO ceramics. It is worth noting that, the dielectric

relaxation behavior of the Fe0.02Ni0.98O sample can also be observed

at high temperature range, i.e., 50–200 ◦C, as shown in the inset

of Fig. 5(a), with Ea∼0.855 eV. This value is almost the same to

the value of 0.850 eV for the dc conduction as reported in the

literature for Fe-doped NiO polycrystalline ceramics [21]. The p-

type semiconductivity of these ceramics was proved by using the

Seebeck coefficient measurements technique, indicating that holes

were major carriers in this material [21]. As a result, the dielectric

response in our Fe0.02Ni0.98O sample should be related to the hop-

ping motions of these holes, which might be ascribed based on the

fact that the polarization relaxation in NiO-based ceramics has a

close relation to their conductivity inside the grains [13,14].

It is now generally accepted that the giant ε′ response in NiO-

based ceramics is associated with their core/shell microstructures,

which produce an electrically inhomogeneous structure confirming

by the complex impedance and microstructure analyses [4,8,9–14].

Fig. 7. Impedance spectrum of Li0.02Fe0.02Ni0.96O sample at room temperature; inset

shows the impedance spectrum of Li0.05Fe0.10Ni0.85O sample at room temperature.

The large difference in the conductivity between the semiconduct-

ing grains and insulating GBs of these materials (more than one

order of magnitude) is often detected [13–16]. Therefore, it is suit-

able to associate such apparent giant ε′ response with the MW

polarization at GBs. However, the observed two electrical responses

in the Li0.02Fe0.02Ni0.96O sample show a small difference in the

conductivities, as displayed in Fig. 7. This indicates that the expla-

nation of the giant ε′ response in the LFNO ceramics based on the

MW polarization at the GBs may still incomplete. Moreover, a care-

ful inspection reveals that the enhanced arc in the low-frequency

range may contain two overlapping arcs. These overlapping arcs are

clearly seen in the impedance spectrum of the Li0.05Fe0.10Ni0.85O

sample (the inset of Fig. 7), and the separated small hump (2-2#

region) can be observed. The three sets of electrical responses in

the LFNO ceramics are the suitable ascriptions for the dielectric

relaxation behavior.

To obtain more details about the effects of Fe doping on dielec-

tric behavior of the LFNO ceramics, impedance analysis (IS), which

is a powerful technique to separate various electrical responses

Fig. 8. Frequency dependence of the imaginary part (Z′′) of the complex (Z* = Z′ − jZ′′) for the Fe-doped NiO and LFNO ceramics; (a) and (b) are the data at temperatures of 10

and 50 ◦C, respectively.
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in materials [22], was used to investigate the electrical responses

in the LFNO ceramics. The frequency dependence of the imag-

inary part (Z′′) of the complex impedance (Z* = Z′ − jZ′′) for the

Fe0.02Ni0.98O and LFNO ceramics is illustrated in Fig. 8. As shown in

Fig. 8(a), IS data at temperature of 10 ◦C, two electrical responses

(1# and 2-2#) can be observed in the Z′′ spectra of the LFNO ceram-

ics, but just only one can be observed in the spectrum of the

Fe0.02Ni0.98O ceramic. These results imply that there are at least

two electrical responses in the LFNO ceramics. With increasing

the temperature up to 50 ◦C, Fig. 8(b), the 1# and 2-2# electri-

cal responses shift to high frequencies. The 1# electrical response

of the Li0.05Fe0.05Ni0.90O sample shifts out of the measured fre-

quency range. It is interesting that three electrical responses (1#,

2-2#, and 2-1#) can be observed in the measured frequency range

of the Li0.05Fe0.10Ni0.85O sample, corresponding to the observed

three semicircle arcs in the complex impedance plot, inset of Fig. 7.

Clearly, there is only one electrical response in the impedance spec-

trum of the Fe0.02Ni0.98O sample. Of cause, this electrical response

of the FNO sample is related to the effect of Fe doping. Defect dipoles

(2Fe
•
Ni

and V′′Ni) as well as [2Fe•
Ni

V′′Ni] complex defects may be intro-

duced, which are responsible for the observed electrical response

in the FNO sample. More interesting, the 2-2# electrical response

of these three LFNO samples is nearly in the same frequency range

of the electrical response of the Fe0.02Ni0.98O sample. As results,

the observed 2-2# electrical response of the LFNO samples may be

related to the defect dipole and/or complex defects. Unfortunately,

the distribution of the Fe doping within the structural matrix of

NiO was not analyzed. Thus, the 2-2# electrical response of the

LFNO samples cannot be suggested to the effect of grain bound-

ary. However, it is related to the induced defects owing to the Fe

doping, thus the 2-2# electrical response can be assigned to “Fe-

induced defects effect”. As shown in Fig. 8(b), the observed 2-1#

electrical response in the Li0.05Fe0.10Ni0.85O sample may be associ-

ated with the detected NiFe2O4 phase in its XRD pattern. Therefore,

the 2-1# electrical response is assigned to “insulating NiFe2O4 phase

effect”. From these points of view, the 1#, 2-2#, and 2-1# electrical

responses of the LFNO samples can be assigned as the bulk, Fe-

induced defects, and insulating NiFe2O4 phase effects, respectively.

We now turn to attend the observed two dielectric responses in

the Li0.05Fe0.10Ni0.85O sample. According to the impedance analysis,

the resistance of grains can be estimated at various temperatures,

but not for the GBs which is due to the fact that the impedance

spectra of electrodes and GBs are overlap and they cannot be sepa-

rated accurately. However, the conduction activation energy inside

the grain (Eg) of each sample can be calculated by using the polaron

theory [4,13], i.e., � ∝ T−1 exp(−E/kBT), where E is the conduction

activation energy. The calculated values of the grain conduction

activation energy are summarized in Table 1. The grain conduction

activation energies (Eg) are almost the same to the Ea values for the

Li0.02Fe0.02Ni0.96O and Li0.05Fe0.05Ni0.90O samples. These strongly

indicate a close relationship between the polarization relaxation

and the conductivity inside the grains, which is similar to those

observed in the other NiO-based ceramic systems [10–14]. Hence,

it is reasonable to mention that the HFR (with Ea∼0.448 eV) of the

Li0.05Fe0.10Ni0.85O sample is related to the electrical response of the

bulk grains (with Eg∼0.455 eV), while the LFR (with Ea∼0.574 eV)

should be associated with the electrical response at the GBs. The

disappearance of the dielectric relaxation related to the electrode

effect in the lowest frequency range might be due to two possi-

ble reasons: (1) It is concealed by the high loss tangent associated

with the dc conductivity at high temperature, as revealed in the

dielectric loss spectrum at 100 ◦C in Fig. 5(d). (2) With decreasing

temperature, the electrode relaxation peak may appear because

charge carriers are frozen, but it moves out of the measured fre-

quency range.

It is important to note that the increases in Eg and related Ea

with the increase of the addition of Fe might be related to the point

defects in the grains, which could be introduced into NiO by doping

Fe ions [17], i.e.:

Fe2O3
NiO−→2Fe•Ni + V′′Ni + 3Oo (4)

Fe
•
Ni ↔ Fe×

Ni
+ h (5)

Accordingly, we think that the observed decrease in ε′ might be

due to the effect of these defects, rather than the increase in the

thickness of GBs based on the simple layer model. As previously

discussed, it has been suggested that the HFR is associated with the

conduction mechanism inside the grains. Therefore, the difference

in the dielectric relaxation of the LFNO ceramics, as demonstrated

in Fig. 4, should be attributed to the increase in Eg, i.e., the dielectric

relaxation in a ceramic with high Ea is hardly activated by thermal

due to its high Eg. Consequently, at a given temperature, the relax-

ation time of this ceramic should has the longest time, and then its

relaxation behavior occurs at the lowest frequency.

4. Conclusions

The frequency and temperature dependences of ε′ and tan ı of

the (Li, Fe)-doped NiO (LFNO) ceramics were studied. The variation

of the Li and Fe concentrations had effects on the microstructure

and electrical properties of these LFNO ceramics. It was suggested

that the dielectric relaxation behavior and high dielectric response

in this material system might be associated with both the hopping

motions inside the grains and the MW polarization at the GBs.
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The electrical properties of (Li, Al)-doped NiO ceramics (i.e., Li0.05Al0.04Ni0.91O, Li0.05Al0.06Ni0.89O, and

Li0.05Al0.10Ni0.85O) synthesized by a simple thermal decomposition route were investigated. It was

observed that the grain size of the ceramics was affected by the Al content. Impedance analysis con-

firmed that these ceramics had an electrically heterogeneous structure that was responsible for the giant

dielectric response. Interestingly, the Al-dopant had not only the strong effects on the electrical transport

character at grain boundaries, but also on the conductivity in the grain interiors.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

High permittivity NiO-based ceramic, a non-perovskite and non-

ferroelectric material with a formula AxByNi1−x−yO (where A are

monovalents of Li+, Na+, K+ and B are Ti, Al, Ta, Si) [1–7], has

attracted considerable attentions in recent years due to its impres-

sive apparent high dielectric permittivity value (103–105), which

remains constant in the temperature range of −50–150 ◦C [1,5].

Moreover, the dielectric properties of such material systems can

be tuned by changing the compositions of the additives of A and B

[1]. The overall dielectric behavior of these materials is similar to

those observed in CaCu3Ti4O12 (CCTO) [8–13] and CuO [14–16]. It

is now widely accepted that high-ε′ response in such material sys-

tems is attributed to Maxwell–Wagner (M–W) relaxation model as

a result of semiconducting properties inside grain and insulating

properties at grain boundary (GB) [1–3,17]. The M–W relaxation

or interfacial polarization usually introduces in materials that have

electrically heterogeneous structure, consisting of conducting and

insulating parts, which are often observed in the grain and GB,

respectively. Under an alternating electric field, free charge carri-

∗ Corresponding author. Tel.: +66 43 202222; fax: +66 43 202374.

E-mail addresses: santimaensiri@gmail.com, sanmae@kku.ac.th (S. Maensiri).

ers in the conducting part are accumulated at the two edge sides

of insulating thin-layers, producing the interfacial polarization at

the this layers. This is responsible for the observed high-ε′ in these

materials. However, such explanation is still incomplete because

the fundamental questions regarding the composition-property

relationships remain missing. For examples, what are the origins

of the semiconductivity and insulation in CCTO? or how do defect

dipoles that was induced in NiO-based ceramics contribute to the

dielectric and electrical properties of these materials?. Moreover,

these materials still have to pass through extensive compatibil-

ity test before available for commercial applications in devices.

Furthermore, there is a huge obstacle that hinders these materi-

als to be actually used in practical application, i.e., the dielectric

loss (tan ı) is too large. Exceptionally, K0.05Ti0.02Ni0.93O (KTNO)

ceramic exhibits high-ε′ and low tan ı, but the preparation method

of this material requires tedious work with relatively long reac-

tion times [5]. Moreover, some preparing methods for fabrication

of KTNO ceramic do not provide such a superior dielectric prop-

erties [18]. Normally, it is believed that the strategy for reducing

the dielectric loss is an increase in the resistance of GB. However,

the grain sizes of these ceramics are also the important factor that

has an influence on the electrical properties of transition metal

oxides. Therefore, the study of the relationship between dielec-

tric properties and microstructures is important for compositional

0254-0584/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.matchemphys.2009.01.004
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tuning of extrinsic ceramic properties of these NiO-based ceram-

ics.

For LixAlyNi1−x−yO system, high-ε′ response in such system pre-

pared by sol–gel method has been attributed to the M–W relaxation

model [3]. However, the evidence of electrical heterogeneity which

is the origin for the relaxation has not yet been reported. Further-

more, the dielectric dispersion and related electrical response have

not yet been studied. Thus, in this paper, we study the electrical

response in high-ε′ LANO ceramics prepared by a simple direct ther-

mal decomposition method. It was suggested that the Al-dopant

has the remarkable influences on the grain size and the electrical

conductivity in the grain interiors of the LANO ceramics. This work

has also confirmed that LANO ceramics have electrically heteroge-

neous structure consisting of semiconducting grain and insulating

GB, which is responsible for such a high apparent ε′.

2. Experimental

In the sample preparation, (CH3COO)2Ni·4H2O (UNILAB), C2H3LiO2·2H2O

(Fluka), and C2H5O4Al, (Aldrich) were employed as starting raw materials. The

LANO powder and polycrystalline LANO ceramic samples with different addition

contents of Al, i.e., Li0.05Al0.04Ni0.91O (LANO-04), Li0.05Al0.06Ni0.89O (LANO-06), and

Li0.05Al0.10Ni0.85O (LANO-10) were designed and prepared by the following proce-

dure. Firstly, stoichiometric amounts of (CH3COO)2Ni·4H2O, C2H3LiO2·2H2O, and

C2H5O4Al were dissolved in distilled water and mixed in alumina crucible using a

magnetic stirrer. Then, the mixed powders were decomposed at a temperature of

650 ◦C for 10 h. The obtained LANO powders were pressed into pellets of 9.5 mm

in diameter and ∼1–2 mm in thickness by a uniaxial pressing method at 200 MPa.

Finally, these pellets were sintered at 1280 ◦C for 5 h in air.

The LANO powders and sintered ceramics were characterized by X-ray diffrac-

tion (XRD) (Philips PW3040, The Netherlands), Field-emission scanning electron

microscopy (FE-SEM), and energy-dispersive X-ray spectroscopy (EDS) (Hitachi S-

4700, Japan). The ceramic samples were polished and electroded by silver paint

on both sides of the disk-shaped samples. They were allowed to dry overnight.

The dielectric response of the samples was measured using a Hewlett Packard

4194A impedance gain phase analyzer over the frequency ranging from 100 Hz to

10 MHz and at the oscillation voltage of 1.0 V. The measurements were performed

over the temperature ranging from −50 to 130 ◦C using an inbuilt cooling–heating

system. Each measured temperature was kept constant with an accuracy of

±1 ◦C.

3. Results and discussion

The phase formation of LANO materials was characterized by

X-ray diffraction. As shown in Fig. 1(a) and (b), all of LANO pow-

ders and sintered samples with different Al-doped contents exhibit

a main phase of NiO. The main peaks are comparable to that

of the powder diffraction pattern of NiO in JCPDS card No. 78-

0429. The values of lattice parameter calculated from XRD spectra

are close to the value of 0.4177 nm reported in JCPDS card No.

78-0429, as shown in Table 1. It is important to note that the sec-

ond phase of Ni (JCPDS card No. 04-0850) is still detected in all

XRD patterns of LANO powders, and the relative intensity of Ni

phase tends to increase with increasing Al-dopant content. This

implies that the Al-dopant inhibits the formation of NiO phase.

Additionally, a second phase NiAl2O4 can only be observed from

XRD pattern of LANO-10 sintered sample. The relative amounts

of the NiAl2O4 second phase and NiO phase can be estimated

from the XRD pattern of the LANO-10 sample by following relation

[7],

NiAl2O4 phase (%) = INiAl2O4
(3 1 1)

INiAl2O4
(3 1 1)+ INiO(2 0 0)

× 100 (1)

Fig. 1. XRD patterns of (a) LANO powders and (b) LANO sintered samples.

where INiAl2O4
(3 1 1) and INiO(2 0 0) are the major peak intensities

for the NiAl2O4 (3 1 1) and NiO (2 0 0) phases, respectively. The cal-

culated relative amount of the observed NiAl2O4 second phase in

the LANO-10 ceramic is 7.1%. This can be deduced that just 2.9%

of Al-doping can substitute the Ni site in the NiO crystal lattice.

Disappearance of such second phase in the XRD patterns of the

other two samples might be attributed to the small amount of this

phase.

