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Abstract  
 
Project Code :  MRG5380149 
 
Project Title :  Deposition and Scaling Up of Single and Composite Catalyst Layers for 
  PEM Fuel Cell by Inkjet Printing 
 
Investigator : Kunakorn Poochinda, Ph.D. 
  Department of Chemical Technology 
  Faculty of Science 
  Chulalongkorn University  
  
E-mail Address :  kunakorn.p@chula.ac.th 
 
Project Period :  2 years 
 
Abstract: 
Inkjet printing of catalyst ink was developed for preparation of membrane electrode 
assemblies (MEAs) with three different procedures: inkjet printing onto gas diffusion 
layer followed by compression with membrane, decal transfer of inkjet-printed catalyst 
layer from Teflon sheet onto membrane, and direct inkjet printing onto membrane.  
Single and composite catalyst layers were deposited with little material loss because of 
the picoliter droplet size and the nonnecessity of deposition mask.  It was found that for 
single 5 cm2 Pt/C layer deposition of 0.15 mgPt/cm2 loading on each electrode, the 
direct inkjet printing onto membrane gave the highest open-circuit voltage and the 
largest current density at 0.6 V of 475 mA/cm2. Those may be due to the formation of a 
well-defined but porous catalyst layer.  Scaling up an MEA by inkjet printing from 5 to 
25 cm2 resulted in a reduction in current density of only about 10 %.  Finally, the degree 
of carbon monoxide-tolerance was found in the following order: single inkjet-printed 
PtRu/C layer, composite layers of equally loaded PtRu/C on Pt/C, and single Pt/C layer 
on the anode side, as the total metal loading of the anode was fixed at 0.15 mg/cm2 by 
inkjet printing onto membrane.  In addition, PtRu/C scale up to 100 cm2 in array fuel cell 
brought about the current density at 0.6 V of 237.8 ± 24.0 mA/cm2, where the standard 
deviation was only about 10% of the average value. 
 
Keywords: PEM fuel cell, scaling up, composite catalyst layer, carbon monoxide-

tolerance, inkjet printing 
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�7/�� 
�/36$%�34(5�-" 80 ��7��)��)$�� � U����� 1 
��%�.-� 

1.3 �����+%��I��S���
�����J~.#
�/�� �
*���J)#* (Carlo Erba) 
O���� 3 .#���'�(��� 
6$%�34(5�-" 80 ��7��)��)$��� U����� 1 ��%�.-� ��+%��'�/�#��
�"�6
$�* �� ���� 

1.4 �����+%��I��S���
������
#)��KW�
"� (Lab-scan) 2��-��O-�O� 0.5 .-�����"�
 6$%
�34(5�-" 80 ��7��)��)$�� � U����� 1 ��%�.-� ��+%��'�/�#J�������.�(� 

1.5 �����+%��I��S���'� 
�7/�� 
�/36$%�34(5�-" 80 ��7��)��)$�� � U����� 1 ��%�.-� 
��+%��O����
��2O�� 

1.6 �'���KW����--�&
������,&J�OS���'� 
�7/�� 
�/3 ��+%�
���
S�O������J  
2. ��
��
$�-(-H�����
�� !"�"
"�� 

2.1 ��%���'�(�������
�� !"�"
"�����6"��-&����
��
�&2�
*&������2� (���6"��-
O���� 
20 .#���'�(���, Electrochem) (
+�����
�� !"�"
"�����6"��-
�6"��$�-&����
��
�&
2�
*&������2� (Pt:Ru = 1:1 .#�.-�, .�(�6���(-#
O���� 20 .#���'�(���, Etek) 
 
"-�4 0.025 �
�-S���#��O�6$%-$ 
"-��
 
�-�4 10 -"��"�"�
 

2.2 ��"- 1,2 J�.).�
���J#��� 
"-��
 0.75 -"��"�"�
 
2.3 ��"-��'� 
�7/�� 
�/3 
"-��
 3.5 -"��"�"�
 
2.4 �'�J /3�-S���������
�.)�"�6$%�34(5�-" 30 ��7��)��)$��� U����� 2 ��%�.-� ��+%�S(O

(-H�I�-� U���+���#$����� 
2.5 ��"-��
�������KW��� 117 (
O���� 5 .#���'�(���, Fluka)  
"-��
 0.283 -"��"�"�
 
