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Abstract:   

����������6�
7�����(����(����+�
<������� 2 %����������#�� (����+�
<������� Pt-Co-Cr ��= 

Pt-Co-Fe =�(�������=#��"=����6�%�������+�����=:�=������9G>������
��"���9?�"8�'%������9�+

�+�����=:�=�� 8�'����(����(����+�
<�������8==9��8,������ *�(����� 1 �
7�����(����(����+�


<������� Pt-Co-Cr/C ��= Pt-Co-Fe/C ���� 3 ��J��������#�� ��J�9�>#���/ ��J�>?�����=�>�9G9��"

8�'��J���/���?" ����������,=�+� ������
$�#���>�)'���9����������4���+�8�'�������'���

(������+� �:�)��=(����+�
<����������*%�(�������=#��"=������+�����=:�=����������������)��+#��"=��?�

������������#��"=�� �+��
����&���>�)'���,=��6� 8,������,=�������
� �������#��>#=��("

>#��������=�)�4� �+��>#=���" >#��������=�)�4���6�,=�+����+*���
������9?�" ���������=

���9//K��#�����(����+�
<������� �����(����+�
<������� Pt-CoO-Cr3O4 �������#��')"������J����������"

>�)'����Na(BH4) =�(�������=#��"=�����9��
��=
�
�,�6����*)������
�8(+����
7�
<������������%��

8== 2 ����4�(��� �+��(����� 2 �
7�����(����(����+�
<�������8==9��8,������ #�� FeTPP/C ��= 

CoTPP/C ,=�+� �/���������S6����+*���
������9?�")����������+��������*�=�������9�>(����

8��� 8�',=�+�(����+�
<�����������(����8�'������ 600 ��= 750 �����?��?��� (���:���= *)������

����=
�'���J�$�,���9//K��#��������
�  

This research was the preparation of two types of catalyst, which were Pt-Co-Cr, 

Pt-Co-Fe on carbon supports both treated by H2O2 and untreated, and non-platinum metal 

catalysts. In the first section, Pt-Co-Cr/C and Pt-Co-Fe/C were prepared by three methods, 

which were microwave, sodiumborohydride, and reflux. The results indicated that particles 

size of metals prepared by using treated carbon was smaller and more dispersed than 

particles size of metals prepared by using untreated carbon due to the present of carboxylic 

group on treated carbon surface. The amount of metals was determined and platinum 

appeared the highest followed by cobalt chromium and iron. Cobalt chromium and iron 

were examined to exist in oxide forms. The electrochemical testing of catalysts sample 

shown Pt-CoO-Cr3O4 on treated carbon to have higher activity than commercial catalyst 



and highest activity among prepared catalysts and two electron pathways was observed as 

well. In the second section, non-platinum catalysts, which are FeTPP/C and CoTPP/C were 

prepared. Oxides form of both iron and cobalt were observed after heat treatment in 

nitrogen atmosphere. The catalysts that heat treated at 600 and 750�C for FeTPP/C and 

CoTPP/C were observed to have highest electrochemical performance among prepared 

catalysts.   
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2. Executive Summary 

 

2.1 ����
#��
;���!%-��("��<;$�!%-!#������	
� 

������X(���&"��#��6:����
0>(����������,����S6���+��(+������� 8�'������#�����&"�+�

�6:�����')��9
���>����6*����9�+�����=
�����)��� �:�*)������(���(�����������)�8)�+�,������

��8�� �%+��6:����9=>����?��" 8�Y�>?G�� 8�Y� NGV 8�'8�Y� LPG ?S�����)����*%�8)�+�

,������*)�+�)�+���6�4�
7��
������(�������*���������*%��6:����
0>(������ �+���*)�������:������6:����

��������� ����
7�)��6���#�9���4������(��9
���� �,����
7�����(����(��������+�
#9���6:����


0>(������ ����,�����������*)���=���*%�,�������4#���'������S6� ���,�-���?��"8������(�"���

�����	8
��,������8������(�"���
�'���9��9����=(�����6�
�*)��
7�,������9//K��4������������

������,����,���
�'���J�$�,����?��"*)����S6� *����#(����'���?��"8������(�"(��)���#�=����
�

)��� �
�=����4�'��8)�+��:�����9//K����(����� �:�)��=���*%����,�)�'��=��� 8)�+����,������

����)�����������+��9��8����4������?��"�%�6��,���9G>�����%�������=��8���
�����>
�(�� 

(PEMFC) ��������#��#��8�',�-����(�6�8(+
� 1839 ?S��*��&'��6�4����������*%������������?��"

�%�6��,���*��	��("*�(+��
�'��� �%+��)��!�������8�'���

_� �,���*)����������#>�>���*�

(+��
�'��� 
�'���9������:�>�� �.��. 	��,�-�" �������� �49���:�����S�`������,�-���?��"

�%�6��,������
7�������+���=
� ��������9����	S�
j��
=����6�4�����	������	�������=�?��"

�%�6��,���8�'�����	
�'��=�?��"�%�6��,���9�������
����=��
��������������������=��=

(+��
�'��� ���*%��������?��"�%�6��,���*�
j��
=����������������������#�(���
�*�������(

#+��������� ����
�+��*)�+(����:��������(+��
�'��� >���k,�'��+������(����+�
<�����������(�������

>�)'8,�������'����#������� ��������������	�(����(����+�
<��������S6����*�
�'���8�'�������

���*%�����
(�6�(��*�
�'����S��
7�8�����)�S��*������(���
�������(�?��"�%�6��,���9���
7���+��

��� ���9
��+���6����)�����
��������8��>�)'8,�������:�)��=�:�)�������
7�(����+�
<��������4

�
7��������:��
7��%+���� �,��'��������#����8,����>�)'8,������8��� 
����&���>�)'

8,�������4���:�����:��������  

�?��"�%�6��,���#��8)�+����,������9//K��#�����9������������6�������9)���#�������("8�'

8=(�(��� ����)����������9)���#�������("#���#�������("�'�:����(��=��+�����%�6��,���	��
K������

9
��+��(+������� 8�'����)����8=(�(���#�������	8
����,�������#��>��(��9
�
7�,������

9//K� (���X`q� �?��"�%�6��,���*)�
�'���J�$�,���	S� 100% 8(+*����
<�=�(� 
�'���J�$�,�'���+

�')�+�� 50 – 90 % �
���=����=��=������9)�����*%��:�����,������(��'8�9//K����*)�
�'���J�$�,

8#+ 40% 8�'*����
<�=�(��49��8#+ 25% ��+���6� �?��"�%�6��,���
�'��=9
���������6�����4�>������

?S������4�>���8��	��������+�8�>���
7�=����&�������
<����������?���%�����8�Y�9G>�����

�%�6��,���*)��
7�>
�(��8�'����4�(��� �&'�����6�9//K�%���������#����6�8#>���'����
<�������

�����%�����(�����?�8���" (8�Y����?����) ��=>
�(������#���������+������=�������8�>��8�'



����4�(�������#���������+��������=��� 8�'9���6:��
7����($�&|" >�������6����
<�������	����+�>��

>�)'8,�����������'���(�����+=���#��"=�� 8�'��6������6�	����6�����(����������4�>��9�("?S���4

#��,�������"%��� perfluorosulfonic  acid  polymer *��������#��������+�   Nafion *���&����

�?��"�%�6��,���%�������=��8���
�����>
�(�� ?S��9��%��������%����������4�>��9�("���*%� 9����

���	�����(�S6��')�+����'=��������?���%��)��������%��	��	+�����������4�>���)�S��9
������

����4�>����+������4�>��9�("����:�9����8(+9�+�:�9//K� ����4�(������	�����(�S6����8�>�����


<����������?���%���'�#���������+������9//K�������� (������'8�9//K��S6�) 9
���8#>���,���*)�

����
<������������%�� �%�6��,���8�'(�����?�8���"�'(���9�+����������
�*��
�)�S��8�'�'9�+�����

���9)������} �����S6� 
<��������������*��?��"�%�6��,����
7����(+�9
��6 

 

8�>��  
�� �� eHH 222    [1] 

8#>��  OHeHO 222
1 222 ��� ��

  [2] 


<���������� OHOH 222
1

2 ��    [3] 

 

   Ecell = 1.229 V ��� 25�C 

 

>��)������8���
<���������������S6������6�8�>���'�����S6�9����4�	����
$�#���8,��������������4�

,� 8�'�������'���(������� 
����&���8,�������4�����	����9��	S� 0.05 mg/cm
2
 >��


�'���J�$�,���#���+����� 8(+
<���������������S6������6�8#>���'����9��%����������������������"9//K�

������� (overpotential) 9
��������������
<������������%�����8�Y����?���� >��
�'��& 80% ���

�
7����)(
���������������'8�*��?��"�%�6��,��� >��
����&���8,�����������	����9��	S�8#+ 

0.4 mg/cm
2
 ������#����`�
�'���J�$�,*)���+����� 
����&���>�)'8,������=�(�������=#��"=��

���*%��:�)��=��6�8#>���S������+����*%�*���6�8�>�� ����)�����������
����&8,������>��(��

8��� �����
����&8,������*���6�8#>J��4�����	�:�9��>������
�������*%�8,�������������"=�

(�������=#��"=���:�)��=��6�8#>���
7�8�����)�S������,�����(���������
<������������%�����

���?��������
����&8,������(�:�9�� )������8�����)�S��#������#���=(�������=#��"=������

���
�'��=�%��?�������)�4����9�+��>�)'8,���������������S�`�8����+������	�,������

����
<������������%��9�� >#������������6(����������8�����*����,�-������(����(����+�
<�������

��6�8,�������������"8�'(����+�
<�������8==9��8,������������J�����+�� 
�')��� 8�'(����������9


�������
�����
�'���*)��������
� �,�����(���
��������#��')" 8�'(+�������9
	S�(���
�������(�?��"

�%�6��,��� >�����
�'���J�$�,����?��"�%�6��,����'(�������=��+���=�?��"�%�6��,������*%�(����+�


<�������������#�� 8�'(�������=#��"=�����*%��'�
7�#��"=���+���>�������(>�� �. ��.,���! ���)"

*� $�#��%�/0����" �)����������%���*)�+ ��=�(���������#��"=���+���>�#����,�6�������������������=

��=#��"=�� Vulcan XC-72 ����
7�#��"=��������#�����*%��
7�(�������= #
&��=�(�����:�9//K�8�'



#���#���(+�#��������4����+� �����6���#�(+�)�+���4	����+�)�����+�(�� #��"=���+���>��S��
7�

��������������*%��
7�(�������= ��J�����(�����4���+���:�#����+�����(+�
�'���J�$�,���(����+�


<�����������)����������
����:� (����+�
<�������������������+�*)�
�'���J�$�,��� =�(�������=

#��"=��%����+���>� ?S�������	�(����9��)�����J�������� 8(+����(�������)�������*��
���J�#��

(������>�'8,���������������
$�#��4��'��= 2-5 ��>� ��'���(����+�����:�����=�(�������=

#��"=�������������
$�#��4����� �,���*)�����=����&�������
<��������������
�  

 

2.2 �
�=4���
���("�������� 

2.1 �,���,�-����J��������#��')"(����+�
<�������8,�������������"?S���4#�� Pt-Co, Pt-Cr 

8�' Pt-Cr-M, Pt-Co-M =�(�������=#��"=���+���>�����+�����=:�=�� >����J���������?"*�

����'����=� *)�9�������'���(�������
$�#8,�������������"=�(�������=#��"=����+������	S�

8�'9����
$�#8,�������������"�����������4��'��= 2-5 ��>���(� >��*)���#���8(�(+�����

������
$�#*)���������
� �,��'
�'���J�$�,���(����+�
<��������S6����+��=��������=����&�:�)��=

�������
<����������8(�(�����8�Y�9G>�����8�'8�Y����?����*)��������
�?S���:�)��>������

��
$�#8�'�����'���(�����(����+�
<������� 8�'�S�`�(��8
�8�'��9�(+��}�������(+��������

��
$�#��>����8,�������������"  

2.2 ,�-����J�����(����(����+�
<�������8==9��8,������=�(�������=�+���>�>��*%�

���
�'��=�%��?�������)�4� �%+����
�'��= tetrakis(4-N-

methylpyridyl)tetraphynylporphyriniron (II)  

2.3 �����	�:���J�����(������69
*%�*�������((����+�
<�������*��'��=�
(��)���� ��6�*�

������(�?��"�%�6��,���*����#( 8�'*��
(��)��������}*�
����&���8(+(���
�(�:�9�� 8�'���

�����	�:�9

�'�
�("*%�*��������#��')"��
$�#��>����J�(
8�'���
�'��=����}*����

�
(��)����8�'*���������������9�� 

 

2.3 ����%����?%�����	
� 

������������+����9��8���*)��)4��+�(����+�
<����������8,������ 20 �
��"�?�(">��

�6:�)���(+���#��"=���'*)������'���(�������
$�#8,�����������8�'������:�9
�(��������4�>���

�'9��
�'���J�$�,����?��"��� 8(+��6���6�4�S6����+��=��J�����(����8(+�'��J��'*)������'���(�����

8(�(+����� �+���*)���
�'���J�$�,����?��"���8(�(+��������� ���9
	S�%������(�������=�4�+���

*)��������'������8(�(+���%+��������� ?S��(+�9
��6�
7�8�����������������'���� 

2.3.1    ����(����,�6�������(�������=*)���=����&����)��'(+�����������S����'���>�)'

8,������8�'>�)'����} ����S�`� >�����
��=�$�,������#��"=���+���>�*)���)��+/j��"%�� �%+� 

#��"=���� )�������} ?S��=����&�����)��+/j��"%���)�+���6�'�
7�=����&���9�������>�)'�������'8�'

	�������?" �+���*)��������'���(����������������=��=#��"=�����9�+�+�����
��=�$�,���  



2.3.2 ����(����8,�������������" 20 �
��"�?4�(">���6:�)��� (75:25 ��� Pt:M) (+�

#��"=���+���>�����+�����
��=�$�,���8���>����J������?"*�����'����=� *���6�(����6�'�
7�

����S�`������(���:��'��� (�������?" 8�'#+� pH �������'���(+�������
$�#8�'�����'���

(�����8,�������������" �����������=�(����(���:��'���8�'#+� pH �'����(+������'���(�����

��
$�#8,�������������" 8�'�S�`���>�)'(������������'*%��������"��=8,������?S���4#��>#�=��

8�'>#������(+�
�'���J�$�,����?��"  

2.3.3  ����(����8,�������������" 20 �
��"�?4�(">���6:�)��� (75:12.5:12.5 ��� 

Pt:Cr/Co:M) (+�#��"=���+���>�����+�����
��=�$�,���8���>����J������?"*�����'����=� �,���

�S�`������>�)'(��������(+�
�'���J�$�,����?��" 

2.3.4  ����(����(����+�
<�������8==9��8,������ >��*%����
�'��=�%��?�������)�4� 

�%+����
�'��= tetrakis(4-N-methylpyridyl)tetraphynylporphyriniron (II) )������
�'��=

�%��?���(�������������=�(���+��������
<������������%��������?���� 8����:�9
�#���==�������

#��"=�� 

2.3.5 �S�`� activity ���(����+�
<�����������(����9����6�)���,������*%�������� 

�
���=����=��=(����+�
<��������������?�6����(+��
�'��� �,���,�-��9
��+����:�9
*%�����*��?��"

�%�6��,��� 

 

2.4 �.����&#����������	
���"&�������*������'��� 6 �&+"� 

�&+"�!%- 1-6 

����:��������*���6�(����6#�� ����(����,�����:�)��=�������� ������8���������� ���

#��#����,����(��8�'����(�����������?�6��

��&"���(���*%�*�����:�������+������'������:�������� 

�����6��4�:����
��=�$�,������#��"=�� �'9����#��"=���+���>�����+����J����
��=,�6�������

#��"=���+���>�*)���)��+/j��"%��(�����(�������,���*)������
7�=����&�S����'���8,�������������" 

 �&+"�!%- 7-12 

�:�������������*��+��8��(+���	S��������� 6 )��������6�*��������� 7 	S��������� 12 �
7�

���������:����������������*��+����� 2 �4#������(���������(����+�
<�������8,�������������"=�

(�������=#��"=���+���>�����+������,���)��+/j��"%�� ����$��'(+��} ,������6��S�`������(���:�

�'��� 8�'#+� pH �������'��� (+�������
$�#8�'�����'���(�����8,�������������" 8�'

����(����(����+�
<�������8==9��8,������  �������#���=#��"=��(�������=���� ���
�'��=

�%��?������ [Fe(TMPyP)] )��� tetrakis(4-N-methylpyridyl)tetraphynylporphyriniron (II)  

�&+"�!%- 13-18 

����:��������*���6�(����6#�����(������#��')"���($�&|"(����+�
<��������������#��')"9��

��6�)���+�9���
7�8,�������������")���9�+(���$��'��������(+��} �,�����������
$�# ���

��'���(�������
$�# 8�'��������
�9��,����&�	S�
����&���=����&�������
<����������(����+�




<���������6�)������(����9���,����:�9
��+�����

��8�'�������J�����)��'��*����*%��(����(����+�


<��������,����:�9
*%��������*��?��"�%�6��,��� 

�&+"�!%- 19-24 

����:��������*��+���
������'�
7������

8�'
�'��������������������9���,������

�������J�����)��'��*����*%��(����(����+�
<��������,����:�9
*%��������*��?��"�%�6��,���8�'�����	

�:����������*������� �������6�)��#���+��'�����	(�,��,"*�����������%�(�9�� 

 

2.5 .����/$��(�"��+-"�!%-��&���	��%�����*����
����'������&
�����'���*������

�N 


���� 1 %������������#���+��'(�,��,": Pt-alloys supported carbonnanotube for proton 

exchanged membrane fuel cells, by solution route methode %������������#���+��'(�,��,": 

Journal of Power Sources, impact factor: 2.77 


���� 2 %������������#���+��'(�,��,": Non-Pt electrocatalyst for oxygen reduction in proton 

exchanged membrane fuel cells  %������������#���+��'(�,��,": Journal of Power Sources, 

impact factor: 2.77 

 

2.6 ��������������� 

 �N!%- 1 �N!%- 2 ��� 

1. $��&����"��!� 

   -����"��!�$
�$���������� 

 

120,000 =�� 

 

120,000 =�� 

 

240,000 =�� 

2. $��&����

&4 

   -���+-"���������

&4��!��/�
���

"+-�O 

   -
�����% 

   -�

&4
#��
���� 

   -"4�����������.�����
�!5�.� 

 

 

 

 

��� 76,000 =�� 

 

 

 

 

��� 76,000 

=�� 

 

 

 

 

160,000 =�� 

3. $��&���*'�
"� 

   - ���	�������� ����(������ ���!#��� 

   -���*'����+-"��+"��!��/�
��� XRD,   

    TEM, SEM 

   - ���"+-�O 

 

4,000 =�� 

30,000 =�� 

 

10,000 =�� 

 

4,000 =�� 

30,000 =�� 

 

10,000 =�� 

 

8,000 =�� 

60,000 =�� 

 

20,000 =�� 

������������������ 240,000 =�� 240,000 =�� 480,000 =�� 

 



3. ��?%!&�"� 
��������
�'��=9
�������(���������� (��8��#������(����,�6�������#��"=��

(����� ����(����(����+�
<������� Pt-Co-Cr ��= Pt-Co-Fe ������J��������'��� 3 ��J�#����J�

9�>#���/ �����/���?" 8�'���������"����>?�����>=>�9G���� (���������
7�����(����(����+�


<�������8==9��8,������  

 

3.1 �"�!%- 1 ������%���
�������������� Pt-Co-Cr/C �
� Pt-Co-Fe/C 

3.1.1 ������%���+,�.��("��
��"��
� 

 ���
��=
�
�,�6������������#��"=�� (Vulcan XC-72) >���:���#��"=�� 0.5000 ���� 

�(�� 2.0 >����"���?��/���� 200 �������(� #�����
&)$��� 60 ���� 2 %���>�� �����6��
�����

����'����
7� 1.0 >����">,����?���9G����9?�" 200 �������(� #�����
&)$��� 60 ���� 2 %���>�� 

8�'�
���������'����
7� 8.0 �����9G>�����
��"���9?�" 200 �������(� #�����
&)$���)��� 48 

%���>�� �:����������8�'��������������� �=����
&)$��� 70 �����?��?��� 1 #�� �����6��:���

#��"=�����
��=�$�,���8���9
���#��')")��+/j��"%��������#��#���/���� #��"=������+�����
��=

�$�,���8�����6	���:�9
�(����(����+�
<�������>�� (����+�
<�����������(�����'*%�(�������=#��"=��

��6����9�+�+�����
��=�$�,���8�'����+�����
��=�$�,����,����������)��+/j��"%��=�#��"=��(+�

������'(�����>�' ������
$�#���>�)'8�'�����'���(�������
$�#>�)' 

 

3.1.2 ������%���
�������������� Pt-Co-Cr/C �
� Pt-Co-Fe/C &�����?%�������V 

 �������#��')"�����' 20 >���6:�)������(����+�
<�������8,������>#=��(">#������

��(���+�� 2:1:1 =�(�������=#��"=����6����9�+�+�����
��=�$�,���8�'����+�����
��=�$�,���

>������:���#��"=�� (Vulcan XC-72) 0.400 ���� *���������� �(����������9�#����� pH

��+���= 9 50.0 �������(� �:������#������
�(��>?��� 15 ���� �(������'���8,������#���������� 

0.400 >����" 
����(� 0.62 �������(� ����'���>�)'>#=��("8�'>�)'>#������#���������� 0.1 

>����"
����(� 4.20 8�' 4.80 �������(� �����6��:���������#�����9�>#���/ 800W 1 ���� ,�� 3 

���� ��� 3 #��6� �:�('������9��������8�'��������������� �=����
&)$��� 70 �����?��?��� 1 

#�� 

 �������#��')"�����' 20 >���6:�)������(����+�
<�������8,������>#=��("�)�4���(���+�� 

2:1:1 =�(�������=#��"=�����9�+9��
��=
�
�,�6���� >������:���#��"=�� (Vulcan XC-72) 0.1500 

���� *���������� �(����������9�#����� pH ��+���= 9 50.0 �������(� �:������#������
�(��>?��� 

15 ���� �(������'���8,������#���������� 0.1500 >����" 
����(� 0.57 �������(� ����'���

>�)'>#=��("8�'>�)'�)�4�#���������� 0.1000 >����"
����(� 0.25 8�' 0.18 �������(� �����6�

�:���������#�����9�>#���/ 800W 1 ���� ,�� 3 ���� ��� 3 #��6� �:�('������9��������8�'����

����������� �=����
&)$��� 70 �����?��?��� 1 #�� 



3.1.3 ������%���
�������������� Pt-Co-Cr/C �
� Pt-Co-Fe/C &�����?%�%V�
�)� 

 ����(����(����+�
<������������	�(��������'���9���%+�����������=��J�9�>#���/ 8(+

��6�(���������
<������������%���:����9
��/���?"����
&)$��� 170 �����?��?��� 2 %���>�� �:�

('������9��������8�'��������������� �=����
&)$��� 70 �����?��?��� 1 #�� 

 

 3.1.4 ������%���
�������������� Pt-Co-Cr/C �
� Pt-Co-Fe/C &�����?%�)�&%������

�W&��� 

 ����(����(����+�
<������������	�(��������'���9���%+�����������=��J�9�>#���/ 8(+

��6�(���������
<������������%���:����9
�(��>?�����>=>�9G���� 0.0398 ���� 8���#���� 1 #�� 

�:�('������9��������8�'��������������� �=����
&)$��� 70 �����?��?��� 1 #�� 

 

 ���(����+���
�(������(����9��	���:���(������#��')"������#��#������6���=���������?" 

(XRD) ������
����������4�(���8==�+������ (SEM) ������
����������4�(���8==�+���+�� 

(TEM) ��#��#���/���� (IR) ��#��# atomic absorption spectroscopy (AAS) ��#��#9?#���>�

�8����(��� (CV) 8�'��#��# X-ray absorption spectroscopy (XAS, Synchrotron Light 

Research Institute) 

 

3.2 �"�!%- 2 ������%���
�����������������������!��
� 

 ����(����(����+�
<�������8==9��8,������?S��9��8�+ FeTPP/C 8�' CoTPP/C 8=+�����
7�

��6�(������(���� tetraphenylporphyrin (TPP) ����(���� Fe-tetraphenylporphyrin (FeTPP) 

����(���� Co-tetraphenylporphyrin (CoTPP) ����(���� 2% Fe-tetraphenylporphyrin =�

#��"=�������= (FeTPP/C) 8�'����(���� 2% Co-tetraphenylporphyrin =�#��"=�������= 

(CoTPP/C) >��#��"=�������=*�����������69�������*%�#��"=��8
�# N115 ����+�����
��=

�$�,����������?��/���� 24 %���>�� 8�'#��"=�� Vulcan XC-72R ���9�+�+��
��=�$�,��� 

 

 3.2.1 ������%�� tetraphenylporphyrin (TPP) 

 ����(���� TPP ����������� pyrrole 1.6 ���� ����+���������� ��= benzaldehyde 2.55 

���� 8�'�'���*� 100 �������(���� propionic acid �����6�#�����'���,������6���/���?"*�

=�������8�Y�9�>(�����
7����� 18 %���>�� ����('���)���
<���������6��
�8�'����('�������

������� 9��('������+��8�'��4=*)�8)��*�>	���#���%�6� 

 

 3.2.2 ������%�� Fe-tetraphenylporphyrin (FeTPP) 

 ����(���� FeTPP �������� ����'��� TPP 0.2 �����>�� *� DMF �:���� 15 �������(� 

8����(�� FeCl2.4H2O �:���� 2 ����>�� #�����'�����9������'�������
7����6��������� �:������/



���?"*�=�������9�>(���� �
7����� 3 %���>�� )��������6���6�9��*)���4�������
&)$���)��� ('���

	��(������>������(�� 0.1 >����"��� HCl �:���� 15 �������(� 8����:��������('���8�'

��4=('���*�>	���#���%�6�  

 

 3.2.3 ������%�� Co-tetraphenylporphyrin (CoTPP) 

 ����(���� CoTPP �����	�:�9��������6�(���������=����(���� FeTPP �������(�� 

CoCl2 8�� FeCl2.4H2O 

 

 3.2.4 ������%�� 2% Fe-tetraphenylporphyrin �������"��"��
� (FeTPP/C) 

 2% FeTPP/C �����	�(����9��>������'��� FeTPP �:���� 0.1 ���� *� DMF 60 

�������(� 8����(��#��"=���:���� 0.4 ���� #�������8�'�:������/���?"*�=�������9�>(����

�
7����� 18 %���>�� 8���
�+��*)���4�����
&)$���)��� ����('���8�'����('�������������� 

�����6��:�9
����
&$��� 400 600 8�' 800 �����?��?���*�=������������ 9��(����+�������6 

FeTPP/C(9�+9�����) FeTPP/C 400 FeTPP/C 600 8�' FeTPP/C 800 �:�)��=(�������=����
7�

#��"=��8=�# N115 (����+�� FeTPP/Vul(9�+9�����) FeTPP/Vul 400 FeTPP/Vul 600 8�' 

FeTPP/Vul 800 �:�)��=(�������=����
7�#��"=�� Vulcan XC-72R 

 

 3.2.5 ������%�� 2% Co-tetraphenylporphyrin �������"��"��
� (CoTPP/C) 

 2%CoTPP/C �����	�(����������J�����������=����(���� 2%FeTPP/C ���������*%� 

CoTPP 8�� FeTPP 8�'������ �:�����������
&)$��� 350 550 8�' 750 �����?��?��� 9��

(����+�������6 CoTPP/C(9�+9�����) CoTPP/C 350 CoTPP/C 550 8�' CoTPP/C 750 �:�)��=(��

�����=����
7�#��"=��8=�# N115 (����+�� CoTPP/Vul(9�+9�����) CoTPP/Vul 350 CoTPP/Vul 

550 8�' CoTPP/Vul 750 �:�)��=(�������=����
7�#��"=�� Vulcan XC-72R 

 (����+��(����+�
<�������8==9��8,��������

9��*�(���� 1 

 

���(����+���
�(������(����9��	���:���(������#��')"������#��#������6���=���������?" 

(XRD) ������
����������4�(���8==�+������ (SEM) ������
����������4�(���8==�+���+�� 

(TEM) ��#��#���/���� (IR) ��#��# atomic absorption spectroscopy (AAS) ��#��#9?#���>�

�8����(��� (CV) 8�'��#��# X-ray absorption spectroscopy (XAS, Synchrotron Light 

Research Institute) 

 

 

 

 



����� 1 8�����

����(����(����+�
<�������8==9��8,��������6�)�� 

Catalyst Carbon supporter Temperature (ZC) Abbrev. 