Fig. 2 shows the surface morphologies of the LANO ceramic sam-

ples. It is clear that grain size significantly decreases with increasing

the Al-doped content. As previously discussed, the phase formation

of NiO is suppressed by the Al-dopant. So, it is strongly believed that

the grain growth mechanism of LANO ceramics system is affected

by the Al-dopant.

The microstructures of the LANO ceramics were analyzed by

energy-dispersive X-ray spectroscopy, as showed in Fig. 3, revealing

the distribution of Al-dopant at the grain and GB of the LANO-06

ceramic sample. It is clearly seen from the EDS analysis at different

regions for the LANO-06 ceramic sample (inset (a) of Fig. 3) that

Al-dopant appears in both the grain and GB which is in agreement

with the XRD results. This confirms that some parts of the Al-dopant

have entered into the grain interiors and other parts have formed

the second phase of NiAl2O4 at the GBs.

Table 1
Lattice constants, ε′ , and activation energies for LANO samples.

Samples Lattice parameter (Å) ε′ (300 K and 1 kHz) Ea (eV) Eg (eV) Egb (eV)

LANO-04 4.167 8468 0.340 ± 0.003 0.354 ± 0.002 0.369 ± 0.002

LANO-06 4.168 7396 0.354 ± 0.003 0.362 ± 0.001 0.374 ± 0.002

LANO-10 4.162 6566 0.373 ± 0.004 0.367 ± 0.001 0.377 ± 0.002
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Fig. 2. SEM images of surface morphologies for (a) LANO-04, (b) LANO-06, and (c)

LANO-10 sintered samples.

The temperature dependence of dielectric properties of the

LANO samples was measured between −60 and 130 ◦C at the fre-

quency range of 100 Hz–10 MHz. The ε′ values at 1 kHz for the

LANO-04, LANO-06, and LANO-10 samples are about 8468, 7396,

and 6566, respectively. These results are consistent with the work

reported by Lin et al. [3]. Fig. 4 demonstrates the temperature

dependence of ε′ and loss tangent (tan ı) of LANO-04 ceramic sam-

ple. At low frequency, ε′ is nearly temperature independent over the

measured temperature range. With increasing the frequency, how-

ever, ε′ decreases rapidly at the low temperature. This characteristic

temperature shifts to the higher temperatures with increasing the

frequencies, corresponding to the movement of tan ı peak. Such

behavior suggests that the M–W relaxation mechanism possibly

play an important role in the high-ε′ response of the LANO ceram-

ics. This dielectric behavior may be ascribed to the migration of

excited electrical particles at high temperatures, which has also

been observed in the CaCu3Ti4O12 [19], Ca(Fe1/2Nb1/2)O3 system

[20], and Y0.03Ti0.10Ni0.87O [21].

Fig. 3. 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).

We have further studied the frequency dependence of ε′ and

tan ı for the LANO ceramic samples. As shown in Fig. 5, a frequency

dependent plateau region of ε′ is observed at low frequencies for

LANO-04 sample, followed by a rapid decrease of ε′ at higher fre-

quencies. The plateau region expands over a wider frequency range

as the temperature increases. The movement of the rapid decrease

at high frequencies coincides with the translation of tan ı peak,

which it shifts to higher frequency with increasing temperature.

Generally, this relaxation behavior can be represented by a Debye-

like relaxation relation, and dielectric relaxation time � can be

obtained from the relations ω� = 1 and ω = 2�fp where fp is the char-

Fig. 4. Temperature dependence of (a) dielectric permittivity and (b) dissipation

factor of LANO-04 sample at frequency range of 100 Hz–5 MHz.
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acteristic frequency corresponding to the peak of ε′′, � should follow

the relation [22]

� = �0 exp(Ea/kBT), (2)

where Ea is the activation energy required for relaxation, �0 rep-

resents the pre-exponential factor, kB is the Boltzmann constant,

and T is the absolute temperature. According to the fitted curve

using Eq. (2) as shown in the inset of Fig. 5 for LANO-04 sam-

ple, the activation energy of relaxation process (Ea) was obtained

to be 0.340±0.003 eV. The frequency dependence of the dielec-

tric response for the samples of LANO-06 and LANO-10 (does not

present) is similar to that of LANO-04 sample, but the frequency

at the loss peak at the fixed temperature shifts to low frequency

range with increasing Al concentration. The Ea values of the sam-

ples of LANO-06 and LANO-10 were obtained to be 0.354±0.003

and 0.373±0.004 eV, respectively.

Let us now consider the complex impedance spectroscopy which

is a powerful tool in separating out the bulk and GB effects. Data

collected from this technique can often be modeled on an ideal

equivalent circuit consisting of two parallel RC elements connected

in series, one RC element for the bulk and the other for the GB

response [23]. Fig. 6(a) shows the complex impedance (Z*) plot of

all the LANO samples at −60 ◦C. Two impedance semicircles cor-

responding to the grain and GB are clearly observed in all of the

samples. The observation of two semicircles suggests that the elec-

trically heterogeneous structure exists in our LANO samples and

the core/shell model is appropriate for further analysis. Thus, it is

strongly indicated that such a presence of electrically inhomoge-

neous structure is responsible for the high-ε′ in the LANO ceramics.

From this result, we propose that for our LANO ceramic samples

the GB layers are nonconducting or less conducting, while the bulk

grains are semiconductive. Under the applied electric field, the

carrier-conducting access is blocked by the insulating GB layer;

thus, the opposite charges accumulate at the two edges of the

insulator layer to form many microcapacitors, which result in the

large-ε′ in these LANO ceramics. This behavior is similar to that of

LTNO system [17].

Fig. 5. 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.

Fig. 6. (a) Comparison of impedance spectra for LANO samples at−60 ◦C and (b) the

Arrhenius plots of the grain conduction of LANO samples.

According to the complex impedance spectra shown in Fig. 6(a),

the resistance of grain (Rg) and grain boundary (Rgb) can be

obtained. In polaronic scenario, the temperature dependence of the

conductivity is, with a temperature dependence prefactor, ascribed

as [17],

� ∝ T−1 exp(−E/kBT), (3)

where E is the conduction activation energy. In general, the GB

effects on electric conductivity may originate from a GB potential

barrier, which should be ascribed by the Al-rich boundary for LANO

system [3]. From Fig. 6(b), we found that both �g and �gb values

at different temperatures follow Eq. (3). Accordingly, the calculated

values of the conduction activation energy inside the grain (Eg) were

obtained to be 0.354±0.002, 0.361±0.001, and 0.367±0.001 eV

for LANO-04, LANO-06, and LANO-10, respectively. While, the esti-

mated values of the GB activation energy (Egb) were obtained to

be 0.369±0.002, 0.374±0.002, and 0.377±0.002 eV for LANO-04,

LANO-06, and LANO-10, respectively. The observation of the small

increase in Eg with increasing the Al content may be because the

parts of Al that have entered into the NiO crystal lattice (as clearly

seen in Fig. 3) have small different amounts. Because of the differ-

ence in valence states of Al3+ and Ni2+, the defects can be introduced

inside the grains of the LANO ceramics, i.e.,

Al2O3
NiO−→2AlNi

• + V ′′Ni + 3Oo.

This has an influence of the electric conductivity of the grains,

which induces the variation of the Ea values. This behavior was also

observed in LixTiyNi1−x−yO ceramics system [17].

Generally, for AxByNi1−x−yO systems, B-dopants (Ti, Al, Si, Ta)

normally form a second phase at GB enclosing the semiconduct-



S. Tangwancharoen et al. / Materials Chemistry and Physics 115 (2009) 585–589 589

ing core grain of A-doped NiO. Thus, the electrical characters at GB

should be modified by the B-dopant. In this work, it is clear that

some parts of Al-dopant accumulated at the GBs and formed the

second phase of NiAl2O4, as evidenced in Figs. 1(b) and 3. Moreover,

it was found that the NiAl2O4 ceramic is a good insulator with the

value of resistance of more than 100 M� cm (does not show), and as

a result the GB potential barrier can be ascribed to the appearance

of such second phase of NiAl2O4 at GBs. Therefore, the observed

high-ε′ in the samples of LANO ceramic is due to the M–W polar-

ization mechanism, i.e., charge carriers in the semiconducting grain

are accumulated at the insulating GB layer under the influence of

electric field. Interestingly, the B-dopant (Al) in our LANO system

has also a remarkable effect on the electrical properties in the grain

interiors, where the resistance of the grain decreases with increas-

ing the Al content, as evidenced in Fig. 6. This result implies that

the Al-dopant may not only be able to improve the electrical char-

acter at GBs, but also strongly affect on the electrical properties

inside the grains. Moreover, the effect of Al-dopant on microstruc-

ture was also clearly observed. The reason for this is that most of

Al-dopant in our LANO ceramics has entered into the grains, while

the concentration of Al at the GB of each sample does not significant

difference in composition. This leads to the little change in ε′. It is

worth nothing that all of the B-dopants in NiO-based ceramics have

remarkable impact on the electrical properties inside grain due to

the different physical nature of B-doped and the different synthe-

sis method. As well known, the strategy for reducing the dielectric

loss in high dielectric ceramics is an increase in the GB resistance

[24]. In our LANO samples, however, the tan ı values do not signif-

icant change with the concentrations of Al-dopant. This suggests

that the electrical properties of GB for all the LANO samples are

not significant difference. This observation may be attributed to

the synthesis method used in the present work and/or the physical

nature of Al-dopant. However, it is beyond the scope of our work

and further work is needed to make a more detailed explanation.

Of great interest, it is very important to seek for the preparation

method that provides a good distribution of B-dopant only at GBs

and to explore the suitable B-dopant which can modify the defect

equilibrium at GB, leading to the higher resistance of GB.

4. Conclusion

High dielectric LANO ceramics have been successfully prepared

by a simple thermal decomposition method. The microstructure

and phase formation of the prepared LANO powders and ceram-

ics were characterized by XRD and FE-SEM. The phase formation

of NiO-based ceramics and the grain growth mechanism was sup-

pressed by the Al-dopant. This work demonstrates that the high-ε′

of the LANO decreases with increasing the Al-dopant content.

Giant-ε′ response in such ceramics was attributed to the appear-

ance of electrically heterogeneous structure, responsible for the

observed high-ε′ in our LANO samples. Our results also showed

that the Al-dopant has a strong effect on electrical transport in the

grain interiors.
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Abstract Nanocrystalline CaCu3Ti4O12 powders were syn-
thesized by a simple PVA sol–gel route and calcined at 700
and 800°C in air for 8 h. The diameter of the powders ranges
from 40–100 nm. The calcined CaCu3Ti4O12 powders were
characterized by TG-DTA, XRD, FTIR, SEM, and TEM.
Sintering of the powders was conducted in air at 1100°C
for 16 h. The XRD results indicated that all sintered samples
had a typical perovskite CaCu3Ti4O12 structure although the
sintered samples contained some amount of CaTiO3. SEM
of the sintered CaCu3Ti4O12 ceramics showed the average
grain sizes of 13–15 μm. The samples exhibit a giant dielec-
tric constant, ε′ ∼ 105 at 150 to 200°C with weak tempera-
ture dependence below 1 kHz in the sample sintered using
the powders calcined at 700°C. The Maxwell–Wagner polar-
ization mechanism is used to explain the high permittivity in
these ceramics. It is also found that all sintered samples have
the same activation energy of grains, which is ∼0.122 eV.
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1 Introduction

Materials with high dielectric constant are widely used in
technological applications such as capacitors and memory
devices. Giant dielectric constants allow smaller capacitive
components, thus offering the opportunity to decrease the
size of electronic devices [1]. Recently, a newly discov-
ered a perovskite-type compound, CaCu3Ti4O12, (CCTO)
was extensively investigated due to its giant dielectric con-
stant (ε′ ∼ 104–105) and weak temperature dependence in a
wide temperature range from −173 to 327°C [2–5]. This
material does not undergo any structural change over the
same temperature range [2, 3] although its dielectric con-
stant abruptly decreases to less than 100 below −173°C and
shows a Debye-like relaxation [6]. The characteristic relax-
ation frequency follows approximately the Arrhenius law. In
addition to its interesting dielectric property, CCTO has re-
markably strong linear current–voltage characteristics with-
out the addition of dopants [7]. These excellent properties
render this material particularly attractive for a wide range
of applications.

So far, several models of the dielectric behavior of CCTO
material have been proposed to be due to either intrinsic or
extrinsic effect. Since the giant dielectric response of this
material was found to be very sensitive to the microstructure
(such as grain size) and processing conditions (such as sin-
tering temperature and time, cooling rate, and partial pres-
sure) [5, 6, 8–10], more investigations tend to believe that
the high dielectric constant originates from the extrinsic ef-
fect such as internal barrier layer capacitor (IBLC) [8, 10],
contact-electrode effect [11, 12], and special inhomogene-
ity of local dielectric response [13]. Although still unclear,
the IBLC explanation of extrinsic mechanism is widely ac-
cepted.
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CCTO powder is usually prepared by a standard solid-
state reaction method [2–5]. This method requires tedious
work and a high temperature in the powder preparation
process. Moreover, it suffers from the disadvantages of in-
homogeneity. In contrast, synthesis from a solution affords
the reaction with a homogeneous mixing of the metal ions
at the atomic scale, and at lower temperature in the pow-
der preparation process [14]. However, there have been only
a few reports on the solution methods to synthesize CCTO
powders [6, 15–18]. Therefore, alternative simple solution
routes benign precursors for preparation of CCTO powders
are still a challenge.

In this study, we report the synthesis and giant dielectric
properties of CCTO prepared by the simple PVA sol–gel
route using Ca(NO3)2 · 4H2O, Cu(NO3)2 · 4H2O, and Ti-
tanium(diisoproproxide) bis(2,4-pentanedionate). The syn-
thesized nanocrystalline CCTO powders were characterized
by thermogravimetric and differential thermal analysis (TG-
DTA), X-ray diffraction (XRD), Fourier-Transform Infrared
(FT-IR) spectroscopy, scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The giant di-
electric behaviors of the sintered CCTO were also investi-
gated.

2 Experimental procedure

Nanocrystalline CCTO was prepared by a PVA sol–gel
route. In a typical procedure, Ca(NO3)2 · 4H2O (99.9% pu-
rity, Kento, Japan), Cu(NO3)2 · 4H2O (99.5% purity, Carlo
Erba Reacgenti, Italy), and 75 wt% Titanium(diisoproprox-
ide) bis(2,4-pentanedionate) in 2-propanol (99%, Acros or-
ganics, USA), in a mole ratio corresponding to the nomi-
nal composition of CaCu3Ti4O12, were dissolved in 60 ml
de-ionized water under vigorous stir at room temperature
(27°C) until homogeneous solution was obtained. The ni-
trate solution was then mixed in 1140 ml 5 wt% poly(vinyl
alcohol) (Mn = 72,000, Fluka) aqueous solution in the ratio
of 1:4 with stirring and heating at 80°C until a viscous gel
was formed. Then, the gel was dried at 100°C. This black-
solid mass precursor was ground and passed through 106
μm sieve. In order to determine the temperature of possi-
ble decomposition and crystallization of the nanoparticles,
the dried precursor was subjected to thermogravimetric-
differential thermal analysis (TG-DTA) (Pyris Diamond
TG-DTA, PerkinElmer Instrument, USA). The crystalliza-
tion seemed to occur at temperature above 600°C (Fig. 1).
The dried CCTO precursor then was calcined in a box-
furnace at 700 and 800°C for 8 h in air. The calcined
CCTO powders were reground and passed through 106
μm sieve again to break up large agglomerates. The pre-
pared CCTO powers were characterized by X-ray diffrac-
tion (PW3040 Philips X-ray diffractometer with CuKα ra-

Fig. 1 The TG/DTA curves of the thermal decomposition of
CaCu3Ti4O12 precursor at a heating rate of 15°C/min in static air

diation (λ= 0.15406 nm), The Netherlands), Fourier Trans-
form infrared spectrometer (Spectrum One FT-IR Spectrom-
eter, PerkinElmer Instruments, USA), scanning electron mi-
croscopy (LEO SEM VP1450, UK) and transmission elec-
tron microscopy (TEM, JEOL TEM 2010, Japan).