2.6 �������O��'�J /3�-S���������
�.)�"��$�2
���6$%�34(5�-" 30 ��7��)��)$��� U����� 1 

��%�.-� ��O�\$#S�����&(-H� 
3. ��
��
$�-����JKKL�#O����
�"-�*�"��*�/,���&�IO�2�
*&�� 



8 

 

3.1 ��#IO�2�
*&�����# 2.3×4.6 ��
���)��"�-�
 �'�(
�&��
��
$�-����JKKL����# 5 
��
���)��"�-�
) (
+����# 5×10 ��
���)��"�-�
 �'�(
�&��
��
$�-����JKKL�
���# 25 ��
���)��"�-�
) 

3.2 �'�IO�2�
*&��J �&6$%�34(5�-" 120 ��7��)��)$�� � U����� 1 ��%�.-� /�������'�J 
��%����&��6H���'�(��� 

3.3 �'�IO�2�
*&��J �H#�"#��&�
�#�� A4 #O��������(�O� �����#2��-(��#O��
J-.2
-"���
* ��+%��'�(�#2��2��-(��������
��
�&S�. 
��
-��
�"-�* 

3.4 �'��
�#�� A4 6$%-$IO�2�
*&���"#����J ���&��6���"-�*����2
+%���"-�*���#3�&&
�"��*�/,� �$%(O� Dimatix 
3�� DMP 2831 

3.5 ��+���&&
� ��
�"-�*� U��$%�(�$%�-I+�IO����#�6����&IO�2�
*&����������34(5�-"���
�6���"-�*�6����& 60 ��7��)��)$�� ��O���%��"-�* 

3.6 �-+%��"-�*��
,/S������
�& S�OJ#
*� ��I-S(O2��-
O���������JKKL�&�IO�2�
*&��
��+%�S(O(-H�����
�� !"�"
"���(O� 

3.7 �-+%��"-�*)�'�/�2�#���J#O 
"-�4����
�� !"�"
"��6$%�O����
2+� 0.15 -"��"�
�-.�(����
��
���)��"�-�
��O� �'�����JKKL�6$%��
$�-J#OJ �&6$%�34(5�-" 80 ��7��)��)$��� U�
���� 1 ��%�.-� 

3.8 �'�����JKKL�6$%J#OJ ��%���'�(������2'���4 
"-�4����
�� !"�"
"��6$%������ (�����J-�
2
&��-�O����
�,�'�J �"-�*)�'�/�����/�J#O 
"-�46$%�O����
 

3.9 �'�����JKKL�6$%J#OJ ���S���'��3��6$%�34(5�-" 60 ��7��)��)$�� � U����� 10 ��6$ ��+%�
�'�/�# 1,2 .�
���J#��� /�������'�J �&6$% 80 ��7��)��)$���$�2
��� � U����� 1 
��%�.-� /�J#O����JKKL�#����#�S�
� 6$% 1 

 

 
 


FJ��� 1  N���
��JV���
����I����������N
����NW�I�L����R����RE���
 ��� 
 

3.10 ��#2
H%�����JKKL�S(O������&#O���������
� �$%�(�$%�-I+�IO� ��+%��&��2
H%�� U���.�#���
�2.6#
� �$%�(�$%�-/��3
��  

3.11 S�O������6���
�������KW��� 117 ��&�����JKKL�6$%-$����
�� !"�"
"�� 
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3.12 �'�IO�2�
*&���2�+�&��KW�������I��6$%��
$�-J#O-���#��&��+%��I����KW��� 115 6$%
�34(5�-" 137 ��7��)��)$�����2��-#�� 65 �".��
�-�����
���)��"�-�
 � U����� 
2.5 ��6$ 

4. ��
��
$�-����JKKL�#O����
R���.��
� ��� 
4.1 6'�2��-����#�I���6K�����O���##O���2
+%����#�H��
� �$%(O� Labtech 6$%�34(5�-" 