- FeTPP/C 

400 FeTPP/C 400 

600 FeTPP/C 600 

N115 

800 FeTPP/C 800 

- FeTPP/vul 

400 FeTPP/vul 400 

600 FeTPP/vul 600 

Fe-tetraphenylporphyrin 

Vulcan XC-72 

800 FeTPP/vul 800 

- CoTPP/C 

350 CoTPP/C 350 

550 CoTPP/C 550 

N115 

750 CoTPP/C 750 

- CoTPP/vul 

350 CoTPP/vul 350 

550 CoTPP/vul 550 

Co-tetraphenylporphyrin 

Vulcan XC-72 

750 CoTPP/vul 750 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



4. .����!&�"������	����.����!&�"� 

 4.1 �"�!%- 1 ������%���
�������������� Pt-Co-Cr/C �
� Pt-Co-Fe/C 

 4.1.1 .������
�
\��.�������"� 

 ���
��=�$�,���#��"=������9G>������
��"���9?�"��6� 9�����������+����
�
�'��#"�,���

�,���)��+/j��"%�� ��
+� carboxylic, hyfroxyl 8�' lactone ���������#��"=�� [ ] �,����
7���������� 

#��"=�����9�+�+�����=:�=��8�'����+�����=:�=��	���:�9
(������#��')"�,���)�)��+/j��"%������

��#��# IR ����������9�����8���*���
 1 ����������,=�+�#��"=�����9�+9���:����
��=
�
�

,�6�����'
���<,�����(:�8)�+� 2351 cm
-1
(-C C-), 2015 cm

-1
 (-C=C=C-) 8�' 1591 cm

-1
 (-C=C-) 

�+��#��"=������:����
��=
�
������6���,��
���<���(:�8)�+��)�������#�� 2362 cm-1(-C C-), 2038 

cm-1 (-C=C=C-) 8�' 1512 cm-1 (-C=C-) 8�'��,������,����S6���#�� 1693 cm-1 (- -) ������#����

��=)��+#��"=��?���� ������:����
��=
�
����#��"=������9G>������
��"���9?�"�:�*)�����)��+/j�%��

#��"=��?��������
7�
�'�
�=����:�*)�>�)'��������S����'9���+�� ���9
��+���6�9�������(���

�$�,���������$�,���#��"=�����9�+�+�����=:�=��8�'�+�����=:�=�� ������#��# TEM ���

8���*���
 2 ,=�+����`&'�����
$�##�������9�+�����	8��#���8(�(+��9�� )���#����+�

���=:�=��#��"=������9G>���
��"���9?�"��6�9�+9���:�*)���������:�����$�,������#��"=��8(+

��+��*� ?S���
7����� 

 
 

��� 1 8��� IR ��
#(������#��"=�����9�+9��
��=
�
�,�6���� (A) 8�'
��=
�
�,�6���� (B) 



                   
 

��� 2 8���$�,	+�� TEM ���#��"=�����9�+9��
��=
�
�,�6���� (A) 8�'
��=
�
�,�6���� (B)  

 

 4.1.2 .�����������$�&����!���� XRD ("��
�������������� Pt-Co-Cr/c �
� Pt-Co-

Fe/c  

 (����+��(����+�
<�������9��	���:�9
(������#��')"������#��# XRD �,������#��')"�/����

�����S6����(����+�� ����������8��������
 3 �:�)��= Pt-Co-Cr /C ����(����������J�9�>#���/

8�'��J������?"����>?�����=�>�9G9��"  

 

 
 

��� 3 8��� XRD patterns ��� Pt-Co-Cr =�(�������=#��"=�� ����� C =#��"=�����9�+9��
��=
�
�

,�6���� Ct =#��"=�����
��=
�
�,�6���� Mi = Microwave 8�' Na = Na(BH4) 

A B 



���������#��')" XRD patterns ,=�+��
������������(:�8)�+�,�����>�)'>#=��(" 

>�)'>#������ 8�' >�)'�)�4�	��=������,�����8,�������:�*)�9�+�����	=��9���+���>�)'%���

�������+*����(����+��)���9�+ 8(+������
���=����=
����&���,�6����*(�,��,=�+����#��"=��
��=
�
�

,�6������,�6����*(�,�������+���4������:�*)�#���+��+��'��
����&���>�)'������'=�������#��"=��

�����+�#��"=�����9�+9��
��=
�
�,�6���� �:�)��=���(����+�� Pt-Co-Fe/C ����(����>����J�9�>#���/ 

�����(������#��')"������#��# XRD 	��8���*���
 4   

 

 
 

��� 4 8��� XRD patterns ���(����+�� Pt-Co-Fe/C ����(����>����J�9�>#���/ 

 

 4.1.3 .�����������$�&����!���� SEM ("��
�������������� Pt-Co-Cr/c �
� Pt-Co-

Fe/c 

 ���(������#��')"������#��#��6����
�+�����`&' ������
$�#8==��� 8�'�������'���
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�'(��(�:�8���������
7����:�)������ �+��J�(
���������'(�����8���������
7�����+��)������ 

?S���k����'8
����(������'(�����J�(
*����(����+�� ��������#��')"���(����+������(����9��

	��8���*���
 5 �:�)��=(����+�� Pt-Co-Cr/C ����(����������J�9�>#���/8�'>?�����=�>�9G9��" 

�:�)��=��6�#��"=�������=���9�+�+�����=:�=��8�'#��"=������+�����=:�=�� �+�������
�����+���
7�

��
 SEM ���(����+�� Pt-Co-Fe ����(����>����J�9�>#���/8�'>?�����=�>�9G9��" �:�)��=

#��"=�������=���9�+�+�����=:�=�� ��������6����9�������(������#��')"%������J�(
8�'
����&

���J�(
���
���<*����(����+��������#��# EDS (energy dispersive spectroscopy) ���(+���=

����� SEM ����������8���*�(���� 2 8�'(���� 3 8�����������#��')"J�(
������#��# 

SEM ����=��=��������#��')"������#��# AAS  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

��� 5 8���$�,	+�� SEM ���(����+�� Pt-Co-Cr/C 8�' Pt-Co-Fe/C ����� C =#��"=�����9�+9��


��=
�
�,�6���� Ct =#��"=�����
��=
�
�,�6���� Mi = Microwave 8�' Na = Na(BH4) 

 

����������,=>�)'8,������ >�)'>#=��(" >�)'>#������ 8�'>�)'�)�4� ���+=�(��

�����=#��"=�� >��
����&�����'���,=9��������+����(������ 8�'�������#��')"������J�9�>#���/

���(����+�
<������� Pt-Co-Cr 9�+,=>�)'>#=��(" ?S������������9�>#���/*��������������#+�(�:� 

(2.20 MHz) 8�'*��
���������,=J�(
���?�������+�����S�����
7�9
9���+�>�)'��������S6���6��
7�

>�)'���9?�" ������
���=����=
����&>�)'���,==�(�������=��6� 2 %���,=�+�
����&>�)'=�(��

�����=���9��
��=
�
�,�6����8�����
����&�����+� ������:����(����+��9
���#��')"������#��# AAS 

8����:�
����&���,=���>�)'���
���=����=��=����� EDS 9�����(���� 3 ,=�+�#+����9����#���

*����#�������,����
7����(�����=�+�,=>�)'=�(�������=#��"=�� 

Pt-Co-Fe_C_Na Pt-Co-Fe_C_mi 



����� 2 8���
����&>�)'���,=*�(����+�
<������� Pt-Co-Cr/C 8�' Pt-Co-Fe/C >����#��# 

EDS 

 

Methods (%wt) C O Pt Co Cr Fe 

Pt-Co-Cr-_C_Mi 87.35 7.99 3.51 0.04 1.11 - 

Pt-Co-Cr_C_Na 86.6 5.51 5.28 1.73 0.88 - 

Pt-Co-Fe_C_Mi 87.58 7.36 5.29 0.32 - 0.17 

Pt-Co-Fe_C_Reflux 89.92 4.23 5.14 0.77 - 0.22 

Pt-Co-Fe_C_ Na 84.63 11.31 2.64 0.92 - 0.91 

Pt-Co-Cr-_Ct_Mi 85.98 6.17 5.63 - 2.22 - 

Pt-Co-Cr_Ct_Na 82.71 5.18 6.65 3.38 2.08 - 

Pt-Co-Fe_Ct_Mi 82.58 11.36 5.41 0.49 - 0.16 

 

����� 3 8���
����&>�)'���,=*�(����+�
<������� Pt-Co-Cr/C 8�' Pt-Co-Fe/C >����#��# 

AAS �
���=����=��=��#��# EDS   

 

Co Cr Fe Methods 

EDS AAS EDS AAS EDS AAS 

PtCoCr_C_Mi 0.04 0.00 1.26 1.20 - - 

PtCoCr_Ct_Mi 0.00 0.00 2.22 1.45 - - 

PtCoCr_C_Na 1.73 1.55 0.88 0.90 - - 

PtCoCr_Ct_Na 3.38 2.25 2.08 1.47 - - 

PtCoFe_C_Re 0.49 0.11 - - 0.16 0.14 

 

 

4.1.4 .�����������$�&����!���� TEM ("��
�������������� Pt-Co-Cr/C �
� Pt-Co-

Fe/C 
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7�#
&��=�(�����:�#���:�)��=(����+�
<������� ��������#��')"(����+�� Pt-Co-Cr/C ����(����9��	��

8���*���
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 8 8���$�,	+�� TEM 8�'8==������6���=��������4��" �:�)��=���(����+�� Pt-Co-Cr/C ���

�(����������J�>?�����=�>�9G9��"��6��:�)��=#��"=�����9�+�+�����=:�=��8�'#��"=������+�����

=:�=�� ��
 9 8��������'������������
$�#������9�����$�,	+�� TEM  

 

             
 

��� 6 8���$�,	+�� TEM �:�)��=(����+�� Pt-Co-Cr/C ����(����������J�9�>#���/=�(�������=

#��"=�����9�+�+�����=:�=�� (a) 8�'(�������=#��"=������+�����=:�=�� (b) 

 

 
 

 

��� 7 8��� histogram �:�)��=(����+�� Pt-Co-Cr/C ����(����������J�9�>#���/=�(�������=

#��"=�����9�+�+�����=:�=�� (a) 8�'(�������=#��"=������+�����=:�=�� (b) 

 



                  
 

��� 8 8���$�,	+�� TEM �:�)��=(����+�� Pt-Co-Cr/C ����(����������J�>?�����=�>�9G9��"=�(��

�����=#��"=�����9�+�+�����=:�=�� (a) 8�'(�������=#��"=������+�����=:�=�� (b) 

 

 

 

 

 

 

 

 

 

       

 

 

��� 9 8��� histogram �:�)��=(����+�� Pt-Co-Cr/C ����(����������J�>?�����=�>�9G9��"=�(��

�����=#��"=�����9�+�+�����=:�=�� (a) 8�'(�������=#��"=������+�����=:�=�� (b) 
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 10 8���$�,	+�� TEM 8�'8==������6���=��������4��" �:�)��=���(����+�� Pt-Co-

Fe/C ����(����������J�9�>#���/��6��:�)��=#��"=�����9�+�+�����=:�=��8�'#��"=������+�����=:�=�� 
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 11 8��������'������������
$�#������9�����$�,	+�� TEM ��
 12 8��� $�,	+�� TEM 

8�'8�'8==������6���=��������4��" �����'������������
$�#������9�����$�,	+�� TEM 



�:�)��=(����+�� Pt-Co-Fe/C ����(����������J�>?�����=�>�9G9��"=�(�������=#��"=������+�����

=:�=�� 

 

         
 

��� 10 8���$�,	+�� TEM �:�)��=(����+�� Pt-Co-Fe/C ����(����������J�9�>#���/=�(�������=

#��"=�����9�+�+�����=:�=�� (a) 8�'(�������=#��"=������+�����=:�=�� (b) 

 

 
 

��� 11 8��� histogram �:�)��=(����+�� Pt-Co-Fe/C ����(����������J�9�>#���/=�(�������=

#��"=�����9�+�+�����=:�=�� (a) 8�'(�������=#��"=������+�����=:�=�� (b) 

 

�����
 7 9 8�' 11 ,=�+�(����+�
<�������=�(�������=#��"=������+�����=:�=����� ������

�����
$�#���(���� 4 >���k������� Pt-Co-Cr/C 8�' Pt-Co-Fe/C ���+�')�+�� 2.22±0.53 8�' 

2.45±0.65 ��>���(� (���:���= �+�����������
$�#���(����+�
<������� Pt-Co-Cr/C ��6� 2 ��J� 

8�' Pt-Co-Fe/C =�(�������=#��"=������+�����=:�=����� ��+���= 1.93±0.35 8�' 2.11±0.43 ��



>���(� (���:���= ,=�+�������
$�#���(����+�
<�������=�(�������=���9���+�����=:�=�������

������4���+�8�'������������'���(��,=�+������'���(�������
$�#��'���(������+�=�(��

�����=����+�����=:�=�����  

  
 

��� 12 8��� $�,	+�� TEM (a) 8�' histogram (b) �:�)��=(����+�� Pt-Co-Fe/C ����(����������J�

>?�����=�>�9G9��"=�(�������=#��"=������+�����=:�=�� 
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���$�,	+��8==������6���=��������4��"����
�(����+����6� Pt-Co-Cr/C 8�' Pt-Co-Fe/C 

,=�+� �����#��"=���'�)4�%�����8(+�����8,������
���<%������k,�'(����+������(����>��*%�

(�������=#��"=�����9�+�+�����=:�=�� ���������������
$�#���*)�+ �:�*)�
���<�
7��
������+����� 

Methods particle size(nm) Methods particle size(nm) 
Pt-Co-Cr-Microwave 2.20±0.57 Pt-Co-Cr_Ct_Mi 1.93±0.35 

Pt-Co-Cr-Na(BH4) 2.24±0.50 Pt-Co-Cr_Ct_Na 1.93±0.35 

Pt-Co-Fe- Microwave 2.77±0.71 Pt-Co-Fe_Ct_Mi 2.11±0.43 

Pt-Co-Fe-Reflux 2.17±0.57 - - 

Pt-Co-Fe- Na(BH4) 2.41±0.67 - - 
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9�+%�����*�8==������6���=� ,=�����`&'�
7�����+�� ?S��������������6�4���#������= XRD 

patterns ���
���<,�����8,�������
7����`&'!���������������������������
$�#�����4����

������� 8�'������������6������#������=������������
$�#���8����
7� histogram 

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

��+�������
$�#>�)'����(��������#��"=������+�����=:�=�� 

 

4.1.5 .�����������$�&����!���� XAS ("��
�������������� Pt-Co-Cr/C �
� Pt-Co-

Fe/C 
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��
����&���>�)'>#=��("����?S�����#������=�������#��# EDS �+��(����+������(����������

������">�)'���� Na(BH4) ,=�+����`&'������/#������=���/��(�!�� CoO 8�'��������#��')"���

����� EXAFS �����
��� 14 �4,=�+������9�����#������� �+��������>�)'>#�����������
��� 15 

8�' 16 ��6�,=�+�>�)'>#�������
���J��������#��')"8�'%������(�������=�����`&'#�������

���/#������=���/��(�!����� Cr3O4 �����9�������#��# XAS ���>�)'��6� 2 %����������
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8==*� ������������������+�����:�

*)���

9���+���J�9�>#���/�����	����#��')"(����+�
<������� Pt-Cr3O4 9�� �+�����������">�)'����

Na(BH4)�����	����#��')"(����+�
<������� Pt-CoO-Cr3O4 9�� 

               

4.1.6 .�����������$�&����!���� CV ("��
�������������� Pt-Co-Cr/C �
� Pt-Co-

Fe/C 

(����+�
<������������#+����9//K�������#��# CV 9���������
��� 18 8�'(���� 5 ?S��,=�+�

(����+�
<��������������#��')"9�����#+����9//K������+�(����+�
<������� 20 % 8,������*�������#�� 

8�'���������
�#��(����+�
<������� Pt-CoO-Cr3O4 �������#��')"������J����������">�)'����Na(BH4) =�

(�������=#��"=�����9��
��=
�
�,�6���� 8(+����������������,=�+�
<���������������S6�����
7�


<�������8== 2 ����4�(��� ���������#+�������9�����+�')�+�� 0.52-0.56 V >������6� Ag/AgCl �
7���6�

����������������=��=��6� NHE (���=����� 0.197 V �:�*)�#+�#���(+������"���+���
�'��& 0.72-0.76 

V ?S��*����#�����=
<������� O2+2e
-�H2O2 ��� E

o 
��+���= +0.70 V  
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4.2 �"�!%- 2 ������%���
�����������������������!��
� 

*�(����� 2 ���8��������������'
�'��=9
���� ���������= UV-Visible 

spectroscopy NMR XRD TEM CV 8�' XAS 

4.2.1 .�����������$�&����!���� UV-Visible spectroscopy  

 ���(����+�� tetraphenylporphyrin (TPP), Fe-tetraphenylporphyrin (FeTPP), and Co-

tetraphenylporphyrin (CoTPP) 	�����#��')"������#��# UV-Vis spectroscopy ���8��� UV-Vis 

absorption spectra of TPP, FeTPP, and CoTPP in dimethylsulfoxide (DMSO) *���
 19 >�� 

TPP 8��� Soret band ��� 416 nm 8�' Q band ��� 514 nm �+�� FeTPP 8��� Soret band ��� 

392 nm 8�' Q band ��� 529 nm �:�)��= CoTPP 8��� Soret band 9����#�����=��� TPP 8(+

�������+� ��� 416 nm 8�' Q band ��� 540 nm [1] ��������S6���� Fe ��= Co *� metal-TPP 

complexes ����(+������������� Q band spectrum 15 nm �:�)��= FeTPP 8�' 36 nm �:�)��=

CoTPP �
���=����=��= TPP spectrum.  

 

 

 

 

 

 

 

 

 

 

4.2.2 .�����������$�&����!���� Nuclear Magnetic Resonance Spectroscopy  

��� tetraphenylporphyrin ����(����9��	�����#��')"������#��# NMR spectroscopy �����

���#��')"8��������
 20 8�'���8
���8������(���� 6  
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���19 8��� UV-

Visible spectrum ��� 

TPP, FeTPP, 8�' 
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���20 8��� 1H-NMR 

spectra ��� 

tetraphenylporphyrin 
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������ 1H-NMR spectrum ��� Tetraphenylporphyrin 

� (ppm) (CDCl 3 ) Proton type 

-2.90 
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8.86 

s, 2H of Hd 

d, 8H of Hc 

d, 8H of Hb 

 s, 12H of Ha 
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H-NMR >#���������� tetraphenylporphyrin #���
7������
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��� 21 8���>#���������� tetraphenylporphyrin ������#������=(���� 1 

 ����� UV-Vis spectrum ��= Nuclear Magnetic Resonance ���=��
�>#���������� 

tetraphenylporphyrin (TPP), Fe-tetraphenylporphyrin (FeTPP), 8�' Co-tetraphenylporphyrin 

(CoTPP) ���8��������
 22 

 

 

 

 

 

 

 

 

     a)            b)               c) 

��� 22 8���>#���������� a) tetraphenylporphyrin (TPP), b) Fe-tetraphenylporphyrin 

(FeTPP), 8�' c) Co-tetraphenylporphyrin (CoTPP) 
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4.2.3 .�����������$�&����!���� Powder X-ray Diffraction (XRD)  

Powder X-ray Diffraction ,������#��')"�/���������S6�*�(����+������(����9�� ��
 23 8���8==���

���6���=��������4��"���(����+�
<������� FeTPP ���9�+�+�������� (FeTPP/C and FeTPP/Vul) 

���#������=>#���������� Fe2O3 (104) 8�' (110) ��� 2� = 33.28o 8�' 35.74o, (���:���= (�� 

JCPDS )������ 02-0915 �����������������6�(�������/���?" ��+��9��4(�� FeTPP ����+�����

�����6� (FeTPP/C 400, FeTPP/C 600, FeTPP/C 800, FeTPP/Vul 400, FeTPP/Vul 600, and 

FeTPP/Vul 800) 8���,����� Fe3O4 ��������S6������6�(��������������?������������


��
����)����:�����������(�9�+)�� �+�� CoTPP 9�+	��8������������9�+,=,�����>#=��(" 

 

 

 

 

 

 

           

 

 

 

��� 23 8��� X-ray diffraction patterns ���(����+�� FeTPP catalysts ��6�����+��������8�'9�+���  

 

4.2.4 .�����������$�&����!���� Transmission Electron Microscopy (TEM) 

 (����+�
<�������	�����#��')"������#��# TEM �,�������
�+�����`&' ���� �����'���(�� 

�����
$�# 8�'>#��������������������#��')"9�� $�, TEM ��� FeTPP/C =�#��"=�� N115 ���

������ 600 oC (FeTPP/C 600) 8��� Fe3N ������������� SAD pattern (��
 24 a-b) 8(+ pattern 

����)�4����9?�"9�+
���< �����������#��#��6�
7�������#��')"8#+=��=����&��+���6� �+�� TEM 

��� FeTPP =�#��"=�� Vulcan XC-72 ��������� 600
 o
C (FeTPP/Vul 600) 8��� Fe3O4 �/� ���

��
 24c ������������� SAD pattern (��
 24d) 8�' XRD patterns (��
 23) 

 ��
 25a 8���$�, TEM ��� CoTPP =�#��"=�� N115 ��������� 750oC (CoTPP/C 750) 

8�' CoTPP =�#��"=�� Vulcan XC-72 ��������� 350
o
C (CoTPP/Vul 350) 8��������
 25c ��
  

25b 8��� SAD pattern ��� CoTPP =�#��"=�� N115 ��������� 750
o
C (CoTPP/C 750) 8���

�/���� Co3O4 8�' SAD pattern ��� CoTPP =�#��"=�� Vulcan XC-72 ��������� 350oC 

(CoTPP/Vul 350) ���8���*���
 25d 8���#��"=���/�8�' Co3C  
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     a)              b) 

 

 

 

 

 

 

 

 

 

 

 

     c)             d) 

 

 

��� 24 8���$�,TEM ��� a) FeTPP =�#��"=�� N115 ��������� 600oC, b) SAD ��� FeTPP 

=� N115 ��������� 600
o
C, c) FeTPP =�#��"=�� Vulcan XC-72 ��������� 600

o
C, and d) SAD 

��� FeTPP =�#��"=�� Vulcan XC-72 ��������� 600oC 

 

  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

      

     a)               b) 

 

 

 

 

 

 

 

 

 

 

c)   d) 

 

��� 25 8���$�,	+�� TEM ��� CoTPP =� a) #��"=�� N115 8�' b) #��"=�� Vulcan XC-72 

��������� 750oC 8�' SAD ��� FeTPP =� c) #��"=�� N115 8�' d) #��"=�� Vulcan XC-72 ���

������ 350
o
C 

 

 ���������������#��# XRD 8�' SAD patterns �����#��# TEM �����	��

9�����

(���� 7 

 

 

 

 

 



 ����� 7 8�������

�����#��# XRD 8�' SAD �����#��# TEM ���(����+�
<�����������(����

9�� 

Catalysts 
Carbon 

supporter 

Heat 

treatment 

temperature 

(oC) 

Abbrev. 
XRD 

results 

SAD 

patterns 

- FeTPP/C Fe2O3 - 

400 FeTPP/C 400 Fe3O4 - 

600 FeTPP/C 600 Fe3O4 Fe3N 
N115 

800 FeTPP/C 800 Fe3O4 - 

- FeTPP/Vul Fe2O3 - 

400 FeTPP/Vul 400 Fe3O4 - 

600 FeTPP/Vul 600 Fe3O4 Fe3O4 

FeTPP 

Vulcan XC-72 

800 FeTPP/Vul 800 Fe3O4 - 

- FeTPP/C - - 

350 CoTPP/C 350 - - 

550 CoTPP/C 550 - - 
N115 

750 CoTPP/C 750 - Co3O4 

- CoTPP/C - - 

350 CoTPP/Vul 350 - Co3C 

550 CoTPP/Vul 550 - - 

CoTPP 

Vulcan XC-72 

750 CoTPP/Vul 750 - - 

 

4.2.5 .�����������$�!���VVk����%("��
�������������� 

 Cyclic voltammetry (CV) #����#��#���	��*%��,�����
�'���J�$�,���(����+�
<������� (����+�


<��������
�(��	������=�����$��'�������� >����� anodic potential (Epa) 8�' anodic current 

(Ipa) ���#������=����"9//K�8�'��'8���� reducing species 	�����?�9�?"*� oxidation reaction 


�'��=��= cathodic potential (Epc) 8�' cathodic current (Ipc) ���#������=����"9//K�8�'

��'8���� reducing species 	�������?"*� reduction reaction 
�'���J�$�,���(����+�
<�������	��

�
���=����=>�����*%� cathodic current (Ipc) *� reduction reaction �&'��� oxidation reaction u

*%� anodic current ���8���*���
 26 
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��� 26 8��� Cyclic voltammogram ���8��� Ipc, Ipa, Epc, 8�' Epa 

  

 (���$��'�������=��� cyclic voltammetry species ��������		�������?")������?�9�?" 

*� oxidation-reduction reaction 8���9�������6 [2]; 

 

 O2(g) + 4H+ + 4e� � 2H2O        Eo = +1.23 V  1 

  O2(g) + 2H+ + 2e� � H2O2(aq)     Eo = +0.70 V  2 

 SO4
2�(aq) + 4H+ + 2e� � 2H2O(l) + SO2(aq) Eo = +0.17 V  3 

 HSO4
�
(aq) + 3H

+
 + 2e

�
 � 2H2O(l) + SO2(aq)    E

o
 = +0.16 V  4 

 2H
+
(aq) + 2e

�
 � H2(g)       E

o
 = +0.00 V  5 

 

 
<��������)�+���68�'����"9//K������%����(�!�� (Eo) 	�������')"����=��= Epa 8�' Epc ���

9�������#��# cyclic voltammogram ���(����+�
<�������8(+�'(���,���8���
<�����������
7�9
9�� *� 

cyclic voltammogram 8(+
<����������,����&�*������6#�� oxygen reduction ��������S6���� 200-400mV 

(��� Ag/AgCl 3M KCl  

    

4.2.6 .����!���+-"�	������.� 

(����+�
<��������
�(��	�����*�=�������8�Y����"�������
&)$���(+��} �,����S�`�

����'�=���������������(+���=�(�������$�,8�'
�'���J�$�,���(����+�
<�������  

 

o �������	
�����
� FeTPP/C   

 Cyclic voltammogram ��� FeTPP/C N115 ����
&)$���������(+��} 	��8���*���
 27a 

8���#���8(�(+����� cathodic potential ������
&)$�������S6� ,�����
<������������%����������� 

-400 0 400 800 1200
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Epc (�:�9
)�#+� Epc ��� >������������
&)$��� 400oC, 600oC, and 800oC 8���,����� 186, 335, 

484, and 398 mV (���:���= �������:�*)���������:��������� TPP 8�'�)��� N4-Fe =���+�����

�����	��+�
<������� oxygen reduction 9�� 
<���������� FeTPP 8�' N4-Fe �����S6��+��������� 

adsorption 8�' reduction ���8���*������ [3]; 

 

Adsorption: TPP(N4)-Fe
II
 + O2 � TPP(N4)-Fe

�+
-O2

�-
             6 

  TPP(N4)-Fe
�+

-O2
�-

 + H
+
 � (TPP(N4)-Fe

III
-O2H)

+
            7 

Reduction: (TPP(N4)-Fe
III
-O2H)

+
 + H

+
 + 2e

-
 � TPP(N4)-Fe

II
 + H2O2           8 

 

 ,��
<����������?���%����� FeTPP/C ����
&)$���������(+��} 8��� anodic potential 

(Epa) ����)������� 8�'#��
<��������������=���������( H2O2 
<������� oxidation-reduction 	��

8����������� [3]; 

 

Reduction: (TPP(N4)-FeIII-O2H)+ + H+ + 2e- � TPP(N4)-FeII + H2O2          9 

Oxidation: TPP(N4)-Fe
II
 + H2O2 � TPP(N4)-Fe

II
-O2 + 2H

+
 + 2e

-
                    10 

 

 �
7���������(�+� FeTPP/C ��������� 400
o
C 8��������%��,�����(:�8)�+� #�� 335 mV 

against SHE �����#+� Ipc = 6.29 x 10-4 A 8�'��� 628 mV �����#+� Ipc = 1.93 x 10-4 A 
<����������

�
7�9
9��#�� 

  

 1) (TPP(N4)-Fe
III
-O2H)

+
 + H

+
 + 2e

-
 � TPP(N4)-Fe

II
 + H2O2       11 [3] 

 2) O2(g) + 2H+ + 2e� � H2O2(aq)                 12 [2] 

 

 
�'���J�$�,����
�*�(����+����
+� FeTPP/C #�� FeTPP/C 600
o
C �����������������S6�

���)��+ Fe3N (���������������$�, TEM 8�' SAD pattern ?S���
7�8)�+��:����("�:�)��=
<�������

���?���������%�� ���������+� [4-6] ����������
&)$�������)��'�� �:�*)����� metal-macrocyclic ���

�� nitrogen containing complexes 9�� 8(+	��������� 800
o
C 
�'���J�$�,���(����+�
<��������'

����8�'��#�����	�������S6� 

 Cyclic voltammograms ��� FeTPP/C Vulcan XC-72 �������
&)$���(+��} 8��������
 

27 #������=(����+�
<�������*���
+� FeTPP/C 
<������� oxidation-reduction �����	�J�=��*�

����� 6-10 �����
<������� adsorption reduction 8�' oxidation (���:���= (����+�
<����������*)�


�'���J�$�,������
�#�� FeTPP/Vul 600
o
C.  