The prepared CCTO powders were pressed uni-axially in
a 16 mm die with an applied pressure of 100 MPa. The com-
pacts were pressureless-sintered at 1100°C for 16 h in air in
a box-furnace with heating and cooling rates of 5°C/min.
The sintered disc samples of ∼14 mm in diameter with a
thickness of ∼2 mm were obtained. The average grain size
of each sintered CCTO ceramic was measured using a stan-
dard line intercept technique from SEM micrographs of sin-
tered CCTO surfaces and counting at least 200 intercepts
for each micrograph. Throughout this article, we assigned
symbols of CCTO_PVA700 and CCTO_PVA800 for the sin-
tered CCTO samples fabricated using the CCTO powders
calcined at 700 and 800°C, respectively. The capacitance,
C, and loss tangent, tan δ, were carried out as a function
of frequency (100 Hz to 10 MHz) and temperature (−40 to
200°C), using a Hewlett Packard 4194A Impedance Gain
Phase Analyzer at an oscillation voltage of 1 V. Each mea-
sured temperature was kept constant with an accuracy of
±1°C. Silver paint was coated on both surfaces of the sam-
ples and dried overnight. The complex permittivity, ε∗, was
calculated as follows:

ε∗ = ε′ − iε′′, (1)

where

ε′ = Cd

ε0A
, (2)

ε′′ = ε′ tan δ, (3)

and where ε0 is the permittivity in free space, A is the sam-
ple area, and d is the sample thickness.
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Fig. 2 XRD patterns of the CaCu3Ti4O12 nanopowders calcined in
air for 8 h at 700 and 800°C (+: CaTiO3,∗: CuO, A: Anatase–TiO2,
R: Rutile–TiO2)

3 Results and discussion

The simultaneous TG-DTA curves of the gel precursor in
flowing air are shown in Fig. 1. The TG curve in Fig. 1
shows a minor weight loss step between ∼30 and 300°C.
A major weight loss was observed between 300 and 600°C,
and almost no weight loss was observed at above 600°C.
The first weight loss (30 to 300°C) is related to the losses of
moisture, trapped solvent (water and carbon dioxide), alkox-
ide, and nitrates. A major weight loss was observed between
300 and 600°C, relating to the losses of organic species as-
sociated in the precursor, or the residual carbon. Almost no
weight loss could be observed at above 600°C, suggesting
the formation of crystalline CCTO as a decomposed prod-
uct. This is confirmed by the XRD results as shown in Fig. 2.
On the DTA curve (Fig. 1), one exothermic was observed at
375°C. The one exothermic peak confirms that the thermal
events were associated with the burnout of organic species
involved in the precursor powders of the residual carbon or
due to direct crystallization of CCTO from the amorphous
component. No further weight loss and no thermal effect
were observed above 600°C, indicating that no decomposi-
tion occurs above this temperature. Note that this precursor
was calcined in air at 700 and 800°C for 8 h.

Figure 2 shows XRD patterns of CCTO powders after
calcination in air at (a) 700°C and (b) 800°C for 8 h. The
main peaks of all calcined CCTO powders are comparable
to those of the standard powder XRD pattern of CCTO in the
JCPDS card No. 75-2188. In addition, the following phases
of CaTiO3 (JCPDS card No. 82-0228), CuO (JCPDS card
No. 80-0076), Anateses–TiO2 (JCPDS card No. 78-2486),
and Rutile–TiO2 (87-0920) are also observed. From the line
broadening of the main peaks, the crystallite size (D) was
estimated using the Scherrer formula [19]:

D =Kλ/(β cos θ), (4)

Fig. 3 FT-IR patterns of the CaCu3Ti4O12 nanopowders calcined in
air for 8 h at 700 and 800°C

Table 1 Summary of particle size analysis obtained from XRD and
TEM; and lattice parameter (from XRD) of CCTO powders compared
to the ASTM value

Material Particle size Particle size Lattice

from XRD from TEM parameter

(nm) (nm) a (Å)

ASTM(75-2188) – – 7.391± 0.001

700°C powders 55.9± 20.8 42.9± 15.9 7.383± 0.001

800°C powders 63.3± 31.6 97.6± 29.3 7.390± 0.001

where λ is the wavelength of the X-ray radiation, K is
a constant taken as 0.89, θ is the diffraction angle. β is
the full width at half maximum (FWHM) and is given by
β = (β2

O − β2
i )1/2, where βO and βi are the widths from

the observed X-ray peak and the width due to instrumen-
tal effects, respectively. The particle sizes are found to be
55.9± 20.8 and 63.3± 31.6 nm for the powders calcined at
700 and 800°C, respectively. The values of lattice parame-
ter a calculated from the XRD spectra were obtained to be
7.383± 0.001 and 7.390± 0.001 Å for the CCTO powders
calcined at 700 and 800°C, respectively. The particle sizes
and lattice parameters are also summarized in Table 1.

Figure 3 shows FT-IR spectra of the dried precursor and
CCTO powders after calcination in air at 700 and 800°C for
8 h. The calcined CCTO powders show the main absorption
bands at 561, 516, and 437 cm−1. These bands are assigned
to the absorption regions for Ti ion, which are associated
to νTi–O of 653–550 cm−1 and νTi–O–Ti of 495–436 cm−1

[20, 21].
Morphology of the calcined CCTO powders and mi-

crostructure of the sintered CCTO ceramics’ samples re-
vealed by SEM are shown in Fig. 4. Figure 4(a) and 4(b)
show CCTO particles with sizes of about 60 and 100 nm
for the 700 and 800°C calcined samples, respectively. These
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Fig. 4 SEM micrographs of the
CCTO powders and sintered
CCTO materials. a, b Powders
calcined for 8 h in air at 700 and
800°C, respectively.
c, d Microstructure of the
sintering CCTO_PVA700 and
CCTO_PVA800, respectively

values were larger than those obtained from X-ray line
broadening calculation. Some agglomerates were observed
in all of the calcined powders. The particle size of the
powder increased with increasing calcination temperature.
After sintering at 1100°C for 16 h, the bulk CCTO ce-
ramics with different microstructure were obtained. The
CCTO_PVA700 (Fig. 4(c)) and CCTO_PVA800 (Fig. 4(d))
showed mean grain sizes of 14.7 ± 4.2 μm and 13.5 ±
4.8 μm, respectively.

Figure 5 shows TEM images and the corresponding se-
lected area electron diffraction (SAED) patterns of the cal-
cined CCTO powders. It is clearly seen from the TEM
bright-field images that both powder samples consist of
nanocrystalline CCTO particles, whose size increases with
increasing calcination temperature although a small amount
of ATO (Anatases–TiO2) was present in the 700°C calcined
sample. The 700°C calcined sample contains nanoparticles
of 42.9± 15.9 nm in size whereas the 800°C calcined sam-
ple contains nanoparticles of 97.6± 29.3 nm. The observed
particle sizes are in good agreement with results determined
from X-ray line broadening (see summary in Table 1). Elec-
tron diffraction of particles with higher calcination tempera-
ture contains more intense spots as shown in the 800°C cal-
cined powders, indicating the larger particle size of highly
crystalline compared to the 700°C calcined samples. The
interplanar spacings (dhkl) measured from the selected-area
electron diffraction patterns are in good agreement with the
values obtained from the standard data JCPDS: 75-2188 (for
CCTO) and 78-2486 (for ATO) as summarized in Table 2.

Table 2 Measured interplanar spacings (dhkl) obtained from selected-
area electron diffraction patterns of CCTO powders calcined at 700 and
800°C for 8 h shown in Fig. 5. Corresponding values from the standard
data JCPDS: 75-2188 are also provided for a comparison

Ring Measured interplanar spacing Standard data

of CCTO samples dhkl (Å) (JCPDS: 75-2188)

700°C powder 800°C powder dhkl (Å) h k l

R1 – 3.7258 3.6955 200

R2 2.6556 2.6415 2.6131 220

R3 2.3113 2.3113 2.3240 222

R4 1.8629 1.8491 1.8477 400

R5 1.6789 – 1.6526 024

R6 – 1.5086 1.5037 422

Figure 6 shows XRD patterns of the CCTO ceramics
sintered in air at 1100°C for 16 h, confirming a main
phase of CCTO and a small amount of CaTiO3 in both
the CCTO_PVA700 and CCTO_PVA800. The values of lat-
tice parameter a calculated from the XRD spectra were
7.387± 0.003 and 7.388± 0.003 Å for the CCTO_PVA700
and CCTO_PVA800, respectively (see summary in Table 3).

Figure 7 shows the real and imaginary parts of di-
electric dispersion for the samples of CCTO_PVA700 and
CCTO_PVA800 at various temperatures between −40 and
−10°C. By considering these results, we cannot apply the
empirical Cole–Cole relation to fit these data because the
samples contain numerous grain boundaries or grain bound-
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Fig. 5 Bright-field TEM images with corresponding selected-area
electron diffraction (SAED) pattern of CaCu3Ti4O12 powders calcined
in air for 8 h at different temperatures: a 700°C and b 800°C, respec-
tively (ATO: Anatase–TiO2)

aries relaxation which was affected by low frequency [22].
However, it is clearly seen from Figs. 7(a.1) and 7(b.1)
that both samples have very high dielectric constant, ε′, of
∼ 2× 104 (at 1 kHz). From the inset of Fig. 7(a.1), the sam-
ple exhibits a giant dielectric constant, ε′ ∼ 105 at 150 to
200°C with weak frequency dependence below 1 kHz in the
CCTO_PVA700 while its tan δ is high (tan δ ∼ 7) at a fre-
quency of 100 Hz and temperature from 150 to 200°C. The
values are similar to those reported by Bender and Pan [9]
who reported values of ε′ ∼ 104–105 (at 1 kHz) for CCTO
samples prepared from a solid state reaction method. These
values, however, are much higher than 103–104 of the solu-
tion routed CCTO ceramics reported by Liu et al. [6], Jha et
al. [15], and Jin et al. [17].

The imaginary parts of dielectric dispersion, ε′′, are
shown in Figs. 7(a.2) and 7(b.2) for the samples of CCTO_
PVA700 and CCTO_PVA800, respectively. We can apply
the Debye-like relaxation model to these data since there are
the relaxations contributed from the grains. The ε′′ shows
a clear Debye-like relaxation peak shifting from a constant
value at low frequency to a small saturated value at higher
frequency. The electrical response from the grains has a very

Fig. 6 XRD patterns of a 700°C; and b 800°C, respectively. All sin-
tering was done in air at 1100°C for 16 h. The indexed planes indicated
in all pattern are for CCTO main structure (+: CaTiO3)

Table 3 Summary of grain size (from SEM), lattice parameter (from
XRD) and activation energy of grains (obtained from the curve fitting
using (5) and (7))

Material Grain size Lattice Activation Activation

(μm) parameter energy of energy of

a (Å) grains the dc

(eV) conductivity

(eV)

ASTM(75-2188) – 7.391± 0.001 – –

CCTO-PVA700 14.7± 4.2 7.387± 0.003 0.122 0.132

CCTO-PVA800 13.5± 4.8 7.388± 0.003 0.122 0.112

high response frequency because of their small resistance
and capacitance [6]. We can determine the dielectric relax-
ation time, τ , by following the Arrhenius law of

τ = τ0 exp(Eτ /kBT ), (5)

where τ0 is the pre-exponential factor, Eτ is the activation
energy for the relaxation, kB is the Boltzmann constant, and
T is the absolute temperature. The activation energy of an
electrical response, at different temperature can be derived
from the response time (τ = 1/2πf , where f is the response
frequency at which the imaginary part of the complex im-
pedance has a maximum). From the fitting shown in Fig. 8,
we obtain the activation energy of the dielectric relaxation
for CCTO_PVA700 and CCTO_PVA800 to be of the same
value of 0.122 eV.

Figure 9 shows the fit of the ε′′ of the CCTO ceramics
(CCTO_PVA700 and CCTO_PVA800) to the equation [23]

ε′′ ≈ σdc

ε0ω
, (6)
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Fig. 7 The frequency dependence of the dielectric constant, ε∗, at low
temperature between −40 and −10°C for a.1, a.2 CCTO_PVA700 and
b.1, b.2 CCTO_PVA800, respectively. a.1, b.1 display the real part ε′;

and a.2, b.2 display the imaginary part ε′′. The inset in a.1, b.1 shows
the real part ε′ and a.2, b.2 shows tan δ at high temperature between
150 and 200°C for CCTO_PVA700 and CCTO_PVA800, respectively

where σdc is conductivity at low frequency at various tem-
perature between 160 and 200°C. As expected, at high tem-
perature and low frequency, the ε′′ is increased mainly due
to the increase of the dc conductivity [23, 24]. From the fit-
ted results, we can obtain the dc conductivity for the CCTO
ceramics at different temperatures and then we can fit σdc

also by following the Arrhenius law of

σdc = σ 0
dc exp

(−Edc/kBT
)
, (7)

where σ 0
dc is the pre-exponential factor, Edc is the acti-

vation energy for the dc conductivity. The correlation of
these values is shown in Fig. 10. From the fitting, we
obtain the activation energy of the dielectric relaxation
for CCTO_PVA700 and CCTO_PVA800 to be 0.132 and
0.112 eV, respectively. These values are close to the acti-
vation energy derived from Debye-like relaxation peak.

To interpret the dielectric in the CCTO ceramics, the
Maxwell–Wagner relaxation was used to describe a series

array of two sub-circuits, one in the grain and the other at
the grain boundaries [6, 8]. In each sub-circuit, the resistor
and capacitor are in parallel. In this circuit, we can present
the dielectric relaxation time, τ , in the following form

τ = RgRgb(Cg +Cgb)

Rg +Rgb

, (8)

where Cg and Cgb are the capacitance of grain and grain
boundaries, respectively; Rg and Rgb are the resistor of
grain and grain boundaries, respectively; and τ is the time
constant.

Using the conditions, Rgb � Rg and Cgb ≈ 10Cg [6, 8],
we can approximately obtain the time constant, τ , from (8)

τ ≈RgCgb = (RgCg)
Cgb

Cg

= τg

Cgb

Cg

, (9)

where τg = RgCg is the response time of the grain. It has
been reported that Cg and Cgb are independent of tempera-
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Fig. 8 Arrhenius plot of the relaxation time, τ , for the sintered CCTO
ceramics

Fig. 9 The frequency dependence of the dielectric loss ε′′ at high tem-
perature ranging between 160 and 200°C for a CCTO_PVA700, and
b CCTO_PVA800, respectively. The solid lines are the fits according
to (6)

ture [8]; thus, we can deduce τg that follows the Arrhenius
law, (5). Let τg = τ 0

g exp(Eg/kBT )(τ 0
g is pre-exponential

Fig. 10 Arrhenius plot of dc conductivity, σdc, for the CCTO ceramics

factor and Eg is the activation energy of the grain conduc-
tion process), then we modify (9) to

τ ≈RgCgb = Cgb

Cg

(
τ 0
g exp(Eg/kBT )

)
. (10)

From (10), τ and τ0 have the same temperature dependence
and the electrical response of the grains has the same acti-
vation energy as that of the observed dielectric relaxation.
Thus, we conclude that the activation energy for the re-
sponse of the grains in CCTO_PVA700 and CCTO_PVA800
are 0.122 eV, which are close to the values of 0.109 eV for
a chemical solution synthesized CCTO [6]. However, the
value of 0.122 eV is lager than 0.08 eV, which was reported
for samples made by solid-state reaction [8].