150 ��7��)��)$�����2��-#�� 100 �".��
�-�����
���)��"�-�
 � U����� 5 ��6$ 
��+%�S(O�I���6K���-$��R$�
5�������
��#���J  

4.2 ����I���6K���&��6���"-�*����2
+%���"-�*���#3�&&�"��*�/,� �$%(O� Dimatix 
3�� 
DMP 2831 

4.3 ��+���&&
� ��
�"-�*�$%�(�$%�-/��3
�������I���6K�����������34(5�-"����6���"-�*
�6����& 60 ��7��)��)$�� ��O���%��"-�* 

4.4 �-+%��"-�*��
,/S������
�& S�OJ#
*� ��I-S(O2��-
O�������������
�� !"�"
"��&��I��
�6K���S(O�(O��
,��H�� 

4.5 �-+%��"-�*/�2�#���J#O 
"-�4����
�� !"�"
"��6$%�O����
2+� 0.15 -"��"�
�-.�(����
��
���)��"�-�
��O� �'���+%��I��J �&6$%�34(5�-" 100 ��7��)��)$�� � U����� 30 
��6$  

4.6 �'���+%��I��6$%J#OJ ��%���'�(������2'���4 
"-�4����
�� !"�"
"��6$%������ (�����J-�
2
&��-�O����
�,�'�J �"-�*)�'�/�����/�J#O 
"-�46$%�O����
 

4.7 �O���I���6K���S���'��3��6$%�34(5�-" 80 ��7��)��)$�� � U����� 30 �"��6$ ��+%�
�'�/�# 1,2-.�
���J#��� ��O��&�(O��$�2
���6$%�34(5�-" 100 ��7��)��)$�� � U�
���� 30 ��6$  

4.8  
��&��+%��I����KW��� 115 ��&�I���6K���6$%�2�+�&����
�� !"�"
"����O�����I��
�O�����I�� 

4.9 ��##O���2
+%����#�H��
� 6$%�34(5�-" 137 ��7��)��)$�����2��-#�� 30 �".��
�-���
��
���)��"�-�
 � U����� 5 ��6$ 

4.10 ����I���6K������/����+%��I�� 
4.11 �'���,-�$��6$%��
$�-J#OJ ��#��&IO�2�
*&���2�+�&��KW�������I��6$%�34(5�-" 137 

��7��)��)$�����2��-#�� 65 �".��
�-�����
���)��"�-�
 � U����� 2.5 ��6$ 
5. ��
��
$�-����JKKL�#O����
�"-�*�"��*�/,���&���KW����--�&
� 

5.1 �'���+%��I����KW���6$%I�����
 
�&�5����O�-����&�/��������+�������,&J�OS�
.R#�#2��-�+��� U����� 1 ��� /�������'�J ��%����&��6H���'�(��� 

5.2 �'���+%��I��J  
��&��&�I��J-��
*����(�,���O�J
O��"- 2 �I��S(O��+%��I���H���O�
(�$&#O�����(�$&�
�#��#��
� 6$% 2 ��O��'�J ���&� plate ����2
+%���"-�*�"��*�/,�
S��'��(���6$%�O����
�"-�* 
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FJ��� 2  ��
SO�������R����YZ�������R�����W���E�B
E���� 
 

5.3 �'��"�����J ���&��6���"-�*����2
+%���"-�*���#3�&&�"��*�/,� �$%(O� Dimatix 
3�� 
DMP 2831 

5.4 ��+���&&
� ��
�"-�*�$%�(�$%�-/��3
��������+%��I����������34(5�-"����6���"-�*
�6����& 60 ��7��)��)$�� ��O���%��"-�* 

5.5 �-+%��"-�*��
,/S������
�& S�OJ#
*� ��I-S(O2��-
O�������������
�� !"�"
"��&���+%�
�I��S(O�(O��
,��H����������#��
&�-��������+%��I����KW��� 