 (����+�
<����������*)�
�'���J�$�,������
��:�)��=��
+� FeTPP/C and FeTPP/Vul #��������

��� 600
o
C 8���	S��
&)$�������)��'�����(����+�
<�������  



 

   

 

 

 

 

 

 

                      a)                     b) 

��� 27 8��� Cyclic voltammograms ��� a) FeTPP/C N115 ��������� 400, 600, 8�' 800 
o
C 

8�' b) FeTPP/C Vulcan XC-72 ��������� 400, 600, and 800 oC 

 

o �������	
�����
� CoTPP  

Cyclic voltammogram ��� CoTPP/C ����������
&)$���(+��}8��������
 28a ���8��� anodic 8�'

cathodic potential �)������� 8(+(+����������'8� ,�����
<������������%�������S6���� 364-497 mV 

against SHE 8(+��#+� cathodic current 8(�(+�� �������������������
&)$������8(�(+�� 8�'������

,�����
<����������?���%��8�=9�+
���<)���
���<��� 636-686 mV against SHE ���� anodic 

current ���(�:���� ��9��������*� voltammogram #��
<������� adsorption 8�' reduction �&'

���
<������� oxidation #��
<��������������= 
<������������������S6���6�)��8���9�������6 [7]; 

 

Adsorption: TPP(N4)-Co
II
 + O2 � TPP(N4)-Co-O2               13 

Reduction: TPP(N4)-Co
II
-O2 + 2H

+
 + 2e

-
 � TPP(N4)-Co

II
 + H2O2                       3.16 

Oxidation: TPP(N4)-CoII + H2O2 � TPP(N4)-CoII-O2 + 2H+ + 2e-                      14 

 

 ��'8�*�,����� anodic 8�' cathodic 8(�(+������S6���=�
&)$��������� �
&)$������

����
��:�*)�9��,���������'8�����
����� *���
+���� CoTPP/C ?S���4#�� CoTPP/C 750
o
C (�������*�

������ [4-6] 
�'���J�$�,���(����+�
<��������:�)��= metal-macrocyclic ����� nitrogen containing 

complexes �:�)��= CoTPP/C �
&)$�������)��'��#�� 750
o
C  

 Cyclic voltammograms ��� CoTPP/C Vulcan XC-72 ����
&)$���(+��} 8��������
 28b 

���8���8��>������8(�(+�� ��� anodic-cathodic potential 8�'��'8� �����
+���� CoTPP/C 

CoTPP /C Vulcan XC-72 ���9�+�+�������� (CoTPP/Vul) *)�
�'���J�$�,������
� ?S�������	

�J�=��9���������������
&)$����������:����>#����������#��"=�� 8�'9
�:����)��+ N4-Co ���

�
7�=����&�:����(" �:�*)�
�'���J�$�,���(����+�
<����������� �
&)$�������)��'���:�)��=���

��'���(���������� N4-Co #����� 350oC �:�)��= CoTPP/C Vulcan XC-72 ��+��9��4(�����
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�
�����8
��>#���������������������� ���9�+�����*��S�`� ����J�=����6�S��
7�8#+���#�����

��+���6� 

       

  

 

  

 

 

  

 

                      a)                     b) 

��� 28 8��� Cyclic voltammograms ��� a) CoTPP/C N115 ����������
&)$��� 350, 550, and 

750 
o
C 8�' b) CoTPP/C Vulcan XC-72 ����������
&)$��� 350, 550 ,8�' 750 

o
C 

 

4.2.7 .����!���+-"�	���
��"��
�  

 (�������=#��"=���+���(+�(����+�
<��������%+�����������=�
&)$������*%�*������� ����:�

9//K� ���������,�
� ,�6������� 8�'>#�������)������������#��"=�� ������+�����(+�


�'���J�$�,���(����+�
<������� #��"=�� N115 ������(*�
�'���9�� 8�' #��"=�� Vulcan XC-

72 ����
7�(�������=������#��������(*�
�'������

_�	���:���,����&��
���=����= 

 

o �������	
�����
� FeTPP/C 

 (����+�
<����������*)�
�'���J�$�,����
��:�)��= FeTPP/C N115 8�' Vulcan XC-72 	��

�:���,����&������(�������=#��"=�� Cyclic voltammograms ���(����+�
<���������6�#�+ 8������

��
 29 ���8���
�'���J�$�,��������� FeTPP/C 600
o
C �����+� FeTPP/Vul 600

o
C ?S��8����+�

�
&)$�������������(+�>#����������(�������= �S��+���*)���������S6���� N4-Fe *�#��"=�� Vulcan 

��������+�*�#��"=�� N115 
���<���&"��6���=��
�>������������� Antonucci et al. [8] ������

����+� �
&)$�������������:�*)��,����:������� oxygenated species =�#��"=�������=�:�*)�

,�6�������#��"=������ 8(+������
&)$�����#���8(�(+����������%������#��"=��8(�(+�� �S�

#��������S�`�(+��,��������������

��6 
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��� 29 8��� Cyclic voltammogram ��� FeTPP/C N115 8�' Vulcan XC-72 ����������
&)$��� 

600
o
C 

 

o �
�������������� CoTPP/C  

 (�����9����+���+��
&)$���*��������:�*)���������
�����8
��>#����������#��"=��

�����=8�'�+���(+�
�'���J�$�,���(����+�
<������� 8(+9�+*%+�:�)��= CoTPP *���&���6�'8=+�

,����&�����
7�����+�� #��)�S�� CoTPP ����������
&)$����������� Cyclic voltammograms ���

CoTPP/C N115 8�' Vulcan XC-72 ����
&)$��� 750
o
C 8��������
 30a ,=�+�,����� CoTPP/C 

750 �����+� CoTPP/Vul 750
o
C ?S������'�
7����������
&)$����������:�*)���������
�����8
��

>#����������(�������=������9���$�
���9
8��� ���#��(����+�
<����������*)�
�'���J�$�,����
����

��6�#�+	���:����
���=����= ���8���*���
 30b ���8��� cyclic voltammograms ��� CoTPP/C 750 

8�' CoTPP/Vul 350 8�'(�����*)�
�'���J�$�,�����+�#�� CoTPP/C 750. 

 

 

 

 

 

 

 

a) b) 

 

��� 30 8��� Cyclic voltammogram ��� a) CoTPP =�#��"=�� N115 8�' Vulcan XC-72 ������

��� 750
o
C 8�' b) CoTPP =�#��"=�� N115 ��������� 750

o
C 8�' Vulcan XC-72 ��������� 350

o
C 
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Catalyst 
Epc Ag/AgCl 

(mV) 

Epc SHE 

(mV) 

Ipc  

(x10-5 A) 

Epa Ag/AgCl 

(mV) 

Epa SHE 

(mV) 

Ipa  

(x10-5 A) 

FeTPP/C -14 186 20.6 - - - 

428 628 19.3 497 697 22.9 
FeTPP/C 400 

135 335 62.9 - - - 

FeTPP/C 600 284 484 66.7 484 684 10.6 

FeTPP/C 800 198 398 32.7 486 686 1.99 

FeTPP/Vul 57 257 34.4 494 694 1.33 

FeTPP/Vul 400 25 225 39.4 481 681 2.16 

FeTPP/Vul 600 178 378 40.2 465 665 2.49 

FeTPP/Vul 800 247 447 9.58 497 697 0.14 

CoTPP/C 164 364 11.8 486 686 2.50 

CoTPP/C 350 233 433 14.6 465 665 3.31 

CoTPP/C 550 297 497 21.1 441 641 3.01 

CoTPP/C 750 289 489 39.5 436 636 2.84 

CoTPP/Vul 151 351 18.3 - - - 

CoTPP/Vul 350 252 452 18.4 494 694 4.15 

CoTPP/Vul 550 164 364 15.0 494 694 2.48 

CoTPP/Vul 750 305 505 12.0 513 713 1.99 

Commercial Pt 534 734 40.7 899 1099 30.1 

Commercial Pt 534 734 40.7 899 1099 30.1 
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Abstract 

Complex of cobalt and tetraphenylprophyrin (TPP) supported on two types of 

carbon was prepared in this research for use as cathode catalyst in PEM fuel cell. Co-

complex was synthesized by refluxing cobalt solution with TPP in nitrogen gas 

atmosphere, followed by precipitation process by hydrochloric solution. Co-complex 

supporting on carbon black N115 and carbon vulcanXC-72R was performed by 

refluxing complex solution with carbon in nitrogen gas atmosphere. The received 

product was heat treated in argon gas atmosphere at various temperatures. Co-complex 

on carbon N115 heated at 750�C and Co-complex on carbon Vulcan XC-72R heated at 

350�C shown highest catalytic activities among the prepared catalysts.     
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1. Introduction 

Nowadays, because of the innovation of many types of vehicles, the greater of 

the development the higher energy consumption. Therefore, there are many researches 

have been developed and found out how to solve the energy shortage problem. 

Renewable energy technologies range from solar power, wind power, hydroelectricity, 

energy from biomass and biofuels, and alternative energy. Alternative energy including 

many high development technologies that provide the high efficiency with low 

consumption of fuel sources is introduced to solve this problem. Alternative energy 

refers to energy sources which are not based on the burning of fossil fuels or the 

splitting of atoms. The interest in this field of study comes from the undesirable effects 

of pollution both from burning fossil fuels and from nuclear waste. Fortunately there are 

many kinds of energy which have less damaging impacts on our environment for 

example solar cells, wind turbine, geothermal heat, hydroelectricity, and the attractive 

one is the energy from the electrochemical reaction, fuel cell. Since the efficiency of the 

cell depends on many aspects. The catalysts at both electrodes play an important role to 

activate the hydrogen oxidation at anode and oxygen reduction at cathode.  The 

precious metal such as platinum is preferred to use as catalyst on both electrodes [1]. By 

supporting nanoparticle of Pt on the high surface area carbon supporter contributed to 

the high surface area of catalysts and reducing Pt metal used. However, at cathode will 

need 10 times more amount of catalysts to activate the oxygen reduction reaction than 

anode [2]. Therefore, Pt alloy and non-precious metal based catalyst was introduced to 

fix this problem [3-6]. A series of metalloporphyrin complexes have been investigated 

for a non-precious metal based catalysts for an oxygen reduction reaction at cathode [7-

11]. Metalloporphyrin complexes exhibited comparable activity and also higher 
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tolerance to contamination in comparison with Pt-based electrocatalysts. The 

metalloporphyrin based catalysts can only reduce oxygen to water via two electron 

oxygen reduction pathway and also produce hydrogen peroxide that its resulting 

hydrogen peroxide could poison the catalysts and caused the degradation in catalysts 

activity and reduction in the lifetime of cathode. In these processes, heat treatment was a 

way to improve four electron catalysts activity and catalyst stability [12-15]. 

This research was aimed to prepare metalloporphyrin based catalysts by Co 

metal coordinated with porphyrin ligand and supported on two carbon supporter: carbon 

black N115 and carbon Vulcan XC-72R. Heat treatment at various temperatures under 

Ar gas atmosphere was applied. The catalysts sample was physically characterized by 

TEM and XAS techniques and chemically tested by CV analysis.   

2. Experiment 

o  Synthesis of tetraphenylporphyrin [16] 

To obtain tetraphenylporphyrin (TPP), freshly distilled pyrrole (assay 97.0%, 

Fluka ) 1.61 g was mixed with benzaldehyde (assay 98%, Aldrich) 2.55 g and dissolved 

in 100 ml propionic acid (assay 99%, Fluka). Then, the solution was stirred 

mechanically in 250 ml round bottle flask and refluxed in nitrogen atmosphere for 18 

hours. After that, the solution was filtered and washed with methanol (assay 100.0%, 

J.T. Baker) and water until the purple product was obtained. Finally, TPP was kept 

dried in the dessicator.   

o Preparation of Co-tetraphenylporphyrin  

Co-Tetraphenylporphyrin (CoTPP) was prepared by dissolving 0.2 mmol of 

tetraphenylporphyrin in 15 ml of dimethylformamide (DMF, assay 99.8%, Carlo Erba) 
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and added 2 mmol of CoCl2 (assay 98-102%, AJAX). Then it was stirred until the 

solution was homogeneous. After that, it was refluxed in nitrogen atmosphere for 3 

hours. Then the solution was left to cool down to room temperature. The product was 

precipitated out by adding 15 ml of 0.1 M HCl (assay 98%, Lab Scan). Then, it was 

centrifuged and washed with 0.1 M HCl. The CoTPP product was deep blue color. The 

product was kept dried in dessicator. 

o Preparation of 2% Co-tetraphenylporphyrin supported on carbon 

supporter. 

2% Co-tetraphenylporphyrin supported on carbon (CoTPP/C) was obtained by 

dissolved 0.1 g CoTPP in 60 ml DMF. Then carbon 0.4 g (carbon N115, (Thai carbon 

black public CO., LTD.) or carbon Vulcan XC-72R, Japan) was added in the solution 

and stirred mechanically. The mixture was refluxed in nitrogen atmosphere for 18 hours 

then the mixture was left to cool down to room temperature. The product was recovered 

by centrifuged and washed with methanol then the product was kept drying in 

dessicator. Finally, it was heat treated at 350, 550, and 750 �C in argon gas atmosphere. 

The final catalysts for CoTPP supported on carbon were; CoTPP supported on carbon 

N115 without heat treatment (CoTPP/C), CoTPP supported on carbon N115 with heat 

treatment at 350oC (CoTPP/C 350), CoTPP supported on carbon N115 with heat 

treatment at 550oC (CoTPP/C 550), CoTPP supported on carbon N115 with heat 

treatment at 750oC (CoTPP/C 750), CoTPP supported on carbon Vulcan XC-72 without 

heat treatment (CoTPP/Vul), CoTPP supported on carbon Vulcan XC-72 with heat 

treatment at 350oC (CoTPP/Vul 350), CoTPP supported on carbon Vulcan XC-72 with 

heat treatment at 550oC (CoTPP/Vul 550), and CoTPP supported on carbon Vulcan XC-

72 with heat treatment at 750oC (CoTPP/Vul 750). Tetraphenylporphyrin (TPP) was 
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characterized by UV-Vis spectroscopy (Lambeta 25) to identify the conjugate double 

bond of the compound. 1H Nuclear Magnetic Resonance spectroscopy (1H NMR, 

Bruker DRX400 and 500 MHz) was used to identify the structure of TPP.  Co-

tetraphenylporphyrin (CoTPP) was characterized by UV-Vis spectroscopy by 

determining the maximum wavelength. The dispersion of particles on carbon supporter 

and their sizes were checked using Transmission Electron Microscope (TEM, JEOL 

JEM-2010). The local structure of CoTPP/C catalysts was examined by X-ray 

Absorption Spectroscope (XAS, beamline, BL-8, at the Synchrotron Light Research 

Institute). All of the prepared catalysts were electrochemically characterized by cyclic 

voltammetry technique (BAS CV-50W Voltammetic analyzer) which performed in 

single cell with three different electrodes. A 5 mm dimension glassy carbon disk 

electrode was used as the working electrode. Pt wire was used as the counter electrode. 