At the present, the origin of semi-conducting grains
and insulating grain boundaries has not been clearly es-
tablished. Liu et al. [6] have proposed that the grains
made by different method could have very different elec-
trical property. Therefore, the larger activation energy of
grains in CCTO_PVA700 and CCTO_PVA800 compared
to that of a sample made by solid-state reaction implies
that there are fewer oxygen vacancies in the grains of
CCTO_PVA700 and CCTO_PVA800. This is reasonable be-
cause CCTO_PVA700 and CCTO_PVA800 were sintered
from powders, which were calcined at low temperature (700
and 800°C) compared to the temperature needed for the
solid-state processing. However, it is premature to associate
the increase in grain activation energy of all CCTO ceramics
with its large dielectric constant.

Finally, let us consider the role of CaTiO3 secondary
phase for the giant dielectric response in our CCTO sam-
ples. From the XRD analysis, we know that a small amount
of CaTiO3 secondary phase exists in our CCTO ceramics.
Thus, the influence of CaTiO3 secondary phase cannot be
ignored. If considering that the segregated CaTiO3 content
is dispersed at the grain boundaries. CaTiO3 is a dielectric
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insulator with ε′ ∼ 200 [25]. It is suggested that CaTiO3 sec-
ondary phase acts as the barrier layers at the grain bound-
aries [26], which contribute largely to the high dielectric
constant observed in our CCTO ceramics.

4 Conclusions

Nanocrystalline CCTO powders have been synthesized by a
simple PVA sol–gel route. The synthesized powders were
characterized by TG-DTA, XRD, FTIR, SEM and TEM.
The powders calcined at 700 and 800°C were used to pre-
pared bulk CCTO ceramics, which were sintered at 1100°C
for 16 h. The giant dielectric constant is in the order of
104–105. The dielectric behavior of all CCTO ceramics ex-
hibits Debye-like relaxation which can be explained based
on Maxwell–Wagner polarization mechanism.
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Abstract

Nano-sized powders of CaCu3Ti4O12 were synthesized by a polymerized complex method and calcined at 600, 700 and 800 ◦C in air for 8 h.
The diameter of the powders ranges from 30 to 100 nm. The CaCu3Ti4O12 powders were characterized by TG-DTA, XRD, FTIR, SEM and TEM.
Sintering of the powders was conducted in air at 1100 ◦C for 16 h. The XRD results indicated that all sintered samples have a typical perovskite
CaCu3Ti4O12 structure with some amount of CaTiO3 and CuO. SEM micrographs of the sintered CaCu3Ti4O12 ceramics showed the average grain
size of 10–15 �m. The samples exhibit a giant dielectric constant, �′ of 10,000–20,000. It is found that � is independent on the frequency and
weakly dependent on temperature. The Maxwell–Wagner polarization mechanism is used to explain the high permittivity in these ceramics. It is
also found that all three sintered samples have the same activation energy of grains, which is 0.116 eV. On the other hand, the activation energy of
grain boundaries is found to be 0.219, 0.391 and 0.641 eV for CaCu3Ti4O12 ceramics prepared using the CaCu3Ti4O12 powders calcined at 600,
700 and 800 ◦C, respectively.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Powder processing; Electron diffraction; Scanning electron microscopy; X-ray diffraction (XRD); Dielectrics

1. Introduction

Dielectric materials with high dielectric constant, good
thermal stability and Ba/Pb-free have particularly attracted
ever-increasing attention for their practical applications in
microelectronics such as capacitors and memory devices.
Recently, there has been a great interest in synthesis and char-
acterization of a perovskite-type compound, calcium copper
titanate (CaCu3Ti4O12, commonly called CCTO) [1–14]. This
non-ferroelectric material, unlike commonly used ferroelectrics,
exhibits giant dielectric constant of �′ ∼ 104 for polycrystalline
ceramics [1,2] and �′ ∼ 105 (for single crystals) [3] in the kilo-
hertz region over a large temperature range (from 100 to 600 K).
This material does not undergo any structural change over the
same temperature range although its dielectric constant abruptly

∗ Corresponding author. Tel.: +66 43 202222–9x2248; fax: +66 43 202374.
E-mail addresses: sanmae@kku.ac.th, santimaensiri@gmail.com

(S. Maensiri).

decreases to less than 100 below 100 K, showing a Debye-like
relaxation [13]. In addition to its interesting dielectric prop-
erty, CaCu3Ti4O12 has remarkably strong linear current–voltage
characteristics without the addition of dopants [15]. These excel-
lent properties render this material particularly attractive for a
wide range of applications.

So far, several explanations for the origin of the colossal
dielectric property of CaCu3Ti4O12 material have been pro-
posed to be due to either intrinsic or extrinsic effect. Since
the giant dielectric response of this material was found to be
very sensitive to the microstructure (such as grain size) and
processing conditions (such as sintering temperature and time,
cooling rate and partial pressure) [11–13,16,17], more investiga-
tions tend to believe that the high dielectric constant originates
from the extrinsic effect such as internal barrier layer capaci-
tor (IBLC) [11,16], contact-electrode effect [18,19], and special
inhomogenity of local dielectric response [20]. Although still
unclear, the IBLC explanation of extrinsic mechanism is widely
accepted at the present stage [21–26].

0254-0584/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2007.11.023
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CCTO was generally prepared by a standard solid-state reac-
tion method [1–3]. This method requires tedious work and a
high temperature in the powder preparation process. Moreover,
it suffers from the disadvantages of inhomogeneity. In contrast,
synthesis from a solution affords the reaction with a homo-
geneous mixing of the metal ions at the atomic scale, shorter
reaction time and at lower temperature [13]. However, it has
been only a few reports on the solution methods to synthesize
CCTO [8,10,13].

In this paper, we report the synthesis and giant dielectric
properties of CCTO prepared by polymerized complex (PC)
method. The PC method is a chemical solution process, which
has received considerable attention due to its relative simplicity
and usefulness for obtaining a homogeneous and fine powder
precursor. The synthesized fine CCTO powders were charac-
terized by thermogravimetric and differential thermal analysis
(TG-DTA), X-ray diffraction (XRD), Fourier-transform infared
(FT-IR) spectroscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The effects of parti-
cle size of the synthesized powders on microstructure and giant
dielectric behavior of the sintered CCTO were also investigated.

2. Experimental procedure

The nano-sized powders of the CCTO were prepared by a simple modified
sol–gel method. The PC method was first developed by Pechini [27] and has been
used to synthesize polycations oxides powders [28–35]. It is based on metallic
citrate polymerization with the use of ethylene glycol. A hydrocarboxylic acid,
such as citric acid, is used to chelate cations in aqueous solution. The addition
of a glycol, such as ethylene glycol, leads to organic ester formation. Poly-
merization, promoted by heating the mixture, results in a homogeneous resin
in which metal ions are uniformly distributed throughout the organic matrix.
To prepare the CCTO powders, citric acid (99.7% purity, BDH, England) was
first dissolved in ethylene glycol (99.5% purity, Carlo Erba Reacgenti, Italy)
by heating and stirring at 80 ◦C. Subsequently, Ca(NO3)2·4H2O (99.9% purity,
Kento, Japan), Cu(NO3)2·4H2O (99.5% purity, Carlo Erba Reacgenti, Italy) and
75 wt% titanium(diisoproproxide) bis(2,4-pentanedionate) in 2-propanol (99%,
Acros organics, USA) in a mole ratio corresponding to the nominal composition
of CaCu3Ti4O12. Citric acid and ethylene glycol were mixed in the respective
proportions of 4 and 16 moles for each mole of metal cation. The transpar-
ent blue-colored mixture was then stirred at 280 ◦C until the formation of the
dark blue-colored polymer between ethylene glycol and metal citrate complexes
was promoted (for about 10 h). As the colloidal solution was condensed, it
became highly viscous. This viscous polymeric product was decomposed to
a dark mass precursor at 350 ◦C for several hours in air. This black-solid mass
precursor was ground, passed through 106 �m sieve (Test sieve, Endecotts Lim-
ited, England) and each separate portion calcined at 600, 700 and 800 ◦C for
8 h in air. The calcined powder precursors were reground and passed through
106 �m sieve again to break up large agglomerates. The final products were
black powders. The prepared CCTO powers were characterized by TG-DTA
(Pyris Diamond TG/DTA, PerkinElmer Instrument, USA), X-ray diffraction
(PW3040 Philips X-ray diffractometer with Cu K� radiation (λ = 0.15406 nm),
The Netherlands), Fourier transform infrared spectrometer (Spectrum One FT-IR
Spectrometer, PerkinElmer Instruments, USA), scanning electron microscopy
(LEO SEM VP1450, UK) and transmission electron microscopy (TEM, Hitachi
H8100 200 kV). The sieved powders were pressed uni-axially in a 16 mm die
with an applied pressure of 100 MPa. The compacts were pressureless-sintered at
1100 ◦C for 16 h in air in a box furnace, heating and cooling rates of 5 ◦C min−1.
The sintered disc samples of ∼11 mm in diameter with a thickness of ∼2 mm
were obtained. The average grain size of each sintered CCTO ceramic was
measured using a standard line intercept technique from SEM micrographs of
sintered CCTO surfaces and counting at least 200 intercepts for each micrograph.
Throughout this article, we assigned symbols of CCTO PC600, CCTO PC700

Fig. 1. The TG-DTA curves of the thermal decomposition of CCTO precursor
at a heating rate of 15 ◦C min−1 in static air.

and CCTO PC800 for the CCTO bulk samples fabricated using the powders
calcined at 600, 700 and 800 ◦C, sintered in air at 1100 ◦C for 16 h, respectively.

The capacitance, C, and loss tangent, tan δ, were carried out as a function
of frequency (100 Hz–1 MHz) and temperature (−50 ◦C to −200 ◦C), using
a Hewlett Packard 4194A Impedance Gain Phase Analyzer at an oscillation
voltage of 1 V. Each measured temperature was kept constant with an accuracy
of ±1 ◦C.

The complex permittivity, ε*, was calculated as follows:

ε∗ = ε′ − iε′′ (1)

where

ε′ = Cd

ε0A
(2)

ε′′ = ε′ tan δ (3)

where ε0 is the permittivity in free space, A is the sample area and d is the sample
thickness.

3. Results and discussion

Fig. 1 shows the thermal analysis, TG-DTA curves of
the powder precursor of CCTO firing with a heating rate of
15 ◦C min−1 in static air from room temperature to 1000 ◦C. The
TG curve shows a major weight loss from 300 to ∼500 ◦C; no
further weight loss was observed up to 1000 ◦C. The weight loss
is related to the combustion of organic matrix. The clear plateau
formed between 500 and 1000 ◦C on the TG curve indicates
the formation of CCTO as decomposition product, as confirmed
by XRD analysis (discuss in detail later). On the DTA curve, a
main exothermic effect were observed between 300 and 500 ◦C
with maxima at 450 ◦C, indicating that the thermal events was
associated with the burnout of organic species involved in the
precursor powders (organic mass remained from citric acid and
ethylene glycol), of the residual carbon or due to direct crystal-
lization of CCTO from the amorphous component. No further
weight loss and no thermal effect were observed above 500 ◦C,
indicating that no decomposition occurs above this temperature.
Note that these precursors were calcined in air at 600, 700 and
800 ◦C for 8 h.

Fig. 2 shows XRD patterns of CCTO powders after calci-
nation in air at (a) 600 ◦C, (b) 700 ◦C and (c) 800 ◦C for 8 h.
The main peaks of all calcined CCTO powders are compara-
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Fig. 2. XRD patterns of CCTO powders calcined for 8 h in air at (a) 600 ◦C, (b)
700 ◦C and (c) 800 ◦C, respectively. +CaTiO3, *CuO, A Anatese TiO2 and R
Rutile TiO2.

ble to those of the standard powder XRD pattern of CCTO
in the JCPDS card No. 75-2188. In addition, the following
phases of CaTiO3 (JCPDS card No. 82-0228), CuO (JCPDS
card No. 80-0076), Anateses-TiO2 (JCPDS card No. 78-2486)
and Rutile-TiO2 (JCPDS card No. 87-0920) were also observed.
It is suggested by Guilleemet-Fritsch et al. [36] that the pure
CCTO phase is obtained only when the ratio of calcium, copper
and titanium are close to the stoichiometric ones. The CaTiO3
and TiO2 phase appear if an excess of titanium is present. It is
the excess of titanium that leads to the precipitation of CaTiO3
and TiO2, even if there is no excess of calcium [36]. The for-
mation of CaTiO3 may also cause the excess of Cu with respect
with the stoichiometry of CCTO. As a result, the precipitation
of the CuO is observed. From the line broadening of the main
peaks, the crystallite size (D) was estimated using the Scherrer
formula [37]:

D = Kλ

(β cos θ)
(4)

where λ is the wavelength of the X-ray radiation, K is a constant
taken as 0.9, θ is the diffraction angle. β is the full width at haft

maximum (FWHM) and is given by β = (β2
o − β2

i )
1/2

, where
βo and βi are the widths from the observed X-ray peak and the
width due to instrumental effects, respectively. The particle sizes
are found to be 43.8± 15.6, 55.4± 20.1 and 70.9± 22.6 nm for
the powders calcined at 600, 700 and 800 ◦C, respectively.

Fig. 3 shows FT-IR spectra of CCTO powders after calcina-
tion in air at 600, 700 and 800 ◦C for 8 h. All three samples
show the main absorption bands at 561, 516 and 437 cm−1.
These bands are assigned to the absorption regions for Ti ion,
which are associated to νTi–O of 653–550 cm−1 and νTi–O–Ti of
495–436 cm−1 [4].

Morphology and microstructure of the calcined CCTO pow-
ders and sintered CCTO ceramic samples revealed by SEM
are shown in Fig. 4. Fig. 4(a)–(c) shows CCTO particles with
sizes of about 50, 80 and 100 nm for the 600, 700 and 800 ◦C
calcined samples, respectively. These values were larger than
those obtained from X-ray line broadening calculation. Some
agglomerates were observed in all of the calcined powders.

Fig. 3. FT-IR spectra of CCTO powders calcined for 8 h in air at (a) 600 ◦C, (b)
700 ◦C and (c) 800 ◦C, respectively.

The particle size of the powder increased with increasing
calcination temperature. After sintering at 1100 ◦C for 16 h,
the bulk CCTO ceramics with different microstructure were
obtained. The CCTO 600 (Fig. 4(d)), CCTO 700 (Fig. 4(e))
and CCTO 800 (Fig. 4(f)) showed a mean grain size of
11.9± 4.0 �m, 14.8± 6.2 �m and 10.8± 4.5 �m, respectively.