5.6 �-+%��"-�*/�2�#���J#O 
"-�4����
�� !"�"
"��6$%�O����
2+� 0.15 -"��"�
�-.�(����
��
���)��"�-�
��O� �'���+%��I��J �&6$%�34(5�-" 80 ��7��)��)$�� � U����� 1 
��%�.-�  

5.7 �'���+%��I��6$%J#OJ ��%���'�(������2'���4 
"-�4����
�� !"�"
"��6$%������ (�����J-�
2
&��-�O����
�,�'�J �"-�*)�'�/�����/�J#O 
"-�46$%�O����
 

5.8 ���&#O�������+%��I�� ��O��"-�*�&&�#$������$�/�J#O��+%��I�� 
���&����JKKL� 
5.9 �'���+%��I�� 
���&����JKKL�6$%J#OJ ���S���'��3��6$%�34(5�-" 60 ��7��)��)$�� � U�

���� 10 ��6$ ��+%��O�����6'������ ��O��'�J �&6$% 80 ��7��)��)$�� � U����� 1 
��%�.-� 

5.10 �'���,-�$��6$%��
$�-J#OJ ��#��&IO�2�
*&���2�+�&��KW�������I��6$%�34(5�-" 137 
��7��)��)$�����2��-#�� 65 �".��
�-�����
���)��"�-�
 � U����� 2.5 ��6$ 

6. ��
 
���&��+%��I�� 
���&����JKKL��'�(
�&�)��*��+�����"��&&�R��'�#�&  
6.1 ��
$�-����JKKL����6"��-&�2�
*&�� 
"-�4 0.15 -"��"�
�-���6"��-�����
��

�)��"�-�
 ���# 10x10 ��
���)��"�-�
  
6.2 ��
$�-����JKKL�#O����
�"-�*�"��*�/,����(-H�����
�� !"�"
"��&���+%��I��.#��
� 

� U� 5 �R� ��� 5 (��� 6$%-$
���(����6�����&���+%��I���$�#O�� 
�- 25 ���� .#�-$
�+��6$%������O�������� 0.713 ��
���)��"�-�
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6.3 �/���I��J-��
*
� ����-6$%-$���# 0.713 ��
���)��"�-�
 /'���� 5 �R� �R��� 5 
�������.#�S�O�(�,��/��
����# 3/8�  ����'�KW�*-J-��
*�$��I��-���#� U�
� 
�$%�(�$%�-���# 10x10 ��
���)��"�-�
��� 

6.4 �'�������(�O�-��"#6$%-3-6��� 4 ����I��KW�*-J-��
*�I��6$%�/��� U�
� �$%�(�$%�- ��O�
�'�J �"#��&��I���(�,���O�J
O��"-�'�(
�&��
��# 

6.5 �'���,-�$��6$%��
$�-J#O J ���S(O�
���&����S��I��KW�*-J-��
* ��O���#IO�2�
*&��
���#�6������2�+�&��
�������KW��� 117 ��O����S�����#������� 

6.6 �'��I���(�,���O�J
O��"--� 
��&6�&IO�2�
*&��������##O���2
+%����#�H��
� .#�S�O
�34(5�-" 137 ��7��)��)$�� 2��-#�� 85 �".��
�-�����
���)��"�-�
 � U����� 5 
��6$ /�J#O�"�����#��
� 6$% 3 

 

 
 


FJ��� 3  ������R��J
����S�L�BYY\��������!���� 
 
7. ��
��#�-

R����
6'��������)��*��+�����"� 

7.1 �����+%��I�� 
���&����JKKL�&��I�����)"�".2���� 
���&��&�I�����-
�
���JKKL�6������#O�� ��+%� L�������

�%������Q� 

7.2 �H#�I�����-�
���JKKL���&�I�� W#6O�� (End plate) /������S�O 
��/ ��#*���&
��#63�������O�#O�����/�J#O.-�-��*��
(-3� 40  ��#*�
�-�"�� 

7.3 �'��)��*��+�����"��#$%��6$%��
$�-J#OJ �"#����S��R��$6#��&�)��*��+�����"� 
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7.4 �
�/��&���*�����O������Q�63���"#S(O-$6"76����
J(������Q�� U�J ��-6$%
�O����
���J-�-$��
J(� ���� 