A standard Ag/AgCl 3M KCl electrode was used as reference electrode. The prepared 

catalyst was applied to the surface of glassy carbon disk electrode in form of a constant 

drop of ink. The ink was prepared by mixing 10 mg of catalyst with 100 mg of Nafion 

solution and 0.5 ml of deionized water. Then, the mixture was ultrasonically blended for 

15 minutes to obtain ink catalyst. Fifty microlitres of ink catalysts was dropped on the 

surface of glassy carbon disk electrode by micropipette and then dried in oven at 60 �C 

for 30 minutes. The 1 M H2SO4 purged with O2 was used as electrolyte and the cyclic 

voltammogram was recorded by scanning the potential from 1.20 V to -0.20 V versus 

Ag/AgCl at a scan rate of 50 mV s-1. The tenth cycle of each catalyst was recorded. 

3. Results and discussion 

 The synthesized tetraphenylporphyrin (TPP) and Co-tetraphenylporphyrin 

(CoTPP) were characterized by UV-Vis spectroscopy. UV-Vis absorption spectra of 
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TPP and CoTPP in dimethylsulfoxide (DMSO) are shown in Figure 1. The synthesized 

TPP displayed an intense Soret band at 416 nm and a Q band at 514 nm. The absorption 

spectra of prepared CoTPP presented a similar Soret band to TPP but broader at 416 nm 

and a Q band at 540 nm.[16] The presence of Co in metal-TPP complexes affected the 

shifts in Q band spectrum 36 nm for CoTPP according to TPP spectrum. The 

synthesized tetraphenylporphyrin were structurally identified by NMR spectroscopy 

technique. The spectrum is shown in Figure 2 and the interpretation is in Table 1. 

According to 1H-NMR results, the structure of prepared tetraphenylporphyrin should be 

the identified as shown in Figure 3. UV-Vis spectrum and Nuclear Magnetic Resonance 

results confirmed that the synthesized product was Co-tetraphenylporphyrin (CoTPP) 

which was presented in structural formula according to Figure 4. However, there was no 

evidence of any catalyst particle supported on carbon from sample CoTPP supported on 

carbon N115 with heat treatment at 750oC (CoTPP/C 750) as shown in Figure 5a and 

CoTPP supported on carbon Vulcan XC-72 with heat treatment at 350oC (CoTPP/Vul 

350) as shown in Figure 5b. However, SAD pattern of CoTPP supported on carbon 

N115 with heat treatment at 750oC (CoTPP/C 750) as shown in Figure 5c indicated the 

pattern of Co3O4 structure and SAD pattern of CoTPP supported on carbon Vulcan XC-

72 with heat treatment at 350oC (CoTPP/Vul 350) as shown in Figure 5d indicated the 

pattern of carbon graphite and the presence of Co3C in catalysts

The XAS analysis was performed to confirm the local structure of the catalysts 

product. It was indicated in the spectrum in Figure 6 that CoTPP/C was well agreement 

with the Co3O4 standard spectrum. Therefore, oxidation state of Co in the sample was 

+2.67 in the form of Co3O4 phase.  
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Cyclic voltammogram of CoTPP/C with various heat treatment temperatures as 

shown in Figure 7a presented the similar in anodic and cathodic potential but difference 

in current. The reduction reaction peak was around 364-497 mV against SHE with 

difference in cathodic current due to the heat treatment temperature and there was 

almost absence of oxidation reaction peak but presented around 636-686 mV against 

SHE with very low anodic current. The reduction mechanism took place in 

voltammogram was adsorption and reduction reaction while oxidation reaction was 

reverse reaction of reduction reaction. All of the relevant reactions were shown in the 

following equations [17]; 

Adsorption: TPP(N4)-CoII + O2 � TPP(N4)-Co-O2             

Reduction: TPP(N4)-CoII-O2 + 2H+ + 2e- � TPP(N4)-CoII + H2O2           

Oxidation: TPP(N4)-CoII + H2O2 � TPP(N4)-CoII-O2 + 2H+ + 2e-  

 The current in anodic and cathodic peaks were varied depended on the heat 

treatment temperature. The higher heat treatment temperature, the greater peak current 

and the highest electrochemical activity of CoTPP/C series was CoTPP/C with heat 

treatment at 750oC. According to many researchers [18-19] that reported the 

improvement of electrochemical activity of metal-macrocyclic with nitrogen containing 

complexes based catalysts. In this case, for CoTPP/C the appropriate heat treatment 

temperature could be 750oC as presented in cyclic voltammograms. 

 Cyclic voltammograms of CoTPP supported on carbon Vulcan XC-72 with 

different heat treatment temperature as shown in Figure 7b displayed the different 

tendency of anodic-cathodic potential and current to those were in CoTPP/C series. The 
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almost inverse in tendency of results in cyclic voltammograms excepted CoTPP 

supported on carbon Vulcan XC-72 without heat treatment (CoTPP/Vul) was that the 

higher in heat treatment temperature; the lower of peak current. This tendency could be 

explained with an assumption that heat treatment at high temperature might affect to the 

formation of carbon Vulcan XC-72 supporter. The change in structural formation of 

carbon supporter affected to the dispersion of N4-Co active sites that caused the lower in 

electrochemical activity. The optimum temperature that provided the high surface area 

carbon supporter and well dispersion of N4-Co active sites was the heat treatment at 

350oC for CoTPP supported on carbon Vulcan XC-72. However, the structural change 

of carbon N115 and carbon XC-72 after heat treatment has never been studied yet. 

Therefore, this assumption has to be clarified further. According to the effect of heat 

treatment to the change in structural formation of different types of carbon supporter, 

the highest activity of CoTPP based catalysts was not the same heat treatment 

temperature. In this case, the compared results of electrochemical activity were 

separated into two cases. First, the CoTPP based catalysts at the same heat treatment 

temperature was investigated. Cyclic voltammograms of CoTPP supported on carbon 

N115 and Vulcan XC-72 with heat treatment at 750oC as shown in Figure 8a presented 

the significant different peak current that CoTPP/C 750 was higher than CoTPP/Vul 

750oC. This was because of the effect of heat treatment to the change in structural 

formation of carbon supporter as discussed above. Second, the highest activity of each 

catalysts were compared as shown in Figure 8b which presented the cyclic 

voltammograms of CoTPP/C 750 and CoTPP/Vul 350 and the higher activity was 

CoTPP/C 750. 

4. Conclusions 
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The results could be summarized that the electrochemical activity of prepared 

catalysts was depending on heat treatment temperature, type of carbon supporters, and 

type of catalysts. The suitable heat treatment temperature that for CoTPP based catalysts 

was 750oC. However, suitable heat treatment temperature for CoTPP supported on 

carbon Vulcan XC-72 was 350oC because higher heat treatment temperature might 

change the structure of carbon Vulcan XC-72 which could reduce the area for 

deposition of CoTPP particles. Difference in carbon supporter and type of catalysts also 

affected the activity of catalysts; metal-TPP based catalysts had more activity in oxygen 

reduction than metal oxide based catalyst.  
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Caption of Figures 

Fig. 1 UV-Visible spectrum of TPP, FeTPP, and CoTPP 

Fig. 2 1H-NMR spectra of tetraphenylporphyrin 

Fig  3  The structure of tetraphenylporphyrin which corresponds to Table 1 

Fig  4  Structural formula of Co-tetraphenylporphyrin (CoTPP) 

Fig  5  TEM images of CoTPP supported on a) carbon N115 and b) carbon Vulcan 

XC-72 with heat treatment at 750oC and SAD of CoTPP supported on c) 

carbon N115 and d) carbon Vulcan XC-72 with heat treatment at 350oC 

Fig  6  XAS spectrum of CoTPP supported on carbon N115 with heat treatment 

temperature at 750 oC  
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Fig 7   Cyclic voltammograms of a) CoTPP supported on carbon N115 with heat 

treatment temperature at 350, 550, and 750 oC and b) CoTPP supported on 

carbon Vulcan XC-72 with heat treatment temperature at 350, 550, and 750 oC 

Fig 8  Cyclic voltammogram of a) compared CoTPP supported on carbon N115 and 

Vulcan XC-72 with heat treatment at 750oC and b) compared CoTPP 

supported on carbon N115 with heat treatment at 750oC and Vulcan XC-72 

with heat treatment at 350oC 

Table 3.1 Chemical shifts and proton types obtained from 1H-NMR spectrum of 

Tetraphenylporphyrin 

� (ppm) (CDCl 3 ) Proton type 

-2.90 

7.75 

8.25 

8.86 

s, 2H of Hd 

d, 8H of Hc 

d, 8H of Hb 

  s, 12H of Ha 
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Figure 7  
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Figure 8  
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Abstract 

This work was the preparation of Pt-Co-Cr on both chemically treated carbon Vulcan 

Xc-72R and untreated carbon, by applying microwave radiation in ethylene glycol 

media. The EDS analysis shown 4.9% of Pt, 1.2% of Cr, and 0% of Co in sample 

prepared by untreated carbon. For sample prepared from treated carbon, 5.6% Pt and 

2.2%Cr without Co were detected. Chromium was appeared as Cr3O4 in both samples 

confirmed by XAS spectrum. The TEM results indicated the measured particles size 

with an average of 2.22�0.41nm and average of 1.93�0.34nm for untreated carbon and 

treated carbon samples, respectively. Catalytic activity of treated carbon catalyst was 

higher than untreated carbon catalyst and standard platinum catalyst confirmed by CV 

spectrum. 

Keywords: PEMFC, catalyst; microwave; platinum; cobalt; chromium 
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1. Introduction 

   Renewable energies have come into our attention since the awareness of the future 

petroleum shortage and more importantly, a global warming situation. Polymer 

exchange membrane fuel cells (PEMFC) are technology developed as a source of 

continuous clean energy to replace the usage of fossil oil and to safe the world from 

toxic gases. The power is endlessly generated as long as hydrogen and oxygen gases are 

supplied in to the electrochemical cell. Among the important components of fuel cell, 

catalyst is one of the key factors determining the cell performance. It has long been 

known that platinum metal is the most effective catalyst for PEMFC with its low 

chemical adsorption energy for hydrogen and oxygen dissociation [1-5]. However, 

platinum metal is expensive and over potential was observed in the cell because of 

braking double bond of oxygen gas is more difficult than braking single bond of 

hydrogen gas. Moreover, the oxygen reduction reaction (ORR) was reported to be two 

electrons mechanism, which produce hydrogen peroxide as an intermediate [6].  

Highly oxidizing power reagent, hydrogen peroxide, can damage electrode and finally 

causing cell failure. A coordination compound between Fe and N-chelating ligands was 

reported to catalyze the ORR four electrons path way [7-8]. Especially, the complex 

composing of Fe and propyrin macrocyclic molecule is effectively for oxygen 

dissociation reaction, function similarly to the hemoglobin structure in human body. A 

group shown the key point was Fe need to bond with N, any molecule with N donor 

atom. However, the challenging is that the Fe-N should stay after heat treatment for the 

active catalysts. One approach to overcome the ORR was replacing some Pt with other 

metals such as Cu, Ni, Co, Cr, and Pd, by alloying with Pt as binary and ternary 

compounds with different ratio of metals. Platinum alloys are 1.5-2 times more active 
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than Pt in term of current per mass of Pt [9]. It was reported that the ORR was improved 

with Pt-Co-Cr [10] and Pt-V-Fe [11] compounds. Moreover, the usage of Pt is decrease 

which, favor the low cost catalyst. Pure Pt catalysts were observed to loss in active area 

with time due to Pt particles agglomeration. However, the most important of using Pt 

alloys was that four electrons ORR path way was obtained by these types of catalyst 

[12]. Therefore, Ternary compound, Pt-M-M is attractive for cathode reaction. 

 The preparation of Pt ternary compounds can be done by several methods. 

Ultrasonic assisted in aqueous and organic media were commonly used, followed by 

heat treatment in H2 and N2 atmosphere [13]. Small particles with high performance 

catalyst were obtained from this method. Reducing by formic acid was as well used [14]. 

In this research, microwave radiation was applied as a homogeneous heating source to 

initiate the reduction reaction to occur in ethylene glycol solvent.  Ternary compound, 

Pt-Co-Cr supported on carbon Vulcan XC-72R was prepared. 

2. Experiment 

A 20% by weight of Pt-Co-Cr, with 2:1:1 mole ratio, supports on carbon was 

synthesized by firstly cleaning carbon Vulcan XC-72R with 2M H2SO4 (J.T. Baker 

96.3%) at 60�C for 2 hours follows by cleaning with 2M KOH (BDH 85.0%) at 60�C 

for 2 hours. After washing out the alkaline solution, cleaned carbon was treated in 8N 

H2O2 (NCG 50%) for 48 hours at room temperature. Then it was filtered, washed with 

deionized water, and dried in an oven. Secondly, treated carbon was add into ethylene 

glycol and pH was adjusted to be 9 by sodium hydroxide (Na(BH4) MERCK 96%). 

Then, it was sonicated for 15 minutes. After that, stoichiometric amount of 

H2PtCl6.xH2O (Sigma, purum 38%), Co(NO3)3.6H2O (AJAX 98%), and 
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Cr(NO3)3.9H2O (MERCK 98%) were added. Finally, the mixture was put in microwave 

oven (2.45Hz, sharp R-26PS) at 800W for 1 minute, stop 3 minutes, for 3 times. The 

received powder then was filtered and dried in oven for overnight. The prepared catalyst 

was further physically characterized by X-ray diffraction (XRD, Siemen D500/D501, Cu 

K� (�1.54) Ni filter, 2� = 10-80°, step:0.02°, step time: 1s) , Scanning Electron 

Microscopy (SEM) equipped with Energy Dispersive Spectroscopy (EDS) (JEOL JSM-

5910LV), and Transmission Electron Microscopy (TEM) (JEOL JEM-2010) techniques. 

Electrochemically analyzed by XAS (beamline, BL-8, at the Synchrotron Light 

Research Institute) and AAS (AA-680PR-5 Shimadzu) were carried out afterward. 