Fig. 5 shows TEM images and the corresponding selected
area electron diffraction (SAED) patterns of the calcined CCTO
powders. It is clearly seen from the TEM bright-field images
that all of the samples are consist of nanocrystalline CCTO
particles, whose size increases with increasing calcination tem-
perature. The 600 ◦C calcined sample contains nanoparticles of
30.9± 7.8 nm in size whereas the 700 ◦C calcined sample con-
tains nanoparticles of 58.7± 45.4 nm. As expected, the 800 ◦C
calcined sample consists of nanoparticles with the largest par-
ticle sizes of 85.3± 39.9 nm. It is noted that the particle sizes
observed by TEM are not in agreement with results determined
by XRD and SEM (see Table 1). The error in the particle sizes
obtained from the XRD results is large, and the average values
obtained from SEM are significantly larger than that obtained
from XRD. These differences could be resulted from some dis-
persion or inhomogeneity in the particles size of the samples.
Electron diffraction of particles with higher calcination tem-
perature contains more intense spots as shown in the 700 and
800 ◦C calcined powders, indicating the larger particle size of
highly crystalline compared to the 600 ◦C calcined samples. The
interplanar spacings (dhkl) measured from the selected-area elec-
tron diffraction patterns are in good agreement with the values

Table 1
Summary of particle size analysis obtained from XRD and TEM; and lattice
parameter (from XRD) of CCTO powders compared to the ASTM value

Material Particle size
from XRD (nm)

Particle size
from TEM (nm)

Lattice
parameter a (Å)

ASTM (75-2188) – – 7.391 ± 0.001
600 ◦C powders 43.8 ± 15.6 30.9 ± 7.8 7.374 ± 0.002
700 ◦C powders 55.4 ± 20.1 58.7 ± 45.4 7.389 ± 0.001
800 ◦C powders 70.9 ± 22.6 85.3 ± 39.9 7.398 ± 0.002
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Fig. 4. SEM micrographs of the CCTO powders and sintered CCTO materials. (a)–(c) are the powders calcined for 8 h in air at 600, 700 and 800 ◦C, respectively.
(d)–(f) are the microstructure of the sintering CCTO PC600, CCTO PC700 and CCTO PC800, respectively.

obtained from the standard data JCPDS: 75-2188 (for CCTO)
and 89-0056 (for CaTiO3) as summarized in Table 2.

Fig. 6 shows XRD patterns of the CCTO ceramics sintered in
air at 1100 ◦C for 16 h, confirming a single phase of CCTO in all
the samples although a small amount of CaTiO3 and CuO were
present in all the sintered samples. The presence of additional
CaTiO3 in the sintered samples is possibly due to the presence
of excess titanium as suggested Guilleemet-Fritsch et al. [36].
Therefore, we think that the excess of titanium leads to the pre-
cipitation of CaTiO3 in our sintered samples. For the presence
of the CuO phase, it is possible that the Cu rich phase derives
from the diffusion of Cu to the defects present, after which gross
excess causes the crystallization of the separate CuO phase [38].
The CuO phase within the ceramics implies that excess copper

is in the form of a copper rich phase at the grain boundaries
[38,39]. However, further work on careful investigation of the
stoichiometry of the CCTO ceramics using energy dispersive
spectroscopy (EDS) is needed to confirm the Ca/Cu/Ti cationic
ratio in our CCTO ceramics.

Fig. 7 shows the frequency dependence of the ε′ and ε′′
of the sintered CCTO ceramics (CCTO PC600, CCTO PC700
and CCTO PC800) at various temperature between −50 and
−10 ◦C. Fig. 7(a.1)–(c.1) shows that the CCTO ceramics
(CCTO PC600, CCTO PC700 and CCTO PC800) have very
high dielectric constant, ε′, of 10000–20000 at 1 kHz. ε′ has
little frequency dependence at low frequency (below 100 kHz).
The high �′ at low frequency may possibly be a contribution from
grain boundary in these sintered CCTO ceramics [40]. The val-
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Fig. 5. Bright field TEM images with corresponding selected-area electron diffraction (SAED) patterns of CCTO powders calcined in air for 8 h: (a) 600 ◦C; (b)
700 ◦C; (c) 800 ◦C, respectively. 101CTO stands for (1 0 1) plane of CaTiO3.
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Table 2
Measured interplanar spacings (dhkl) obtained from selected-area electron diffraction patterns of CCTO samples calcined at 600, 700 and 800 ◦C for 8 h shown in
Fig. 5

Ring Measured interplanar spacing of CCTO samples dhkl (Å) Standard data (JCPDS: 75-2188)

600 ◦C powder 700 ◦C powder 800 ◦C powder dhkl (Å) hkl

R1 – 3.5735 3.5735 3.6955 200
R2 2.6703 2.6413 2.6557 2.6131 220
R3 – – 2.3143 2.3372 013
R4 2.1696 2.1504 – 2.1336 222
R5 1.9597 – – 1.9753 321
R6 1.7802 – 1.7868 1.8477 400
R7 1.567 1.5379 1.5527 1.5086 422

Corresponding values from the standard data JCPDS: 75-2188 are also provided for a comparison.

ues are similar to the those reported by Jin et al. [10] and Liu et
al. [13], who reported values of �′ ∼ 104 (at 1 kHz) for samples
prepared from a solution route; and by Ramirez et al. [1] and
Bender and Pan [12], whose samples prepared from a solid-state
reaction method. These values, however, are much higher than
3000 of the sol–gel synthesized CCTO ceramics reported by Jha
et al. [8].

The frequency dependence of the observed dielectric relax-
ation, ε′′, shown in Fig. 7(a.2)–(c.2). By considering these
results, we cannot apply the empirical Cole–Cole relation to
fit these data because at low frequency the samples contain
numerous grain boundaries or grain boundaries relaxation [40].
However, we can apply the Debye-like relaxation peak due to
the presence of the grains. The ε′′ shows a clear Debye-like
relaxation peak shifting from a constant value at low frequency
to a small saturated value at higher frequency. The electrical
response from grains has a very high response frequency because
of their small resistance and capacitance [13]. We can determine
the dielectric relaxation time, τ, also by following the Arrhenius

Fig. 6. XRD patterns of (a) 600 ◦C, (b) 700 ◦C and (c) 800 ◦C, respectively. All
sintering was done in air at 1100 ◦C for 16 h. The indexed planes indicated in
(c) pattern are for CCTO main structure. +CaTiO3 and * CuO.

law of

τ = τ0 exp

(
U

kBT

)
(5)

where τ0 is the pre-exponential factor, U is the activation energy
for the relaxation, kB is the Boltzmann constant and T is the abso-
lute temperature. Fig. 8 illustrates the relationship of τ and T for
all three CCTO samples. The activation energy of an electri-
cal response, at different temperature can be derived from the
response time (τ = 1/2πf, where f is the response frequency at
which the imaginary part of the complex impedance has a max-
imum). From the fitting (Fig. 8), we obtain the activation energy
of the dielectric relaxation for CCTO PC600, CCTO PC700 and
CCTO PC800 to be of the same value of 0.116 eV.

Fig. 9 shows the fit of the �′′ of the CCTO ceramics
(CCTO PC600, CCTO PC700 and CCTO PC800) to equation
[41]

ε′′ ≈ σdc

ε0ω
(6)

where σdc is conductivity at low frequency at various tempera-
ture between 160 and 200 ◦C. As expected, at high temperature
and low frequency, the ε′′ is increased mainly due to the increase
of the dc conductivity [34,42]. From the fitted results, we can
obtain the dc conductivity for the CCTO ceramics at differ-
ent temperatures and then we can fit σdc also by following the
Arrhenius law of

σdc = σ0
dc exp

(
Udc

kBT

)
(7)

where σ0
dc is the pre-exponential factor, Udc is the activation

energy for the dc conductivity. The correlation of these values
is shown in Fig. 10. From the fitting, we obtain the acti-
vation energy of the dielectric relaxation for CCTO PC600,
CCTO PC700 and CCTO PC800 to be 0.219, 0.391 and
0.647 eV, respectively. These values are close to the activation
energy of the grain boundaries reported earlier in the literature
for the CCTO, 0.24 [9], 0.34 [26] and 0.60 eV [11]. Our results
support the hypothesis of the existence of internal barrier layers
between the grains. In other words, our results indicate that the
behavior of ε′′ at low frequency (in Fig. 7) is a result of the grain
boundaries barrier.
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Fig. 7. The frequency dependence of the complex permittivity, �*, at low temperature between −50 and −10 ◦C for (a.1)–(a.2) CCTO PC600, (b.1)–(b.2)
CCTO PC700 and (c.1)–(c.2) CCTO PC800, respectively. (a.1)–(c.1) display the real part �′; (a.2)–(c.2) display the imaginary part ε′′.

Fig. 8. Arrhenius plot of dielectric relaxation time τ for the three sintered
samples.

To interpret the dielectric in the CCTO ceramics, the
Maxwell–Wagner relaxation was used to describe a series
array of two sub-circuits, one in the grain and the other at the
grain boundaries [13,43]. In each sub-circuit, the resistor and
capacitor are in parallel. In this circuit, we can present the
static-permittivity, ε′s, and dielectric relaxation time, τ, in the
following form

ε′s =
R2gCg + R2gbCgb

C0(Rg + Rgb)2
(8)

τ = RgRgb(Cg + Cgb)

Rg + Rgb
(9)

where Cg and Cgb are the capacitance of grain and grain
boundaries, respectively; Rg and Rgb are the resistor of grain
and grain boundaries, respectively;C0 is the empty cell constant
and τ is the time constant.
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Fig. 9. The frequency dependence of the dielectric loss ε′′ at high temperature
ranging between 160 and 200 ◦C for (a) CCTO PC600, (b) CCTO PC700 and
(c) CCTO PC800, respectively. The solid lines are the fits according to Eq. (6).

It has been reported in the literature that for CCTO, Rgb�Rg
andCgb≈ 10Cg [13,43].We can estimate the static-permittivity
ε′s from Eq. (8),

ε′s ≈
Cgb

C0
(10)

Thus, ε′s is determined by the ratio between grain boundary
capacitance, Cgb, and empty cell capacitance, C0. Hence ε′s is
constant when Cgb is temperature and frequency independent.
The implication is in good agreement with our experimental
results. We observed that dielectric constant is not depen-
dent on the frequency and only weakly dependent on the
temperature.

Fig. 10. Arrhenius plot of dc conductivity σdc for the three sintered samples.

If we assumed that the grain boundary form a two-layer
capacitor with a thickness of (dg + dgb), where dg and dgb are the
thickness of the grain and the grain boundary layer, respectively,
from Eq. (10), one obtains ε′s ≈ εgb(dg + dgb)/dgb; here εgb is
the dielectric constant of the grain boundary layer. Therefore,
even a small dielectric constant εgb can lead to a giant dielectric
constant ε′s if the ratio (dg + dgb)/dgb is large. If the grain is about
10�m, the grain boundary layer is about 0.01�m and εgb = 10,
then ε′s ≈ 10, 000. Therefore, the Maxwell–Wagner relaxation
can be used to explain the giant dielectric constant of our CCTO
samples.
Using the conditions, Rgb�Rg andCgb≈ 10Cg [13,43]. We

can approximately obtain the time constant, τ, from Eq. (9),

τ ≈ RgCgb = (RgCg)Cgb
Cg

= τg
Cgb

Cg
(11)

where τg =RgCg is the response time of the grain. It has been
reported thatCg andCgb are independent of temperature [11,43],
thus, we can deduce τg that follows the Arrhenius law, Eq. (5).
Let τg = τ0g exp(Ug/kBT ) (τ0g is pre-exponential factor and Ug
is the activation energy of the grain conduction process), then
we modify Eq. (11) to

τ ≈ RgCgb = Cgb

Cg

(
τ0g exp

(
Ug

kBT

))
(12)

From Eq. (12), τ and τ0 have the same temperature depen-
dence and the electrical response of the grains has the same
activation energy as that of the observed dielectric relax-
ation. Thus, we can conclude that the activation energy for
the response of the grains in CCTO PC600, CCTO PC700
and CCTO PC800 are 0.116 eV, which are close to the val-
ues of 0.109 eV for a chemical solution synthesized CCTO and
0.112 eV for the recently reported by our group [14]. How-
ever, the value of 0.116 eV is lager than 0.08 eV, which was
reported for samples made by solid-state reaction [11]. The
activation energy of grain in CCTO PC600, CCTO PC700 and
CCTO PC800 are lager than activation energy of grain in sam-
ple made by solid-state reaction, which may imply that there
are fewer oxygen vacancies in the grains of CCTO PC600,
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CCTO PC700 and CCTO PC800. This is reasonable because
CCTO PC600, CCTO PC700 and CCTO PC800 were sin-
tered from powders. These powders were calcined at low
temperature (600, 700 and 800 ◦C) compared to the temper-
ature needed for the solid-state processing, which calcined at
1000 ◦C [11]. Similar suggestion was explained by Liu et al.
[13].

4. Conclusions

Nanocrystalline CaCu3Ti4O12 powders with particle sizes of
30–100 nm have been synthesized by the polymerized complex
route. The powders were used to prepared bulk CCTO ceramics,
which exhibit giant dielectric response and have the dielec-
tric constant as high as 10,000–20,000 at 1 kHz. The dielectric
constant is weakly temperature dependent over the tempera-
ture range of −50 ◦C to 200 ◦C. The high dielectric-constant
responses of theseCCTOceramics are not attributed to the ferro-
electric behavior, but rather to theMaxwell–Wagner polarization
mechanism.
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ABSTRACT Nanocrystalline CaCu3Ti4O12 powders with par-
ticle sizes of 50–90 nm were synthesized by a simple method
using Ca(NO3)2 ·4H2O, Cu(NO3)2 ·4H2O, titanium(diiso-
proproxide) bis(2,4-pentanedionate) and freshly extracted egg
white (ovalbumin) in aqueous medium. The synthesized pre-
cursor was characterized by TG-DTA to determine the thermal
decomposition and crystallization temperature which was found
to be at above 400 ◦C. The precursor was calcined at 700
and 800 ◦C in air for 8 h to obtain nanocrystalline powders of
CaCu3Ti4O12. The calcined CaCu3Ti4O12 powders were char-
acterized by XRD, FTIR, SEM and TEM. Sintering of the
powders was conducted in air at 1100 ◦C for 16 h. The XRD re-
sults indicated that all sintered samples have a typical perovskite
CaCu3Ti4O12 structure and a small amount of CuO, although
the sintered sample of the 700 ◦C calcined powders contained
some amount of CaTiO3. SEM micrographs showed the aver-
age grain sizes of 12.0±7.8 and 15.5±8.9 μm for the sintered
CaCu3Ti4O12 ceramics prepared using the CaCu3Ti4O12 pow-
ders calcined at 700 and 800 ◦C, respectively. The sintered
samples exhibit a giant dielectric constant, ε′ of ∼ 1.5–5×104.
The dielectric behavior of both samples exhibits Debye-like re-
laxation, and can be explained based on a Maxwell–Wagner
model.

