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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;;<�������
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������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�) 	
������������� 

Li0.05Fe0.05Ni0.90O �*��	�������%� 
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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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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    
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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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++
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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  

 

240 280 320 360 400 440 480
102

103
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Li0.10Ti0.02Ni0.88O
Li0.20Ti0.02Ni0.78O
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�'
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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*��         

102 103 104 105 106
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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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1000/T (K-1)

Lo
g 10

(�
)
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Ea(�2)= 0.263 eV

Ea(�1)= 0.272 eV

Ea(�)= 0.391 eV

Log
10 (�
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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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te
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ity

 (a
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2� (Degree)

,�*��3�"3���'���-�����#����	6
����#
������	
� 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 
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������ 4.58 �����*"#��'�*���23����"#	
�3�� �� '*+3�� tan� 	
������������� LFNO �"#&���%�� Li 9
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��������-���/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 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����-����	
� 

Arrhenius  
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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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��������

�9��!	
� NiO &�� Al �"#�$%&��  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 4.67 �C�'22����*"
���2�	
�����"�
��!	
� (�) ������� '*+ (	) ������������ Li0.05AlxNi0.95-xO  
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������ 4.68 ������� SEM ��
������%�	
������������� Li0.05AlxNi0.95-xO 

 

 

 

 

 

 

 

 

4 �m 

4 �m 

4 �m 

(�) Li0.05Al0.04Ni0.91O 

(�) Li0.05Al0.06Ni0.89O 
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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���*�������+-�%�

(�)  (	)  

0.0 5.0x105 1.0x106 1.5x106

0.0

3.0x105

6.0x105

9.0x105

1.2x106

-60 oC

 

-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

-8

-6

-4

-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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������ 4.74 �����*"#��'�*���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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�
�
�
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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  

 

 

 

102 103 104 105 106

0

1x104

2x104

3x104

4x104

                                        

                                        

                                        

                                        

                                        

                                        

100 1k 10k 100k 1M
0

3000

6000

9000

12000

15000

 

 

�''
Frequency (Hz)

 

 

�'

Frequency (Hz)

 -60oC
 -50oC
 -40oC
 -30oC
 -20oC
 -10oC

102 103 104 105 106

0

1x104

2x104

3x104

4x104

                                        

                                        

                                        

                                        

                                        

                                        

100 1k 10k 100k 1M
0

3000

6000

9000

12000

15000

18000

 

 

�''

Frequency (Hz)

 

�'

Frequency (Hz)

 -60oC
 -50oC
 -40oC
 -30oC
 -20oC
 -10oC

(�) 

(	) 



 149

�*���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���� 
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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) ���#
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Effects of grain, grain boundary, and dc electric field on giant dielectric
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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.
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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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FIG. 3. �Color online� �a� Impedance spectra as a function of dc bias for
CuO-1 at room temperature; inset �1� shows an expanded view of the high
frequency data close to the origin, and inset �2� displays the frequency
dependence of �� for CuO-1 under 0–3 V dc bias.
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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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Effects of Fe, Ti, and V doping on the microstructure and electrical
properties of grain and grain boundary of giant dielectric NiO-based
ceramics
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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:
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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.
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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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