Chemically tested by cyclic voltammetry technique (BAS CV-50W Voltammetic 

analyzer) was performed the last step. In comparison, the same procedure for catalyst 

preparation was applied on the untreated carbon Vulcan XC-72R.  

3. Results and discussion 

Powder XRD patterns of the Pt-Co-Cr supported on both treated and untreated carbon 

were shown in Figure 1. Platinum metal phase according to JCPDS file no. 4-802 was 

observed in both patterns along with peaks of carbon. Cobalt and Chromium however 

were not clearly observed as it may appear under the broad peak of platinum. The 

broadening peak is the indication of small Pt particles size effect. There were no 

obvious differences between catalysts prepared from treated and untreated carbon 

observed by XRD analysis. However, it was found that peak area, which corresponds to 

amount of metals, of treated carbon catalyst was larger than those from untreated carbon. 

To confirm the existence of Co and Cr metals, SEM-EDS and AAS analyses were 

performed as shown in Figure 2a-b for SEM back scattered images and Table 1 for the 

EDS and AAS data. It was observed that particle dispersion of catalyst prepared from 
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treated carbon was better than those from untreated carbon as large bright areas were 

observed in the untreated carbon catalyst indicating particle agglomeration. The EDS 

and AAS data confirmed the occurrence of Cr metal but no or trace amount of Co metal 

was observed. The reason for no Co metal formation can be explained as the possibility 

of insufficient microwave energy for the reduction of Co ion into Co metal to occur [15].  

It also confirmed the higher amount of metals in the treated carbon catalyst than those 

untreated carbon catalyst in accordance with XRD peak area measurement. Atomic 

absorption spectroscopy was also gave similar results to the EDS data as indicated in 

Table 1. For TEM analysis, Figure 3a shows TEM image of untreated carbon catalyst 

presenting particles agglomeration and these particles correspond to carbon and 

platinum phases confirmed by SAD ring pattern in Figure 3b. It was noticed that spot 

pattern of platinum corresponds to large particles size which in accordance with SEM 

result. The histogram in Figure 4 indicated the measured particles size from TEM 

images to have an average of 2.22�0.41nm. For treated carbon catalyst, TEM image is 

shown in Figure 5a showing relative highly particle dispersion and smaller particles size 

than those from untreated carbon catalyst. The SAD ring pattern in Figure 5b confirmed 

the obtained phase was carbon with diffuse scattering of platinum ring. Correspond to a 

small particle size affecting the broadening in XRD pattern, particles size of this 

material was measuring from TEM image to have average of 1.93�0.34nm (histogram 

in Figure 6). The XAS analysis was carried out to identify the local structure of catalyst 

active site. With the limitation of synchrotron light in Thailand, only Co and Cr local 

structure were determined. The XAS spectrum of Co and Cr in both catalysts was plot 

in comparison with standard spectrum of cobalt oxide, cobalt metal, chromium oxide 

and chromium metal, separately for each kind of metals as presented in Figure 7 and 8, 

respectively. There was no signal from cobalt metal in both catalysts (Figure 6), in 
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agreement with EDS and AAS analyses. However the spectrum of chromium in both 

samples matches the standard spectrum of Cr2O3 with Cr oxidation state of 3. This 

observation indicates the existence of oxide phase in the samples. The existence of 

oxide phase might be explained as because chromium ion (+3) is the most stable 

oxidation state and chromium has negative standard reduction potential (trend to occur 

as oxidation reaction more than reduction reaction), high possibility to occur as oxide. 

The oxide formation was difficult to be detected by XRD technique as a consequence of 

peak overlapping. Therefore, XAS is a powerful tool for local structure determination. 

Finally, the prepared catalysts were tested by CV technique. The CV spectrum of both 

samples compared with Pt/C standard catalyst from Fuel Cell Scientific. It was observed 

that the catalytic activity of the treated carbon sample was relatively higher than 

untreated carbon sample and standard catalyst. Hydrogen peroxide treatment has 

introduced oxygenated groups such as carboxylic, hydroxyl, and lactone in the carbon 

surface [15]. These functional groups was claimed to fill carbon micropore and block 

metal to be deposited in [16]. High distribution of metal catalyst was therefore obtained 

without inactive metal in the micropore sites. Catalytic performance of treated carbon 

Pt-Cr2O3 catalyst was therefore better than those from untreated carbon Pt-Cr2O3 

catalyst. 

4. Conclusions 

The PEMFC catalysts, Pt-Cr/C can be prepared by microwave radiation assisted method 

with the occurrence of Cr as Cr2O3 phase. However, Cobalt was unable to be reduced by 

this technique into Co metal. The catalytic activity of the treated carbon catalyst was 

proved be relatively higher than those from the untreated carbon catalyst due to the 

disappeared of micropore structure in the H2O2 treated carbon.  
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Caption of Figures 

Fig. 1 Powder XRD patterns from a) treated carbon Pt-Co-Cr catalyst sample and b) 

untreated carbon Pt-Co-Cr catalyst sample.  

Fig. 2  Black scattered SEM images from a) untreated carbon Pt-Co-Cr catalyst sample 

and b) treated carbon Pt-Co-Cr catalyst sample. 

Fig. 3 a) TEM image of untreated carbon Pt-Co-Cr catalyst sample and b) 

corresponding SAD ring pattern.  

Fig. 4  Size distribution histogram of untreated carbon Pt-Co-Cr catalyst sample. 

Fig. 5  TEM image of treated carbon Pt-Co-Cr catalyst sample and b) corresponding 

SAD ring pattern. 

Fig. 6  Size distribution histogram of treated carbon Pt-Co-Cr catalyst sample. 

Fig. 7  Cobalt XAS spectrum of (A) untreated carbon Pt-Co-Cr catalyst sample and (B) 

treated carbon Pt-Co-Cr catalyst sample compared with the standard spectrum of Co2O3, 

CoO, and Co foil.  

Fig. 8  Chromium XAS spectrum of (A) untreated carbon Pt-Co-Cr catalyst sample 

and (B) treated carbon Pt-Co-Cr catalyst sample compared with the standard spectrum 

of Cr2O3, and Cr foil. 

Fig. 9  Cyclic voltammetry spectrum of untreated carbon Pt-Co-Cr catalyst sample and 

treated carbon Pt-Co-Cr catalyst sample compared with the standard spectrum of 

platinum catalyst from Fuel Cells Scientific.   
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Table 1. The EDS and AAS results indicating cobalt, chromium, and platinum content 

in the untreated and treated carbon Pt-Co-Cr catalyst samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Co Cr Pt Types of carbon 

EDS AAS EDS AAS EDS 

Untreated carbon 0.04 0.00 1.26 1.20 4.90 

Treated carbon 0.00 0.00 2.22 1.45 5.63 
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Abstract 

 Since non-noble metal-based catalysts have more activity and selectivity in 

four electron oxygen reduction than platinum-based catalysts for PEMFC 

cathodes, the development of non-noble metal-based catalysts has been of interest. 

Iron-based non-noble metal catalysts were prepared by supporting various oxides 

and tetraphenylporphyrin complexes of iron on carbon supports by a chemical 

process followed by heat treatment at various temperatures. Depending on these 

procedures, Fe3O4 and Fe-tetraphenylporphyrin catalysts supported on carbon 

were obtained. X-ray diffraction patterns of both Fe3O4 and Fe-

tetraphenylporphyrin based catalysts indicated the crystallographic structure of 

Fe3O4; however, selected area diffraction patterns obtained from the TEM 

technique showed the Fe3N phase in Fe-tetraphenylporphyrin catalysts supported 

on carbon. Moreover, TEM images of Fe3O4 based catalysts showed a smaller 

particle size and more uniform distribution than Fe-tetraphenylporphyrin-based 

catalysts. Among the catalysts prepared, Fe-tetraphenylporphyrin catalyst 



 2

supported on carbon with a heat treatment at 600oC showed the highest 

electrochemical activity in an oxygen reduction reaction. 

Key words: non-noble metal based catalysts, PEMFC, cathode 
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Introduction 

 There is now considerable interest in proton exchange membrane fuel cells 

(PEMFC) as energy producing devices. PEMFCs have unproved a great deal in both 

performance and applications [1-2]. For application in the field as energy sources for 

vehicles, stationary electric sources, or even portable devices, and micro fuel cells [3], 

PEMFCs have advantages over other energy sources due to their high efficiency, high 

energy density, operation at low temperature, and zero or low emission. However, in 

the commercialization of fuel cells, a reduction of fuel cell production cost is very 

important. Due to the high cost of materials, the platinum-based catalyst was one of 

the major contributors to the high costs of PEMFCs. In particular, in cathodes, the 

amount of Pt-based catalyst at the cathode for an activate oxygen reduction reaction is 

ten times more than at the anode. Moreover, a platinum-based catalyst has many 

drawbacks beside its high cost. Firstly, a platinum based catalyst in the cathode 

catalyst oxygen reduction is not a complete four-electron oxygen reduction. The 

oxygen reduction reaction is a complex process [4] as shown in Fig. 1. There are two 

pathways for the oxygen reduction reaction. A direct four electron oxygen reduction 
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(k1) produces H2O, while a two-electron oxygen reduction (k2) produces H2O2 as an 

intermediate which reduces the performance of the fuel cell and poisons the catalyst 

itself [5-8]. Therefore, it is necessary to find an effective catalyst that can promote the 

direct four-electron reduction of oxygen to give H2O, in order to improve the 

efficiency of a PEM fuel cell. Secondly, platinum catalysts are very sensitive to 

contaminants in the feeding system. The impurities in the feed stream such as CO, 

NOx, and SOx can easily poison platinum catalysts, resulting in performance and 

stability degradation [9-10]. Therefore, some solutions for catalyst cost reduction and 

improvements in cathode catalysis activity were developed. 

 The exploration of non-noble catalysts has made breakthroughs in the areas of 

materials and technology in order to replace the high cost platinum catalyst. There 

have been many researches attempting to prepare and characterize the non-noble 

based catalysts. Most of them used first row transition metals in N-containing 

macrocyclic complexes such as Co-tetramethoxyphynyl porphyrin (CoTMPP) [11], 

Fe-phthalocyanine (FePC) [12], and Co-tetraazaanulene (CoTAA) [13]. Some 

researchers have used a combination of oxides or compounds of the first row 

transition metals and N-containing macrocyclic compounds such as Co3O4 + 

tetramethoxyphynyl porphyrin and CoCO3 + tetramethoxyphynyl porphyrin [14]. 

 According to the electrocatalytic activity of the metalloporphyrin series, most 

of them can reduce oxygen to water in the oxygen reduction reaction by a two 

electron pathway and the byproduct of this reaction is hydrogen peroxide that can 

corrode the catalyst. Based on the electrochemical characterization by the cyclic 

voltammetry technique [11] and from the literature [15], the reaction mechanism of 

the oxygen reduction reaction catalyzed by CoTMPP can be as follows: 

In acidic solution 



 4

 TMPP-CoII + O2  �  TMPP-CoII 	O2                (1) 

 TMPP-CoII 	O2 + 2H+ + 2e	 � TMPP-CoII + H2O2               (2) 

However, many researches have reported that a heat treatment was an efficient way to 

improve the four-electron catalyst activity and catalyst stability [16-18].  

There are several preparation techniques for the heat treatment of 

metalloporphyrin catalyst. Faubert et al. have reported that the preparation of 

CoTPP/C and FeTPP/C can be done by refluxing FeTPP with a carbon support in 

anhydrous pyridine and heat treating under an argon atmosphere at temperatures 

ranging from 100-1100oC. The results showed that the best performing catalysts were 

obtained after pyrolysis of the precursor molecules between 500 and 700oC. With this 

range of temperatures, the catalytic site is either the N-metal moiety or a fragment of 

the starting molecule containing the metal bound to nitrogen. The later one is not 

stable when used as a catalyst in a fuel cell. On the other hand, the most active and 

more stable catalysts are obtained by pyrolyzing CoTPP/C or FeTPP/C at 900oC or 

above. At these temperatures, molecular fragments comprising the metal bound to 

nitrogen were not detected anymore. Most of the Co and Fe were found as metal 

clusters surrounded by a graphitic envelope [19]. Mocchi and Trasatti [20] introduced 

the mechanical mixing of CoCO3 with TMPP before heat treatment instead of using 

the refluxing technique [21]. The results showed that using CoCO3 and TMPP instead 

of the CoTMPP precursor in the carbon-containing mixture exhibited an increase in 

activity.  

The aim of this study is to prepare various non-noble metal-based catalysts for 

the cathodes of PEMFCs using oxide or N-containing macrocyclic complexes of the 

first row transition metals such as iron (Fe). The catalysts prepared were expected to 

have a similar electrocatalytic activity to platinum-based catalyst and can replace it in 
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the cathodes of PEMFCs to solve the commercialized problem. In order to obtain 

these catalysts, a chemical method was used to obtain the catalysts supported on high 

surface area carbon. Then, heat treatment at various temperatures was introduced to 

obtain the higher active and more stable catalysts. The physical properties of the 

catalysts were characterized. Powder X-ray diffraction (XRD) was used for the 

determination of polycrystalline compounds and lattice structures. Transmission 

electron microscopy (TEM) was used for the determination of the particle size and the 

dispersion of the catalysts. Moreover, cyclic voltammetry was used for the 

determination of the electrocatalytic activity of the catalysts prepared compared with 

platinum-based catalyst. 

 

Experiments 

	 Catalysts preparation 

o Preparation of carbon support 

 In order to obtain cleane carbon black N115, carbon black N115 (Thai carbon 

black public CO., LTD.) was pre-washed with 1 M H2SO4 (Lab Scan, 98% purity) for 

24 hours to dematerialize the carbon impurities and washed in distilled water to 

remove sulfuric acid and other impurities. 

o Preparation of Fe3O4 supported on carbon support 

 The Fe3O4 supported on carbon catalysts were prepared by dispersing 0.4 g 

cleaned carbon in 50 ml deionized water. Then 0.2531 g of Fe(NO3)3.9H2O (RPE, 98-

101% purity) and 1.5 g of glycine (Ultrapure Bioreagent, 101.2% purity) were added 

to the solution and stirred vigorously until a homogeneous solution was obtained. 1.0 

ml of 25% NH3 solution (BDH, 25%v/v) was dropped into the solution gradually. 