PACS 77.22.Gm; 81.05.Je; 81.07.Wx; 81.20.Ev

1 Introduction

Materials with high dielectric constant, good ther-
mal stability and Ba/Pb-free are widely used in technological
applications such as capacitors and memory devices. Re-
cently, there has been a great interest in synthesis and charac-
terization of a perovskite-type compound, CaCu3Ti4O12, (ab-
breviated as CCTO) [1–15]. This non-ferroelectric material
exhibits giant dielectric constant of ε′ ∼ 104 (for polycrys-
talline ceramics) [1, 2] and ε′ ∼ 105 (for single crystals) [3] in
the kilohertz region over the temperature range from−173 to

� Fax: +66-43-202374, E-mail: sanmae@kku.ac.th

327 ◦C. This material does not undergo any structural change
over the same temperature range [1, 2] although its dielectric
constant abruptly decreases to less than 100 below −173 ◦C
and shows a Debye-like relaxation [13]. The characteristic re-
laxation frequency follows approximately the Arrhenius law.
In addition to its interesting dielectric property, CCTO has
remarkably strong linear current–voltage characteristics with-
out the addition of dopants [16]. These excellent properties
render this material particularly attractive for a wide range of
applications.
So far, several models of the dielectric behavior of CCTO

material have been proposed to be due to either intrinsic or
extrinsic effect. Since the giant dielectric response of this
material was found to be very sensitive to the microstruc-
ture (such as grain size) and processing conditions (such as
sintering temperature and time, cooling rate, and partial pres-
sure) [11–14, 17, 18], more investigations tend to believe that
the high dielectric constant originates from the extrinsic ef-
fect, such as internal barrier layer capacitor (IBLC) [11, 17],
contact-electrode effect [19, 20], and special inhomogen-
ity of local dielectric response [21]. Although still unclear,
the IBLC explanation of extrinsic mechanism is widely
accepted [22–27].
CCTO powder was generally prepared by a standard

solid-state reaction method [1–3]. This method requires te-
dious work and a high temperature in the powder preparation
process. Moreover, it suffers from the disadvantages of in-
homogeneity. In contrast, synthesis from a solution affords
the reaction with a homogeneous mixing of the metal ions at
the atomic scale, shorter reaction time, and at lower tempera-
ture in the powder preparation process [28].
However, it has been only a few reports on the solution

methods to synthesize CCTO powders [8, 10, 13]. Therefore,
alternative simple solution routes by utilization of cheap,
nontoxic and environmentally benign precursors for prep-
aration of CCTO powders are still a challenge. Egg white
proteins are well known for their gelling, foaming and emul-
sifying characteristics, in addition to their high nutrition qual-
ity [29–31]. Due to its solubility in water and its ability to
associate with metal ions in solution, egg white has been
used as a binder cum gel forming material in shape form-
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ing of bulk and porous ceramics [32–34]. Egg white has
been used as a matrix for entrapment of aluminum ions gen-
erating gel precursor which resulted in α-alumina particles
with crystalline sizes of 15–80 nm after heat treatment as low
as 330 ◦C [35]. Most recently, our group has reported the
use of egg white solution for the preparations of plate-like
clusters of CeO2 nanocrystalline particles 6–30 nm in diam-
eter [36] and nanoparticles of NiFe2O4 with particle sizes of
60–600 nm [37]. This method is simple, cost effective and en-
vironmental friendly, which is a promising synthesis route for
preparation of fine ceramic particles.
In this study, we report the synthesis and giant dielec-

tric properties of CCTO prepared by the simple egg white
solution route using Ca(NO3)2 ·4H2O, Cu(NO3)2 ·4H2O, ti-
tanium(diisoproproxide) bis(2,4-pentanedionate) and freshly
extracted egg white (ovalbumin) in aqueous medium. The
synthesized fine CCTO powders were characterized by ther-
mogravimetric and differential thermal analysis (TG-DTA),
X-ray diffraction (XRD), Fourier-transform infared (FT-IR)
spectroscopy, scanning electronmicroscopy (SEM) and trans-
mission electron microscopy (TEM). The effects of par-
ticle size of the synthesized powders on microstructure and
giant dielectric behavior of the sintered CCTO were also
investigated.

2 Experimental procedure

The nanocrystalline CCTO powders were pre-
pared by a simple egg white solution route. The procedures
used to synthesize the CCTO powders were similar to those
for the NiFe2O4 nanoparticles reported previously [37]. In
a typical procedure, 60 ml of egg white was first mixed
with 40 ml de-ionized water (3 : 2 ratio) under vigorous stir
at room temperature (27 ◦C) until homogeneous solution
was obtained. Subsequently, Ca(NO3)2 ·4H2O (99.9% pu-
rity, Kento, Japan), Cu(NO3)2 ·4H2O (99.5% purity, Carlo
ErbaReacgenti, Italy), and 75 wt.%titanium(diisopropoxide)
bis(2,4-pentanedionate) in 2-propanol (99%, Acros organics,
USA) in a mole ratio corresponding to the nominal compo-
sition of CaCu3Ti4O12. These chemicals were added to the
egg white solution under vigorous stir at room temperature
for 2 h to obtain a well-dissolved solution. At this step, the
extracted egg white was acted as a matrix for entrapment
of Ca, Cu, and Ti ions generating gel precursor [35–37].
Throughout the whole process described above, no pH ad-
justment was made. Then, the mixed solution was evapo-
rated by heating on a hot plate at 100 ◦C under vigorous stir
for several hours until dried precursor was obtained. The
dried precursor was crushed into powder using mortar and
pestle.
In order to determine the temperature of possible decom-

position and crystallization of the nanoparticles, the dried
precursor was subjected to thermogravimetric-differential
thermal analysis (TG-DTA) (Pyris Diamond TG-DTA, Per-
kin–Elmer Instrument, USA). The crystallization seemed to
occur at temperature above 400 ◦C (Fig. 1). The dried pre-
cursor then was calcined in box-furnace at 700 and 800 ◦C
for 8 h in air. The calcined powder precursors were re-
ground and passed through 106μm sieve (Test sieve, En-
decotts Limited, England) to break up large agglomerates.

FIGURE 1 The TG/DTA curves of the thermal decomposition of
CaCu3Ti4O12 precursor at a heating rate of 15 ◦C/min in static air

The prepared CCTO powers were characterized by X-ray
diffraction (PW3040 Philips X-ray diffractometer with Cu Kα

radiation (λ= 0.15406 nm), The Netherlands), Fourier trans-
form infrared spectrometer (Spectrum One FT-IR Spectrom-
eter, Perkin–Elmer Instruments, USA), scanning electron
microscopy (LEO SEMVP1450, UK) and transmission elec-
tron microscopy (TEM, Hitachi H8100 200 kV).
The prepared powders were pressed uniaxially in a 16 mm

die with an applied pressure of 100MPa. The compacts were
pressureless-sintered at 1100 ◦C for 16 h in air in a box fur-
nace with heating and cooling rates of 5 ◦C/min. The sin-
tered disc samples of ∼ 14 mm in diameter with a thickness
of ∼ 2 mm were obtained. The average grain size of each
sintered CCTO ceramic was measured using a standard line
intercept technique fromSEMmicrographs of sintered CCTO
surfaces and counting at least 200 intercepts for each mi-
crograph. Throughout this article, we assigned symbols of
CCTO_EW700 and CCTO_EW800 for the sintered CCTO
samples fabricated using the CCTO powders calcined at 700
and 800 ◦C, respectively.
The capacitance, C, and loss tangent, tan δ, were carried

out as a function of frequency (100 Hz–10MHz) and tem-
perature (−50 to +190 ◦C), using a Hewlett Packard 4194A
Impedance Gain Phase Analyzer at an oscillation voltage of
1 V.Eachmeasured temperaturewas kept constantwith an ac-
curacy of ±1 ◦C. Silver paint was coated on both surface of
the samples and dried over night. The complex permittivity,
ε∗, was calculated as follows:

ε∗ = ε′ − iε′′ , (1)

where

ε′ = Cd

ε0A
, (2)

ε′′ = ε′ tan δ , (3)

where ε0 is the permittivity in free space, A is the sample area
and d is the sample thickness. The values of ac conductivity,
σac, were derived from [38]:

σac = ωε0ε
′′ . (4)
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3 Results and discussion

The simultaneous TG-DTA curves of the gel pre-
cursor in flowing air are shown in Fig. 1. The TG curve in
Fig. 1 shows a minor weight loss step between ∼ 30 ◦C and
300 ◦C. A slight weight loss was observed between 300 and
400 ◦C, and almost no weight loss was observed at above
500 ◦C. The first weight loss (30–300 ◦C) is related to the
losses of moisture, trapped solvent (water and carbon diox-
ide), alkoxide, and nitrates. A slightly weight loss was ob-
served between 300 and 400 ◦C, relating to the losses of or-
ganic species associated in the precursor (the remaining or-
ganic mass in ovalbumin), or the residual carbon. Almost no
weight loss could be observed at above 400 ◦C, suggesting the
formation of crystallineCCTOas a decomposed product. This
is confirmed by the XRD results as shown in Fig. 2. On the
DTA curve (Fig. 1) three endothermic peaks were observed at
∼ 57, 103, and 219 ◦C, respectively. The one exothermic was
observed at 304 ◦C. The three endothermic peak confirms the
combustion of water, whereas the one exothermic peak con-
firms that the thermal events was associated with the burnout
of organic species involved in the precursor powders of the re-
sidual carbon or due to direct crystallization of CCTO from
the amorphous component. No further weight loss and no
thermal effect were observed above 400 ◦C, indicating that no
decomposition occurs above this temperature. Note that this
precursor was calcined in air at 700 and 800 ◦C for 8 h.
Figure 2 shows XRD patterns of (a) dried precursor and

CCTO powders after calcination in air at (b) 700 ◦C and (c)
800 ◦C for 8 h. Themain peaks of all calcined CCTO powders
are comparable to those of the standard powder XRD pattern
of CCTO in the JCPDS card No. 75-2188. In addition, the fol-
lowing phases of CaTiO3 (JCPDS card No. 82-0228), CuO
(JCPDS card No. 80-0076) and Anateses-TiO2 (JCPDS card
No. 78-2486) are also observed. It is suggested byGuilleemet-
Fritsch et al. [39] that the pure CCTO phase is obtained only
when the ratio of calcium, copper and titanium are close to
the stoichiometric ones. The CaTiO3 phase appears if an ex-

FIGURE 2 XRD patterns of (a) dried precursor and CaCu3Ti4O12
nanopowders calcined in air for 8 h at (b) 700 ◦C, and (c) 800 ◦C.
(* – CaTiO3, + – CuO, A – Anatase-TiO2)

cess of titanium is present, and at the same time when the
copper content slightly decreases. It is also suggested that
the excess of titanium leads to the precipitation of CaTiO3,
even if there is no excess of calcium [39]. Since both calcium
and titanium form a second phase, copper is then in excess,
with respect with the stoichiometry of CCTO. Hence, the pre-
cipitation of the copper oxide (CuO) is observed, beside the
CCTO and CaTiO3 phase. From the line broadening of the
main peaks, the crystallite size (D) was estimated using the
Scherrer formula [40]:

D= Kλ/(β cos θ) , (5)

where λ is the wavelength of the X-ray radiation, K is a con-
stant taken as 0.89, θ is the diffraction angle. β is the full width
at haft maximum (FWHM) and is given by β = (β2o−β2i )

1/2,
where βo and βi are the widths from the observed X-ray peak
and the width due to instrumental effects, respectively. The
particle sizes are found to be 66.7±27.5 and 86.2±35.2 nm
for the powders calcined at 700 and 800 ◦C, respectively. The
values of lattice parameter a calculated from the XRD spectra
were obtained to be 7.374±0.002 and 7.390±0.0005Å for
the CCTO powders calcined at 700 and 800 ◦C, respectively.
The particle sizes and lattice parameters are also summarized
in Table 1.
Figure 3 shows FT-IR spectra of the dried precursor

and CCTO powders after calcination in air at 700 ◦C and
800 ◦C for 8 h. The calcined CCTO powders show the main

Material Particle size Particle size Lattice
from XRD from TEM parameter a
(nm) (nm) (Å)

ASTM (75-2188) – – 7.391±0.001
700 ◦C powders 66.7±27.5 56.7±7.9 7.374±0.002
800 ◦C powders 86.2±35.2 84.9±15.3 7.390±0.0005
TABLE 1 Summary of particle size analysis obtained from XRD and
TEM; and lattice parameter (from XRD) of CCTO powders compared to the
ASTM value

FIGURE 3 FT-IR patterns of (a) dried precursor and CaCu3Ti4O12
nanopowders calcined in air for 8 h at (b) 700 ◦C, and (c) 800 ◦C
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FIGURE 4 SEM micrographs of
the CCTO powders and sintered
CCTO materials. (a,b) are the pow-
ders calcined for 8 h in air at 700 ◦C
and 800 ◦C, respectively. (c, d) are
the microstructure of the sintering
CCTO_EW700, and CCTO_EW800,
respectively

absorption bands at 561, 516, and 437 cm−1. These bands
are assigned to the absorption regions for Ti ion, which
are associated to νTi−O of 653–550 cm−1 and (Ti−O−Ti of
495–436 cm−1) [4, 41].
Morphology of the calcined CCTO powders and micro-

structure of the sintered CCTO ceramic samples revealed by
SEM are shown in Fig. 4. Figure 4a and b show CCTO par-
ticles with sizes of about 60 nm, and 100 nm for the 700 ◦C
and 800 ◦C calcined samples, respectively. These values were
larger than those obtained from X-ray line broadening calcu-
lation. Some agglomerates were observed in all of the cal-
cined powders. The particle size of the powder increased
with increasing calcination temperature. After sintering at
1100 ◦C for 16 h, the bulk CCTO ceramics with different
microstructure were obtained. The CCTO_EW700 (Fig. 4c)
and CCTO_EW800 (Fig. 4d) showed mean grain sizes of
12.0±7.8μm and 15.5±8.9μm, respectively.
Figure 5 shows TEM images and the corresponding se-

lected area electron diffraction (SAED) patterns of the cal-
cined CCTO powders. It is clearly seen from the TEM bright-
field images that both powder samples consist of nanocrys-
talline CCTO particles, whose size increases with increasing
calcination temperature. The 700 ◦Ccalcined sample contains
nanoparticles of 56.7± 7.9 nm in size whereas the 800 ◦C
calcined sample contains nanoparticles of 84.9± 15.3 nm.
The observed particle sizes are in good agreement with re-
sults determined from X-ray line broadening (see summary
in Table 1). Electron diffraction of particles with higher cal-
cination temperature contains more intense spots as shown
in the 800 ◦C calcined powders, indicating the larger particle
size of highly crystalline compared to the 700 ◦C calcined
samples. The interplanar spacings (dhkl) measured from the

selected-area electron diffraction patterns are in good agree-
ment with the values obtained from the standard data JCPDS:
75-2188 (for CCTO) and 89-0056 (for CaTiO3) as summa-
rized in Table 2.
Figure 6 shows XRD patterns of the CCTO ceramics sin-

tered in air at 1100 ◦C for 16 h, confirming a main phase of
CCTO and a small amount of CuO in both the CCTO_EW700
and CCTO_EW800 although a small amount of CaTiO3 was
present in the CCTO_EW700 sample. The presence of addi-
tional CaTiO3 in the sintered CCTO_EW700 is possibly due
to the presence of excess titanium on the powders, calcined at
700 ◦C. Guilleemet-Fritsch et al. [39] suggested that the tita-
nium content mostly controls the phase composition (single
or second phase material) of the CCTO materials. Therefore,
we think that the excess of titanium leads to the precipita-
tion of CaTiO3 in our CCTO_EW700 sample. In the case of
CCTO_EW800, however, the CaTiO3 phase is not observed.
This implies that 800 ◦C− calcined powders have no excess
of titanium. For the presence of the CuO phase in both the
samples of CCTO_EW700 and CCTO_EW800, it is possible
that the Cu rich phase derives from the diffusion of Cu to
the defects present, after which gross excess causes the crys-
tallization of the separate CuO phase [42]. The CuO phase
within the ceramics implies that excess copper is in the form
of a copper rich phase at the grain boundaries [43]. The values
of lattice parameter a calculated from the XRD spectra were
7.388± 0.001 and 7.393± 0.001Å for the CCTO_EW700
and CCTO_EW800, respectively (see summary in Table 3).
Figure 7a and b show the real and imaginary parts of

dielectric dispersion for the samples of CCTO_EW700 and
CCTO_EW800 at various temperatures between −50 and
−10 ◦C. It is clearly seen from Fig. 7a.1 and 7b.1 that both
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FIGURE 5 Bright field TEM im-
ages with corresponding selected-
area electron diffraction (SAED)
pattern of CaCu3Ti4O12 powders
calcined in air for 8 h at different tem-
peratures: (a) 700 ◦C and (b) 800 ◦C
(CTO-CaTiO3)

samples have very high dielectric constant, ε′, of∼ 2.5×104
(at 1 kHz) for CCTO_EW700 and ∼ 1.5×104 (at 1 kHz) for
CCTO_EW800. ε′ has little frequency dependence at low fre-
quency (below 100 kHz). Figure 8 compares the temperature
dependence of the dielectric constant with the loss tangent
at a frequency in the range of 100 Hz–1MHz for the sam-
ples of CCTO_EW700 and CCTO_EW800. It is seen that
the samples exhibits a giant dielectric constant, ε′, ∼ 5×104
(at 1 kHz) for CCTO_EW700 (Fig. 7c.1) and ∼ 4×104 (at
1 kHz) for CCTO_EW800 (Fig. 7d.1) at 150–190 ◦C with
weak frequency dependence above 1 kHz. The values of tan δ

of both samples (Fig. 7c.2 for CCTO_EW700 and Fig. 7d.2
for CCTO_EW800) are high and are in the range of∼ 0.2–30
at temperatures between −50 and 190 ◦C. These tan δ values