7.5 �
�/��&�5���O��������� 
�-RH�
�#�&��'�5��S�
�&&S(O2��-�+������R��$
6#��&�)��*��+�����"�S(O�
O�-6'���
6#��� 

7.6 �����34(5�-"����)��*��+�����"����(����S(O2��-�+�� 
�/��34(5�-"RH�2��6$%����J�O 
7.7 �������
���
J(������Q����)"�/����J~.#
�/�� U� 100 sccm 
7.8 � W#���*�S(O��Q�J�.�
�/���O�����)��*��+�����"��6����� ��+%�� U�6#��&��

�%����

J���"%���2O�� 
7.9  W#��Q�J�.�
�/���� 
�&6"76����
J(������Q�� �$%��J � W#���*�����O�� U���Q�

���)"�/����J~.#
�/��6� 
7.10 6'���
 Run in S(O�)��*��+�����"������+%��I����O����5����-#3���&J���'� .#�����2��

7���*JKKL�6$% 0.2 .���* � U����� 3 ��%�.-� /������ 
�&� U� 0.2  .���*  � U����� 1 
��%�.-� 

7.11 ��#�
�K.���J
�)���.#���
(-3� 
�&2��2��-����7���*JKKL�������� 0.1 /�RH� 0.9 
.���* ��+%�&��6H�2���
���JKKL�6$%J#O ���6'���
6#��&)�'��$� 3-4 2
��� 

7.12 ��
��#�-

R������)��*��+�����"��&&�R��'�#�&#��
� 6$% 4 )H%�-$����6����
J(�
�&&���� #O���2.6#S�O����JKKL��$%�(�$%�-/��3
�����# 100 ��
���)��"�-�
 ����
#O����.�#� U�����- 25 ���� -$ 5 �R���� 5 (��� ���������-$�+��6$%����JKKL� 0.71 
��
���)��"�-�
 S�O�������6#��&�����#$����&��
6#��&�)��*��+�����"��#$%��  

 

 
 


FJ��� 4  
���������
��������

����!��
���^�� ���L��I����������!���� 
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R���
�����  
���
(-H�����
�� !"�"
"��6$%�(-���-�����
�"-�*�"��*�/,� 
 ��+%��/���2
+%���"-�*�����
3���O����
(-H�6$%-$�-&��"�����������H��������&��J�S���

\$#(-H� ���� �&&�6�
*-������&&J��".)�"��,�6
"� 6����$��-&��"6$%�'�2�TJ#O���2��-(�+#���
�
��H�I"� /H�/'�� U��O����G�����
(-H�S(O�(-���- .#�����"/���$�S�O�2
+%���"-�*���#3�&&�"��*
�/,��$%(O� Dimatix 
3�� DMP 2831 )H%�� U��&&J��".)�"��,�6
"� ���J#O��#����
(-H�6$%J#O
��G���6$�&��&�����-&��"6$%�(-���-��-6$%
�&3J�O.#�&
"��6I�OI�"��2
+%���"-�*S���
��6$% 1 
�&����-+%�S�O(-H�6$%��G���H����-�
R\$#(-H�� U�(�#J#O����������+%�����-$�"R$��
\$#� U�
��O��
� 6����$�����"/���$���+��S�O 1,2-.�
���J#����6���
S�O 2-.�
����������6"�$�J��
2�� ��+%��/��-$���
���

��(�6$%�%'����� 6'�S(O�-&��"���(-H�����
�� !"�"
"��-$��R$�
5��
-��������
S�O�����~��*6$%-$��'�(���.-���3��%'�#������� ���/���$� 1,2-.�
���J#������-$
2��-� U��"��O��������6"�$�J��2�������-�
R�O�����J#O����.#���
�����'��3��������� 
 

N�
����� 1 ����J
�����������N�S����O�I��I N���
��JV���
������I�_��SOL� 
 

���� 
���& S�����"/���$� 
�-&��"6$%�(-���-

�&3.#�&
"��6I�OI�"� 

����
�� !"�"
"��.�(�&����
��
�&2�
*&��, 
.�(�
O���� 20 .#���'�(��� (g) 