After that, the solution was put into a microwave oven (SHARP Model: R-26 PS 
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800W) for 50 s and the resulting mixture was left to cool down to room temperature 

gradually. The product particles were collected by centrifugation which were then 

washed with methanol and dried in an oven at 80�C for 24 hours. The product was 

pyrolyzed at 400, 600, and 800�C in an argon atmosphere for 1 hour. The final 

catalysts were Fe3O4 supported on carbon N115 with a heat treatment at 400oC 

(Fe3O4/C 400), Fe3O4 supported on carbon N115 with a heat treatment at 600oC 

(Fe3O4/C 600), and Fe3O4 supported on carbon N115 with a heat treatment at 800oC 

(Fe3O4/C 800) 

o Preparation of Fe-tetraphenylporphyrin supported on carbon 

catalysts  

Synthesis of tetraphenylporphyrin [22]

 To obtain tetraphenylporphyrin (TPP), 1.61 g of freshly distilled pyrrole 

(Fluka, 97% purity) was mixed with 2.55 g of benzaldehyde (Aldrich, 98% purity) 

and dissolved in 100 ml propionic acid (Fluka, 99% purity). Then, the solution was 

stirred mechanically in a 250 ml round bottom flask and refluxed in a nitrogen 

atmosphere for 18 hours. After that, the solution was filtered and washed with 

methanol and water until a purple product was obtained. Finally, the TPP was kept 

dried in the dessicator.   

 Preparation of Fe-tetraphenylporphyrin  

 Fe-tetraphenylporphyrin (FeTPP) was prepared by dissolving 0.2 mmol of 

tetraphenylporphyrin in 15 ml of dimethylformamide (DMF, Carlo Erba, 99.8% 

purity) to which was added 2 mmol of FeCl2.4H2O (GPR, 99% purity). Then it was 

stirred until the solution was homogeneous. After that, it was refluxed in a nitrogen 

atmosphere for 3 hours. Then the solution was left to cool down to room temperature. 

The product was precipitated out by adding 15 ml of 0.1 M HCl. Then, it was 
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centrifuged and washed with 0.1 M HCl (Merck, 37%v/v). The FeTPP product was a 

red color and kept dried in a dessicator. 

 Preparation of 2% Fe-tetraphenylporphyrin supported on carbon  

 2% Fe-tetraphenylporphyrin supported on carbon (FeTPP/C) was obtained by 

dissolving 0.1 g FeTPP in 60 ml DMF. Then 0.4 g carbon was added to the solution 

and stirred mechanically. The mixture was refluxed in a nitrogen atmosphere for 18 

hours and then the mixture was left to cool down to room temperature. The product 

was recovered by centrifuging and washed with methanol, then the product was kept 

dry in dessicator. Finally, the FeTPP/C products were pyrolyzed at 400, 600, and 800 

�C. The final catalysts for FeTPP supported on carbon were; FeTPP supported on 

carbon N115 without a heat treatment (FeTPP/C), FeTPP supported on carbon N115 

with heat treatment at 400oC (FeTPP/C 400), FeTPP supported on carbon N115 with a 

heat treatment at 600oC (FeTPP/C 600), FeTPP supported on carbon N115 with a heat 

treatment at 800oC (FeTPP/C 800). 

 

	 Physical characterization of catalysts 

 The phases and elemental composition of the prepared catalysts were 

determined by powder X-ray diffraction (XRD, Bruker D8 Advance, Cu K� line (1.54 

Å) Ni filter, 2� = 10-70o). The dispersion of particles on the carbon support and their 

sizes were checked using a transmission electron microscope (TEM, JEOL JEM-

2010). 

 

	 Electrochemical characterization of catalysts  

 All of the prepared catalysts were electrochemically characterized by the 

cyclic voltammetry (CV) technique which was performed in a single cell with three 
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different electrodes. A 5 mm dimension glassy carbon disk electrode was used as the 

working electrode (CH Instruments, Inc.), Pt wire was used as the counter electrode, 

and a standard Ag/AgCl 3M KCl electrode was used as the reference electrode. The 

prepared catalyst was applied to the surface of the glassy carbon disk electrode in the 

form of a constant drop of ink. The ink was prepared by mixing 10 mg of catalyst 

with 100 mg of Nafion solution and 0.5 ml of deionized water. Then, the mixture was 

ultrasonically blended for 15 minutes to obtain the ink catalyst. Fifty microlitres of 

ink catalysts was dropped on the surface of the glassy carbon disk electrode by a 

micropipette and dried in an oven at 60 �C for 30 minutes. 1 M H2SO4 purged with O2 

was used as the electrolyte and the cyclic voltammogram was recorded by scanning 

the potential from 1.20 V to -0.20 V versus Ag/AgCl at a scan rate of 50 mV s-1. The 

tenth cycle of each catalyst was recorded. 

 

Results and Discussions 

	 Physical characterization of catalysts 

o Powder X-ray Diffraction (XRD) Results 

 Powder X-ray Diffraction was first introduced to analyze the prepared 

catalysts in order to identify the elemental composition and their structural type. X-

ray diffraction patterns of iron oxide based catalysts are shown in Fig. 2a which 

indicates a typical crystallographic structure of Fe3O4 (220) at 2� = 30.064�, (311) at 

2� = 35.452�, (400) at 2� = 43.038�,  (511) at 2� = 57.168�, and (440) at 2� = 62.728� 

according to JCPDS number 01-1111. It was observed that the prepared catalysts 

without heat treatment, Fe3O4/C gave no evidence of the Fe3O4 structure. The sharper 

peak at the higher heat treatment temperature as shown in the XRD pattern of Fe3O4/C 

800 shows a crystalline Fe3O4 structure, because heat treatment at the high 
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temperature provided sufficient energy that the iron and oxygen ions can slowly 

arrange themselves to form the crystalline structure on the topmost layer.   

 Diffraction patterns of FeTPP based catalysts are shown in Fig. 2b. The FeTPP 

based catalysts without heat treatment (FeTPP/C) presented the crystallographic 

structure of the Fe2O3 (104) and (110) at 2� = 33.28o and 35.74o, respectively, 

according to JCPDS number 02-0915. The heat treated FeTPP based catalysts 

(FeTPP/C 600, and FeTPP/C 800) displayed the peaks of Fe3O4 phase according to 

JCPDS number 01-1111. However, the pattern from FeTPP supported on carbon 

N115 with a heat treatment at 400oC (FeTPP/C 400) corresponded to the Fe3O4 

structure with JCPDS number 02-1053. The typical structure of Fe2O3 presented in the 

FeTPP-based catalysts without heat treatment could have occurred between the 

preparation processes when the reaction was refluxed, and the presence of the Fe3O4 

structure in the heat treated FeTPP might be due to the reduction of the oxidation state 

of Fe when heat treated in an Ar atmosphere.  

o Transmission Electron Microscopy (TEM) Results 

 The prepared catalysts were characterized by TEM in order to determine the 

morphology, particle size, distribution, and crystallographic and composition obtained 

from diffraction patterns of catalysts. 

 TEM images of Fe3O4 supported on carbon N115 with a heat treatment at 

600oC (Fe3O4/C 600) as shown in Fig. 3a gave the particle size and distribution of 

catalyst particles on carbon supporters. Fe3O4 supports on carbon N115 with a heat 

treatment at 600oC (Fe3O4/C 600) showed a small particle size and a uniform 

distribution; while FeTPP supported on carbon N115 with a heat treatment at 600oC 

(FeTPP/C 600) did not give an observable the distribution of catalysts particle. The 

agglomerated particles of FeTPP are shown in Fig. 3b. The selected area diffraction 
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(SAD) patterns of Fe3O4 based catalysts displayed the crystallographic structure of 

Fe3O4 (Fig. 3a) which corresponded to their XRD patterns (Fig. 2a). However, the 

SAD pattern of FeTPP/C 600 indicated the crystallographic structure of Fe3N (Fig. 

3b) which did not correspond to the XRD pattern showing the crystallographic 

structure of Fe3O4 (Fig. 2b). Since XRD is a technique that analyses the composition 

of matter by detection at a large scale, while TEM with the selected area diffraction 

technique uses electron beam to analyze the matter at a specific point; therefore, it is 

possible that the diffraction pattern of some crystallographic structures by the SAD 

technique may not be present in the pattern obtained from the XRD technique. 

	 Electrochemical characterization of catalysts 

 All of the catalysts were tested by CV under the same conditions. The results 

were compared and discussed in terms of the effects of heat treatment, and types of 

non-noble catalysts by using the results from the physical characterization to support 

the results from electrochemical characterization. The reaction that was emphasized 

was the oxygen reduction reaction which took place around 200-400mV against 

Ag/AgCl 3M KCl. The results and discussions of the effects of the parametersare 

presented below. 

o Effects of heat treatment 

 All of the catalysts were pyrolyzed in an argon atmosphere at different 

temperatures in order to study the effects of heat treatment on the physical properties 

that affected the electrochemical activity of catalyst. The optimum heat treatment 

temperature of each catalyst is reported and discussed in the following sections.

Fe3O4 based catalysts 

 Cyclic voltammograms of Fe3O4 supported on carbon N115 catalysts 

(Fe3O4/C) with different heat treatment temperatures are shown in Fig. 4. This figure 
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presents a reduction reaction peak around 0 mV against Ag/AgCl 3M KCl and 200 

mV against SHE.  An oxidation reaction peak was around 97-169 mV against 

Ag/AgCl 3M KCl and 297-369 mV against SHE. The various cathodic and anodic 

currents of the redox peak depended on the heat treatment temperature. The reaction 

which took place in the oxidation-reduction reaction could be considered to be the 

following equation [23]: 

Reduction: 2H+(aq) + 2e	 � H2(g)           (3)  

  Oxidation: H2(g) � 2H+(aq) + 2e	           (4) 

 The results from cyclic voltammograms of Fe3O4 based catalysts showed that 

the heat treatment temperature played an important role on the electrochemical 

activity of catalysts. Fe3O4 based catalysts with a heat treatment at 600oC displayed 

the highest electrochemical activity in the hydrogen oxidation reaction. However, 

there was no presence of the oxygen reduction reaction in the cyclic voltammograms, 

which means Fe3O4 based catalysts did not catalyze the desired reaction.   

 FeTPP based catalysts 

 Cyclic voltammograms of FeTPP supported on carbon N115 at different heat 

treatment temperatures are shown in Figure 5. This shows the difference in cathodic 

potential. It is suggested that heat provided to the FeTPP complexes destroyed the 

structure of the TPP ring and left partial N4-Fe moieties which can catalyze the 

oxygen reduction reaction. The reduction reaction of FeTPP and N4-Fe moieties was 

taken via an adsorption and reduction scheme as shown in the following equations 

[24]: 

Adsorption: TPP(N4)-FeII + O2 � TPP(N4)-Fe�+-O2
�-                (5) 

  TPP(N4)-Fe�+-O2
�- + H+ � (TPP(N4)-FeIII-O2H)+               (6) 

Reduction: (TPP(N4)-FeIII-O2H)+ + H+ + 2e- � TPP(N4)-FeII + H2O2              (7) 
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 The oxidation reaction peak of FeTPP/C at different heat treatment 

temperatures presented a similar anodic potential (Epa) which was the reverse 

reaction of H2O2 production, the oxidation-reduction reaction are shown in the 

following equations [24]: 

Reduction: (TPP(N4)-FeIII-O2H)+ + H+ + 2e- � TPP(N4)-FeII + H2O2              (8) 

Oxidation: TPP(N4)-FeII + H2O2 � TPP(N4)-FeII-O2 + 2H+ + 2e-              (9) 

 The highest electrochemical activity among the FeTPP/C series was FeTPP/C 

with a heat treatment at 600oC, because of the presence of Fe3N according to the TEM 

image and SAD pattern (Fig. 3b) which gave the evidence that nitrogen bonded with a 

metal provided an active site for the oxygen reduction reaction. Thus, the presence of 

Fe3N provided information that there are nitrogen and iron atoms which can form 

some active sites for the oxygen reduction reaction. Some researchers [16-18] have 

reported that heat treatment at an appropriate temperature can improve the 

electrochemical activity of a metal-macrocyclic with nitrogen-containing complexes 

based catalysts. However, a heat treatment temperature higher than 800oC lowered the 

electrochemical activity but raised the stability of catalysts. 

o Effects of types of catalysts 

 Two types of catalysts have been investigated in term of their electrochemical 

activity. Metal oxide based catalyst including Fe3O4 based catalysts and metal-TPP 

based catalysts including FeTPP based catalysts were examined. Cyclic 

voltammograms of Fe3O4/C 600oC catalysts and FeTPP/C 600oC catalysts which gave 

the highest activity of each type of catalyst are shown in Fig. 6. This figure contrasts 

the reaction that took place in each cyclic voltammogram. The Fe3O4/C 600oC 

displayed a major oxidation reaction peak and a reduction reaction peak which 

corresponded to equations 3 and 4. The FeTPP/C 600oC catalysts presented an oxygen 
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reduction peak via adsorption and the reduction reaction and a minor peak of 

oxidation that was the reverse reaction of reduction reaction which are presented in 

equations 5-9. The electrochemical characterization results of Fe3O4 based catalysts 

and FeTPP based catalysts can be summarized in that FeTPP based catalysts can 

catalyze the oxygen reduction reaction via an adsorption and reduction mechanism. 

 FeTPP supported on carbon N115 with a heat treatment at 600oC provided the 

highest activity with Epc = 484 mV, Ipc = 6.67 x 10-4 A, Epa = 684 mV, and Ipa = 

1.06 x 10-4 A against SHE. 

 

Conclusions 

 The results can be summarized that Fe3O4 and FeTPP based catalysts can be 

prepared by a chemical method and a heat treatment process. The electrochemical 

activity of the prepared catalysts depends on the heat treatment temperature and type 

of catalyst. A suitable heat treatment temperature for Fe3O4 and FeTPP based 

catalysts was 600oC. Metal-TPP based catalysts had more activity in oxygen reduction 

than metal oxide based catalysts. Moreover, FeTPP supported on carbon N115 with a 

heat treatment temperature at 600oC (FeTPP/C 600) showed the highest 

electrochemical activity among all of the catalysts prepared.  
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Figure Caption 

Fig. 1: Oxygen reduction reaction scheme [8]

Fig. 2: XRD patterns of a) Fe3O4 supported on carbon N115 with different heat 

treatment temperatures and b) FeTPP supported on carbon N115 with different heat 

treatment temperatures 

Fig. 3: TEM images and SAD patterns of a) Fe3O4 supported on carbon N115 with 

heat treatment at 600oC and b) FeTPP supported on carbon N115 with heat treatment 

at 600oC 

Fig. 4: Cyclic voltammograms of Fe3O4 supported on carbon N115 with different heat 

treatment temperatures. 

Fig. 5: Cyclic voltammograms of FeTPP supported on carbon N115 with different 

heat treatment temperatures. 

Fig. 6: Cyclic voltammograms of Fe3O4 supported on carbon N115 and FeTPP 

supported on carbon N115 with heat treatment at 600oC
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Fig. 1:

Fig. 2:
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Fig. 3:

Fig. 4: 
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Fig. 5: 

Fig. 6: 
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