Ring Measured interplanar spacing Standard data
of CCTO samples dhkl (Å) (JCPDS: 75-2188)

700 ◦C powder 800 ◦C powder dhkl (Å) hkl

R1 2.9719 2.9382 3.0173 211
R2 2.5856 2.5456 2.6131 220
R3 2.1021 2.1912 2.1336 222
R4 1.8468 1.8469 1.8477 400
R5 1.6789 1.6574 1.6526 024

TABLE 2 Measured interplanar spacings (dhkl) obtained from selected-
area electron diffraction patterns of CCTO samples calcined at 700, and
800 ◦C for 8 h shown in Fig. 5. Corresponding values from the standard data
JCPDS: 75-2188 are also provided for a comparison

increase with increasing temperature. The high ε′ at low fre-
quency may imply that there have grain boundary contribu-
tions in these sintered CCTO ceramics [44]. The values are
similar to the those reported by Jin et al. [10] and Liu et
al. [13] who reported values of ε′ ∼ 104 (at 1 kHz) for CCTO
samples prepared from a solution route; and by Ramirez

FIGURE 6 XRD patterns of (a) 700 ◦C; and (b) 800 ◦C, respectively. All
sintering was done in air at 1100 ◦C for 16 h. The indexed planes indicated in
all pattern are for CCTO main structure. (* – CaTiO3 and + – CuO)
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FIGURE 7 The frequency depen-
dence of the complex permittiv-
ity, ε∗, at low temperature be-
tween −50 ◦C and −10 ◦C for
CCTO_EW700 (a.1 and a.2) and
CCTO_EW800 (b.1 and b.2), re-
spectively. (a.1) and (b.1) display
the real part ε′; (a.2) and (b.2) dis-
play the imaginary part ε′′. The
(c.1)-(d.1) and (c.2)-(d.2) show the
temperature dependence of the di-
electric constant, ε′, and tan δ at fre-
quency between 100 Hz and 1MHz
for CCTO_EW700 (c.1 and c.2) and
CCTO_EW800 (d.1-d.2), respec-
tively

Material Grain size Lattice parameter Activation energy Activation energy
(μm) a (Å) of grains (eV) of grain boundaries (eV)

ASTM (75-2188) – 7.391±0.001 – –
CCTO-EW700 12.0±7.8 7.388±0.001 0.175 0.680
CCTO-EW800 15.5±8.9 7.393±0.001 0.210 0.650

TABLE 3 Summary of grain size
(from SEM), lattice parameter (from
XRD), activation energy of grains
(obtained from the curve fitting using
(6)), and activation energy of grain
boundaries (obtained from the curve
fitting using (9)

et al. [1], and Bender and Pan [12], whose samples prepared
from a solid state reaction method. These values, however, are
much higher than∼ 3×103 of the polymeric citrate precursor
routed CCTO ceramics reported by Jha et al. [8].

The imaginary parts of dielectric dispersion, ε′′ are shown
in Fig. 7a.2 and b.2 for the samples of CCTO_EW700 and
CCTO_EW800, respectively. By considering these results,
we cannot apply the empirical Cole–Cole relation to fit these
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FIGURE 8 Arrhenius plot of the relaxation time for the sintered CCTO
ceramics

data because the samples contain numerous grain boundaries
or grain boundaries relaxation which was affected by low
frequency [44]. However, we can apply the Debye-like relax-
ation model to these data since there are the relaxations con-
tributed from the grains. The ε′′ shows a clear Debye-like re-
laxation peak shifting from a constant value at low frequency
to a small saturated value at higher frequency. The electrical
response from the grains has a very high response frequency
because of their small resistance and capacitance [13].We can
determine the dielectric relaxation time, τ , by following the
Arrhenius law of

τ = τ0 exp (Eτ/kBT ) , (6)

where τ0 is the pre-exponential factor, Eτ is the activation en-
ergy for the relaxation, kB is the Boltzmann constant, and T
is the absolute temperature. The activation energy of an elec-
trical response, at different temperature can be derived from
the response time (τ = 1/2π f , where f is the response fre-
quency at which the imaginary part of the complex impedance
has a maximum). From the fitting shown in Fig. 8, we obtain
the activation energy of the dielectric relaxation to be 0.175 eV
for CCTO_EW700 and 0.210 eV for CCTO_EW800.
The ac conductivity, σac, in most of the materials due to

localized states may be described by [45]

σac = σdc+ A f n , (7)

where σdc is direct current conductivity. A, and n (0< n < 1)
are two temperature-dependent adjusting constants. From (7),
the term of σdc presents the frequency independent part of the
conductivity whereas the term of A f n is the frequency depen-
dent part of the conductivity. However, our results did not fit
well with (7) but the data can be fitted to equation

σac = σgb+a f t+α f 2 , (8)

where σgb is the dc gain boundary conductivity, a, t and α

are three adjustable constants [45]. In (8), the σgb+a f t term
describes the grain boundary conductivity relaxation [45].

The α f 2 term describes the transition between the two afore-
mentioned relaxation behaviors [45, 46]. Figure 9 shows
the log–log plot of ac conductivity versus frequency of the
CCTO ceramics at five different temperatures. The solid lines
in Fig. 9a and b are the fitted results of (8) with t = 0.53.
For the CCTO_EW700, when the temperature increases
from 150 ◦C to 190 ◦C, σgb and a increase from 3×10−6
to 1.5×10−5 S/cm and 9×10−8–2.2×10−7 S/cm, respec-
tively. For the CCTO_EW800, when the temperature in-
creases from 150 ◦C to 190 ◦C, the values of σgb increases
from 2×10−6–9.5×10−6 S/cm, whereas the values of a rise
from 7×10−8 to 2.2×10−7 S/cm. From the fitted results, we
can obtain the dc gain boundary conductivity for the CCTO
ceramics at different temperatures, and thenwe can fit σgb also
by following the Arrhenius law of

σgb = σ0gb exp (−Ea/kBT ) , (9)

where σ0gb is the pre-exponential factor, Ea is the activation
energy. From the fitting (Fig. 10), we obtain the activation
energies of the dielectric relaxation for CCTO_EW700 and
CCTO_EW800 to be 0.680 eV and 0.650 eV, respectively.
These two values are comparable to the reported values of
0.60 eV [11] and 0.658–0.678 eV [18] for the grain bound-

FIGURE 9 The frequency dependence of the ac conductivity, σac, at high
temperature ranging between 150 ◦C and 190 ◦C for (a) CCTO_EW700, and
(b) CCTO_EW800, respectively. The solid lines are the fits according to (8)
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FIGURE 10 Arrhenius plot of ac conductivity, σac, for the sintered CCTO
ceramics

aries of CCTO ceramics. As mentioned previously, we have
shown that the all CCTO ceramics are electrically inhomo-
geneous. It consists of semi-conducting grains and insulating
grain boundaries, which can be described by the hypothesis of
the existence of internal barrier layers between the grains.
Since the dielectric response in both CCTO_EW700 and

CCTO_EW800 shows the Debye-like relaxation which is
approximately equal to the pure Debye functional form of
a Maxwell–Wagner relaxation, the giant dielectric behavior
of both samples can be explained by using Maxwell–Wagner
relaxationmodel. TheMaxwell–Wagner relaxation can be de-
scribed by an equivalent circuit consisting of a series array of
two sub-circuits, one representing grain effects and one grain
boundaries [11, 13]. In each sub-circuit, the resistor and ca-
pacitor are in parallel. From this equivalent circuit, the static
permittivity (ε′s) and dielectric relaxation time (τ) can be cal-
culated as

ε′s =
(

R2gCg+ R2gbCgb
)/[

C0
(
Rg+ Rgb

)2]
(10)

and

τ = [
RgRgb

(
Cg+Cgb

)]
/
(
Rg+ Rgb

)
, (11)

where Rg, Rgb and Cg, Cgb are the resistance and capacitance
of grains and grain boundaries, respectively [47]. Since Rgb�
Rg, and Cgb is also much larger than Cg [11, 13], the effective
dielectric permittivity (ε′s) of the sample at frequencies much
lower than the relaxation frequency 1/2πτ can, therefore, be
approximately from (10),

ε′s = Cgb/C0 . (12)

Thus, ε′s is determined by the ratio between grain boundary
capacitance, Cgb, and empty cell capacitance, C0. Hence ε′s is
constant whenCgb is temperature and frequency independent.
The implication is in good agreement with our experimental
results.We observed that dielectric constant is little dependent
on the frequency and only weakly dependent on the tempera-
ture. And we can approximate τ from (11) using

τ ≈ RgCgb = τg(Cgb/Cg) , (13)

where τg = RgCg is the response time of the grains [13]. It
has been reported thatCg andCgb are independent of tempera-
ture [11, 13], thus, we can deduce τg that follows the Arrhe-
nius law, (6). Let τg = τ0g exp(Eg/kBT ) (τ0g is pre-exponential
factor and Eg is the activation energy of the grain conduction
process), then we modify (13) to

τ ≈ Cgb
Cg

τ0g exp
(
Eg/kBT

)
. (14)

Equation (14) shows that the activation energy of the di-
electric process approximately equals that of the grain con-
duction process. On the basis of this analysis, we can con-
clude that the activation energy for the response of the grains
in CCTO_EW700, and CCTO_EW800 to be 0.175 eV and
0.210 eV, which are lager than the value (0.08 eV) reported by
Sinclair et at. using solid-state reaction [11].
From all the activation energy values, we have that

the grain boundaries of all CCTO ceramics have a much
larger activation energy (0.680 eV for CCTO_EW700 and
0.650 eV for CCTO_EW800) than that of the grains (0.175 eV
for CCTO_EW700 and 0.210 eV for CCTO_EW800). This
indicates that the all CCTO ceramics have a high en-
ergy barrier for the charge carriers to overcome. Therefore,
the grain boundaries exhibit insulating properties. In con-
trast, the smaller activation energy of grains displays semi-
conducting properties similar to occur in other titanate-based
materials [48].
At this time, the origin of semi-conducting grains and in-

sulating grain boundaries has not been clearly established. Liu
et al. [13] have proposed that the grains made by different
method could have very different electrical property. There-
fore, the larger activation energy of grains in CCTO_EW700
and CCTO_EW800 compared to that of a sample made by
solid-state reaction implies that there are fewer oxygen vacan-
cies in the grains of CCTO_EW700 and CCTO_EW800. This
is reasonable because CCTO_EW700 and CCTO_EW800
were sintered from powders, which were calcined at low
temperature (700 and 800 ◦C) compared to the temperature
needed for the solid-state processing. However, it is prema-
ture to associate the increase in grain activation energy of all
CCTO ceramics with its large dielectric constant.

4 Conclusions

CCTO nano-powders have been synthesized by
simple egg white solution route. The synthesized powders
were characterized by TG-DTA, XRD, FTIR, SEM, and
TEM. The powders calcined at 700 and 800 ◦C were used
to prepared bulk CCTO ceramics, which were sinterred at
1100 ◦C for 16 h. The dielectric behaviour of CCTO ce-
ramics were obtained to similar to that of CCTO made by
solid state reaction, i.e., there are a Debye-like relaxation in
the samples and their giant dielectric constant are little de-
pendent of frequency and temperature below the relaxation
frequency. The dielectric properties of these CCTO ceramics
are attributed to the Maxwell–Wagner polarization mech-
anism. This work demonstrates that a simple solution route
using water-soluble egg white proteins can be used for prep-
aration of giant dielectric CCTO ceramics. We believe that
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the current simple, cost effective and environmental friendly
synthesis method using water-soluble egg white proteins can
be extended to prepare fine particles of other interesting
materials.
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We report the giant dielectric response in (Li,V)-doped NiO (Li0.05V0.02Ni0.93O, Li0.05V0.05Ni0.90 and Li0.05V0.10Ni0.85O) ceramics.
Microstructure and phase composition analyses reveal that the ceramics consist of a core/shell structure that is rich in V dopant at
the grain boundary. The dielectric response and related electrical properties of these materials are strongly affected by the V content.
The giant dielectric behavior of the LVNO ceramics is mainly attributed to the Maxwell–Wagner polarization and thermally acti-
vated mechanisms.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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High-permittivity dielectric materials with
good thermal stability and free of Ba and Pb have been
used for some time as important elements in capacitors
and memory devices, and have hence played a significant
role in microelectronics. In recent years there has been
intensive research into new high dielectric materials
because these might offer the opportunity to increase
the choice of materials for various practical applications.
High-permittivity NiO-based ceramics, non-perovskite
and non-ferroelectric materials with the formula
AxByNi1�x�yO (where A = monovalents of Li, Na, K
and B = Ti, Al, Ta, Si) [1–7], have attracted considerable
attention in recent years due to their impressive high
apparent dielectric permittivity (e0) of 103–105, which re-
mains constant over the temperature range from �50 to
150 �C [1,5]. Moreover, the dielectric properties of such
material systems can be tuned by varying the composi-
tion via additions of A and B [1]. However, an explana-
tion of this high dielectric permittivity is still unclear
and incomplete. Therefore, it is important to search for
the new giant dielectric materials in NiO-based ceramic
systems and attempt to clarify the origin of the giant

dielectric permittivity and the polarization relaxation
behavior of these ceramics.

In this paper, we investigate the dielectric properties
of polycrystalline Li0.05VxNi0.95�xO (LVNO) ceramics.
These materials exhibit giant e0 values of 3–6 � 104,
which decrease with increasing V content. The observed
core/shell structure in the LVNO ceramics may be
responsible for this apparent giant e0. Our results reveal
that the activation energy required for relaxation and
the related conduction activation energy in the grain
interiors increases with increasing V concentration,
and both of these activation energies are almost the
same in value. The giant e0 behavior of this system is
mainly attributed to the Maxwell–Wagner relaxation
and thermally activated mechanisms.

In this work, Ni(NO3)2�6H2O, LiNO3, C10H14O5V,
(NH4)2S2O8 and acrylic acid were employed as starting
raw materials. The polycrystalline LVNO ceramic sam-
ples with different additions of V, i.e. Li0.05V0.02Ni0.93O
(LVNO-02), Li0.05V0.05Ni0.90O (LVNO-05) and Li0.05
V0.10Ni0.85O (LVNO-10), were designed and prepared
by the following procedure. Firstly, stoichiometric
amounts of Ni(NO3)2�6H2O, C10H14O5V and LiNO3

were dissolved in 10 g of acrylic acid aqueous solution
(acrylic acid:H2O = 70:30 wt.%) under constant stirring
and heating at 100 �C. Secondly, a small amount
(0.5 g) of 5% (NH4)2S2O8 aqueous solution as the
initiator was added to the mixed acrylic acid solution
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to promote the polymerization. Then, the gel precursors
were dried at 350 �C for 1 h. To obtain the LVNO pow-
ders, the dried gels were ground and later calcined at
700 �C for 5 h in air. The LVNO powders were pressed
into pellets 9.5 mm in diameter and �1–2 mm in thick-
ness by a uniaxial pressing method at 200 MPa. Finally,
these pellets were sintered at 1280 �C for 4 h in air.