0.05  

��
�������KW��� (ml) 0.568  
1,2-.�
���J#��� (ml) 4  
��'� 
�7/�� 
�/3 (ml) 4  
2��-(�+# (cP) 10.6 10.0-12.0 
�
��H�I"� (mN/m) 31.9 28.0-36.0 

 
��
����&&����"#����
�&&/�����Q�I�-2�
*&��-����J)#*/J~.#
�/����J����Q���2O����O�
��&�R��$6#��&�)��*��+�����"� 
 J#O����&&����"#����
�&&/�����Q�I�-2�
*&��-����J)#*/J~.#
�/����
�&&J��
��Q���2O����O���&�R��$6#��&�)��*��+�����"��#"- .#���"%-6��/�����Q�I�-/��R����Q�6$%-$ 100 
ppm 2�
*&��-����J)#*S�J~.#
�/���O���&6��/���J~.#
�/�&
"�36P"� ����"#�����2
+%��2�&23-
���
���
J(�.#���'�(��� 2 ��� ��+%��/+�/��2�
*&��-����J)#*#O��J~.#
�/�&
"�36P"�.#�
��-�
R/�����Q�I�-��O��)��*��+�����"�J#OS�����2��-��O-�O� 0-100 ppm 2�
*&��-����J)#*
S�J~.#
�/� ����"#����
�&&6��J�.�
�/�S(O��+%�-63����6����+%�J����Q�����
�����S(O(-# 
�$�6���6����Q�6"��6$%-$J~.#
�/��O��I�����'����� ����������&

����7��+%� L�������
��"#���"�
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J(-O���6����Q�6"��6$%-$2�
*&��-����J)#*J#O���J 6"�����&

����7S�&
"��46$% 
�7/��-�3��*
��+%� L���������
������3�5�� 
 

 
 
 
FJ��� 5  �R�@�I�����������^�� ���L��I������N��N�L�
���������a�R��  
  ��
 ��������B^� /Bc
�
��� 
 
��
��
$�-��������
�� !"�"
"���#$%��.#���
�"-�*�"��*�/,���-#O����
R���.��
� ��� 
 5������JKKL����# 5 ��
���)��"�-�
6$%��
$�-.#���
�"-�*�"��*�/,����(-H�����
��
 !"�"
"��&��I���6K�����-#O����
R���.��
� �����&���+%��I����KW��� 115 ��#�#��
� 6$% 
6 
 

 
 


FJ��� 6  S�L�BYY\�����N
���
����
I��I ���� ��WNN���E����
����
��
FJ��� 
 

 �-+%��
�/��#��4[���"6����-6$%��#�S�
� 6$% 7 �&���I"������������
�� !"�"
"��6$%��
$�-
J#O&��I���6K���-$��
����#��,����I"�6$%�
3�
� ���-$2��-(�� 
�-�4 5 J-.2
�-�
#��

� 6$% 7 (�) ��� (�) (���/����
R���.��
� ���&���+%��I����KW��� I"�6$%�2��"#��&�I���6K
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������&-�����#O���
��O�-��&��+%��I��#��
� 6$% 7 (2) -$���#��
�6$%S(T������$�#O���O���O����
����&
���,-/'����-��)H%�2�
6'�S(O��Q���
���O�RH��'��(�����--���* (active site) J#O#$ ���/��
5�2��#����S�
�  7 (�) �&��������
�� !"�"
"��6$%-$2��-(�� 
�-�4 5 J-.2
�-�
�6���#"-.#�
-$��
�H#�"#��&I"���+%��I��J#O#$.#�J-��&��������6$%I"���-I�� #��������
R���.��
� ���/H�2�
S(O
2��-�O��6��I"���-I��6$%�O�� )H%���#2�O����&I�6#��&�-