X-ray diffraction (XRD) (Philips PW3040, The
Netherlands) and scanning electron microscopy (SEM)
(Hitachi S-4700) coupled with energy-dispersive X-ray
spectrometry (EDS) were used to characterize the phase
composition and microstructure of the LVNO ceramics.
The sintered ceramic samples were polished and elect-
roded by silver paint on both sides of the disk-shaped
samples. The dielectric and electrical responses of the
samples was measured using a Hewlett–Packard 4194A
impedance gain phase analyzer over the frequency range
from 100 Hz to 10 MHz and at an oscillation voltage of
1.0 V. The measurements were performed over the tem-
perature range from �50 to 100 �C using an inbuilt cool-
ing–heating system. Each measured temperature was
kept constant with an accuracy of ±1 K.

Figure 1a–c shows the XRD patterns of the LVNO
powders and the as-sintered ceramic samples with differ-
ent V-doped contents, confirming a main phase of NiO
in all the samples. The second phase of Ni3V2O8 was
only observed in the LVNO powder samples, but was
not detected in the as-sintered LVNO samples. How-
ever, after the as-LVNO-10 sample was polished, the
second phase of Ni3V2O8 could be observed (Fig. 1d).
This might be due to the outermost layer surface of
the sintered samples being V-phase deficient. A similar
observation has been reported for CaCu3Ti4O12

(CCTO)/Ag composites that are Ag deficient in the out-
ermost layer and Ag rich in the inner part [8]. SEM–
EDS measurements (the upper inset of Fig. 1) of the
grain and grain boundary (GB), however, show that
the GB is rich in V dopant that has been lost from the
grain. Therefore, our LVNO samples have a heteroge-
neous core/shell structure containing Li-doped NiO

particles and insulating V-rich boundary layer (i.e.
Ni3V2O8), respectively.

The dielectric properties of the LVNO samples were
measured over wide ranges of temperature and fre-
quency. The e0 values at 1 kHz and room temperature
for the LVNO-02, LVNO-05 and LVNO-10 samples
are 61,907, 34,854, and 30,503, respectively. All the
LVNO samples exhibit high e0 values. e0 decreases with
increasing V concentration, which can be attributed to
the increase in the thickness of the GB layer (tgb). A sim-
ilar result has been reported for LixTiyNi1�x�yO
(LTNO) system, and the giant e0 of this LTNO system
was explained by a simple series-layer model for the
boundary-layer capacitors (BLCs) [1]. Figure 2 demon-
strates the frequency dependence of the dielectric per-
mittivity (e0) and dielectric loss (e00) of the LVNO-05
sample at different temperatures. e0 shows high values
at low frequencies, and rapidly decreases if the fre-
quency is sufficiently high. This step decrease shifts to
higher frequency with increasing temperature, corre-
sponding to the movement of the e00 peaks. This behav-
ior is similar to that observed in other NiO-based
ceramic systems [1,3–5] and the other giant dielectric
systems such as CCTO [9,10] and CuO ceramics
[11,12]. Such behavior is typical for the Maxwell–Wag-
ner relaxation, which is generally employed to describe
the observed high e0 in electrically inhomogeneous mate-
rials [13]. Thus, the observed core/shell structure in our
LVNO samples is responsible for their apparent giant e0.

Usually, the dielectric relaxation behavior provides
important clues to explain the related mechanism in
materials [14]. Therefore, we plotted ln(s) vs. 1/T in
the inset ofFigure 2, in which the solid lines are the fitted
results obeying the Arrhenius law, i.e.

Figure 1. XRD patterns of the LVNO powders and sintered LVNO
ceramics: (a) LVNO-02 sample; (b) LVNO-05 sample; (c) LVNO-10
sample; and (d) XRD pattern of LVNO-10 with polished surface. Inset
shows the element profile obtained from EDS spectra.

Figure 2. Frequency dependence of (a) the dielectric permittivity (e0)
and (b) dielectric loss (e00) at different temperatures. Inset is the
temperature dependence of the relaxation time for the different LVNO
samples; the solid lines are fitted to experimental results by using Eq.
(1).
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s ¼ s0 expðEa=kBT Þ; ð1Þ
where s0 is the pre-exponential factor, Ea is the relaxa-
tion activation energy, kB is the Boltzmann constant,
and T is the absolute temperature. s is calculated from
the relations xs = 1 and x = 2pfp, where fp is the fre-
quency at the peak of e00 as displayed in Figure 2b.
According to the fitted curve in the inset of Figure 2
for the LVNO samples with different V contents, Ea

values of 0.221, 0.250, and 0.261 eV can be obtained
for the samples of LVNO-02, LVNO-05 and LVNO-
10, respectively.

To characterize the electrical properties of the core/
shell structure in the LVNO ceramics, impedance spec-
troscopy (IS) [15], which is a powerful tool to separating
out the bulk and the GBs effects, was carried out. As
illustrated in Figure 3a, the impedance semicircle spectra
of the LVNO-10 sample become larger with decreasing
temperature. When the temperature is sufficiently low,
other impedance semicircles can be observed (inset of
Fig. 3a). The observation of the two semicircles suggests
that our LVNO ceramics are electrically heterogeneous,
and thus a core/shell model is used for further analysis.
Accordingly, the observed semicircles at higher and low-
er temperatures can be assigned to the effects of charge
transport within the grain and GB, respectively. Note
that the impedance spectra of the LVNO-02 and
LVNO-05 samples are similar to that of the LVNO-10
sample, but their impedance semicircles at low tempera-
ture cannot be detected (are not present). This might be
attributed to the electrical responses of the grain of these
samples being shifted out of the measured frequency
range.

As is known, the conduction mechanism of the Li-doped
NiO system can be well explained by the polaron hopping

theory [4,13]. In polaronic scenario, the temperature
dependence of the conductivity (r) has a temperature-
dependent prefactor, described by [13]:

r / T�1 expð�E=kBT Þ; ð2Þ
where E is the conduction activation energy. Normally,
the GB effect on electric conductivity may originate from
a GB potential barrier [13], which can be ascribed to the
V-rich boundary for the LVNO system. From the inter-
cepts of each semicircular arc with the real axis, the resis-
tance of the grain (Rg) and the resistance of the GB (Rgb)
can be calculated. As a result, conductivity data were ob-
tained for the grain (rg) and GB (rgb) components. Inter-
estingly, the temperature dependence of rg and rgb
follows Eq. (2) as shown in Figure 3b and c, respectively.
As a result, the conduction activation energies inside the
grain (Eg) and at the GB (Egb) can be obtained-the values
of Eg are 0.202, 0.246 and 0.274 eV, while the values of
Egb are 0.323, 0.414 and 0.413 eV for the samples of
LVNO-02, LVNO-05 and LVNO-10, respectively. These
results strongly indicate that the grain and GB have dif-
ferent characteristics of electrical transport.

It is important to note that the values of Eg and Ea of
each sample are almost the same in value. A similar result
was observed in the LTNO system as reported by Lin
et al. [13]. The authors explained that the natures of the
charge carriers responsible for dielectric relaxation peaks
and DC conduction belonged to the same category,
which indicated that the polarization relaxation was clo-
sely related to the conductivity in the grain interior, and
the polarization process depended on the conductance of
charge in the grain interior. Moreover, it is interesting
that both Eg and Ea in our LVNO samples increase with
increasing V content, but Egb changes only slightly when
the V-dopant level is more than 5 mol.%. These results
suggest that the Ni3V2O8 phase only changes the tgb va-
lue, which has an influence on the e0 value, but not the
intrinsic properties of the LVNO ceramics. Furthermore,
it can be seen that the concentration of the V dopant has
a strong effect on the electrical transport characteristic in-
side the grain and the related dielectric behavior of the
LVNO ceramics. This is due to the fact that some V
atoms have entered into the NiO crystal lattice (indicated
by the EDS analysis in the inset of Figure 1), leading to
the variation inEg. Obviously, the LVNO-02 sample with
the smaller Eg value shows the highest e0 value of these
three samples. This is possibly due to the following two
reasons. First, the polarization process is closely related
to the conduction of charge carriers in the grain interior
[16]; second, the tgb of the LVNO-02 sample is smaller
than those of the other two samples [1]. Additionally,
we found that the temperature at the loss peak at the
fixed frequency shifts to lower temperature with decreas-
ing V concentration (not shown), corresponding to the
decrease in Eg. This is because the electrical charge carri-
ers in the grain interiors of the sample with the lowest Eg

can easily be thermally activated. Therefore, the discrep-
ancy in Eg and tgb of each sample caused by the different
concentrations of V doping results in the various dielec-
tric behavior observed in the LVNO system.

It is important to note that the loss tangents (tand) of
these LVNO ceramics are still too high, i.e. tand � 13.06,

Figure 3. (a) Impedance spectra as a function of temperature for the
LVNO-10 sample. (b and c) Arrhenius plots of the grain and GB
conduction of the LVNO samples.
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1.13 and 1.34 (at room temperature and 1 kHz) for the
samples of LVNO-02, LVNO-05 and LVNO-10, respec-
tively. The high loss is undesirable for practical applica-
tions. Normally, it is believed that the strategy to reduce
the dielectric loss is to increase the resistance of GB [17].
This is reasonable for giant-permittivity core/shell mate-
rials because the charges in the semiconducting core
grains are restricted by the insulating GBs, under an elec-
tric field. However, tand shows a small change when the
V concentration increases from 5 up to 10 mol.%, and
thus we believe that tand in the LVNO ceramics cannot
be decreased by increasing the V concentration due to the
intrinsic properties of Ni3V2O8 phase. It will be very
important to look for suitable new B-dopants of AxBy-

Ni1�x�yO which can modify the defect equilibrium at
GBs, leading to the higher resistance of GBs.

In conclusion, the giant dielectric permittivity, e0, and
related electrical properties of LVNO ceramics have been
characterized as functions of frequency and temperature.
EDS results reveal that the structure is rich in V dopant
at the GB, and contains an insulating Ni3V2O8 phase.
The concentration of V has a remarkable effect on the
dielectric properties of the LVNO ceramics due to the
difference in the values of Eg and tgb. The giant e0 behav-
ior of the LVNO ceramics can be explained based on the
Maxwell–Wagner polarization (i.e. interfacial polariza-
tion) and thermally activated mechanisms.
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Synthesis of Nanocrystalline Li0.05In0.05Ni0.90O 
Powder and Its Bulk Giant Dielectric Properties   

Prasit Thongbai1,*, Tanachat Eknapakul1, Sarawut Pongha1, Teerapon Yamwong2, and Santi Maensiri1 

Abstract- Li0.05In0.05Ni0.90O (LINO) nanoparticles of 100-300 nm 
were successfully prepared by a direct thermal decomposition 
method. X-ray diffraction and scanning electron microscopy were 
used to characterize the phase formation and microstructure of 
the LINO powder and ceramic, respectively. Dense LINO ceramic 
was obtained by sintering the LINO nanocrystalline powder at 
1200 oC for 4 h . Giant dielectric properties of the sintered LINO 
ceramic were investigated as functions of temperature and 
frequency and can be ascribed to the interfacial polarization 
mechanism and the small polaron hopping inside the grains.   

I. INTRODUCTION

     High-permittivity dielectric materials with good thermal 
stability and Ba/Pb-free have been playing a significant role in 
microelectronics, since they have been used as important 
elements in capacitors and memory devices. In recent years 
there have been many intensive researches to investigate new 
high dielectric materials because they might offer the 
opportunity to increase the choices of materials for various 
practical applications. High permittivity NiO-based ceramics, a 
non-perovskite, and non-ferroelectric materials, AxByNi1-x-yO 
(where A are monovalents of Li, Na, K and B are Ti, Al, Ta, 
Si) [1-7], have attracted considerable attentions in recent years 
due to their impressive high apparent dielectric permittivity (��) 
of 103-105, which remains constant in the temperature range of 
-50 to 150 oC [1,5]. Moreover, the dielectric properties of such 
material systems can be tuned by changing the composition of 
the additive of A and B [1]. However, an explanation of such 
high dielectric permittivity is still unclear and uncompleted. 
Therefore, it is vary important to search the new giant 
dielectric materials of NiO-based ceramic systems and attempt 
to clarify the origin of the giant �� and the polarization 
relaxation behavior of these ceramic. 
      In this present, we prepared the LINO nanocrystalline 
powder by a direct thermal decomposition method. Dense 
LINO ceramic can be obtained by sintering the LINO 
nanopowder. It was revealed that the LINO ceramic exhibited 
the giant dielectric properties, which were attributed to the 
internal barrier layer effect (IBLC) combined with the hopping 
of charge carrier in the grain interiors.         
�����
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II. EXPERIMENTAL 

     (CH3COO)2Ni.4H2O, C2H3LiO2.2H2O, and InC6H9O6, were 
employed as starting raw materials. The nanocrystalline LINO 
powder was simply prepared by the following procedure. 
Firstly, stoichiometric amounts of the starting powders were 
dissolved in distilled water and mixed in alumina crucible. 
Then, the mixed powder was decomposed at a temperature of 
650 oC for 10 h. The LINO powder was pressed into pellet of 
9.5 mm in diameter and ~1-2 mm in thickness. Finally, this 
pellet was sintered at 1200 oC for 4 h.  
     The sintered ceramic was characterized by X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). The LINO 
ceramic was polished and electroded by silver paint. It was 
allowed to dry overnight. The dielectric response of the sample 
was measured using a Hewlett Packard 4194A impedance gain 
phase analyzer over the frequency ranging from 100 Hz to 10 
MHz and at the oscillation voltage of 1.0 V. The measurement 
was performed over the temperature ranging from -60 to 50 oC 
using an inbuilt cooling–heating system. Each measured 
temperature was kept constant with an accuracy of �1 oC. 

I  

Fig. 1.  SEM images of Li0.05In0.05Ni0.90O (a) powder and (b) ceramic.
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III. RESULTS AND DISCUSSION 

      Morphology of the calcined LINO powder and ceramic is 
revealed by SEM as shown in Fig. 1. The powder, shown in 
Fig. 1(a), is in a nearly spherical shape and of sizes of about 
100–300 nm. Some agglomerates are observed in the calcined 
powder. Sintering of LINO nanopoder results in a bulk LINO 
ceramic with good microstructure. The SEM micrograph of the 
LINO ceramic, shown in Fig. 1(b), reveals that the LINO 
ceramic is dense and has obvious grain and grain boundary 
structure. 

Fig. 2. Frequency dependence of (a) dielectric constant �� and (b) loss tangent 
tan� at different temperatures for the LINO ceramic.

      As demonstrated in Figs. 2(a) and 2(b), the �� shows the 
high values at low frequencies, and it rapidly decreases if the 
frequency is sufficiently high. Two sets of thermally activated 
relaxations are observed, i.e., low- (LFDR) and high- (HFDR) 
frequency dielectric relaxations. These two step decreases shift 
to higher frequency with increasing the temperature, 
corresponding to the movement of the tan� peaks. The LFDR 
is identified to originate from the internal barrier-layer 
capacitor effects related to the grain boundaries [8], and the 
HFDR is ascribed to the dipolar effects induced by charge-
carrier-hopping motions inside the grains [9]. 

IV. CONCLUSION 

     In conclusion, the LINO nanocrystalline powder was 
successfully prepared by a direct thermal decomposition 
method. Dense LINO ceramic can be obtained by sintering the 
LINO nanopowder. Our result revealed that the LINO ceramic 
exhibited the giant dielectric constant, which was attributed to 

the internal barrier layer capacitance (IBLC) effect combined 
with the hopping of charge carrier in the grain interiors. 
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