R��� 
$�&�6$�&��#�S�
� 6$% 8 
�&�����
�"-�*�"��*�/,���-#O����
R���.��
� ���S(O�-

R��6$%���������+%��/��-$2��-
�O��6��.�(*-"�6$%�%'�������
���#O���������-&�IO�2�
*&����-#O����
��#�H��
� ��&��+%��I�� 
6����$���+%��/����
�#��#��+%��I����KW�����&�I���6K���6$%-$2��-�
$�&-������IO�2�
*&��
���-S(O�
��#6$%�6�����/H�S(O2��-�O��6��.�(*-"��O��������
�#��#&�IO�2�
*&��)H%�-$
��
3�   
�����J
�,��-��,-�$��6$%��
$�-.#���
�"-�*�"��*�/,���-#O����
R���.��
� ���S(O2��-
(�������
����6����&��$�� 320 -"��"��-� 
*�����
���)��"�-�
 )H%�R+�����������S���4�*�%'�
�'�(
�& 
"-�4����
�� !"�"
"�����6"��- 0.15 -"��"�
�-�����
���)��"�-�
 ���J-�23O-2����&
��������������6$%��"%-�H��S���
��
$�-��������
�� !"�"
"��#O���62�"2�$� /H�J-�S�OS���
��
$�-
����
�� !"�"
"�� 
���&���J  
  

 

 
 

 
FJ��� 7 @�I SEM S�� (�) R����� (S) @��N��S���S����L�N���
��JV���
������ 
  ��������R����Y���������
I��I ���� ��WN (�) R�� ��� (�) @��N��S���
  S����L�N���
��JV���
���������
����
��
FJ�������������R����YZ��� 
 

� � 

2 � 
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FJ��� 8 �
�Y
I��B
�^�������!����S����W�����S��� 5 N�
���^�N���N
�����
  J
���KN���
��JV���
����I��������S�L�BYY\�SE���� 0.15 ������
��N��
  N�
���^�N���N
 ����N
���
�� ( ) ��
I��I ���� ��WN���R��
  ��Y���N���E����
����
��
FJ�����������R�� ��� ( ) ��
I��
  �E��IF��������RE���
 ���N���E����
���SOL�
FJ���������R�� 

 
��
��
$�-��������
�� !"�"
"���#$%����� 
���&.#���
�"-�*�"��*�/,�&���+%��I����KW���.#��
� 
 5������
�� !"�"
"�� Pt/C ���# 5 ��
���)��"�-�
 6$%��
$�-#O���2
+%���"-�*���#3�&&�"��*
�/,� Dimatix Material Printer #����#�S�
� 6$% 9 (�) ��#�
� 
��������������
�� !"�"
"��� U�
�$%�(�$%�-6$%-$��&2-��#������
���#O���������- (air brush) S�
�  9 (�) 6����6$%��
�"-�*�"��*�/,�J-�J#O
S�O(�O�����'�(
�&�'�(�#���#S���
������ ((�O����6$%S�O�H���+%��I��S(O�H�-$���#����6$%S(T�����
���#���
� ��������
�� !"�"
"��������(,�J#O��#��-
� 6$% 2 )H%�-$���(�3/��(�#(-H����#��,�
�#�&�"
.��"�
�����
�"-�*�"��*�/,����������I�S(O��"#��
&�-��������+%��I��6$%�O��������
S�O�������-
.#��
�#����#�S�
� #�������#O�� ���/���$�����&����O����
 
"-�4��'�(-H��O��������
���#O��
�������-RH� 4 �6��#����
��6$% 2 ��#������
�"-�*�"��*�/,������#��
��T��$�(-H�����
�� !"�
"��J#O
#$�����"P$#����#"-� U������-�� 
 �-+%�� 
$�&�6$�&��+%��I�� 
���&����JKKL�6$%��
$�-#O����
�"-�*�"��*�/,�&�IO�2�
*&����-
#O����
��#�H��
� ��&��+%��I�� (MEA I) ��&6$%��
$�-.#���
�"-�*�"��*�/,�.#��
�&���+%��I�� (MEA II) 
��-
� 6$% 10 ���/����4[���"6�����5�2��#������#�S�
� 6$% 11 �&�����
�"-�*.#��
�&���+%�
�I��S(O��������
�� !"�"
"��6$%-$2��-�
3����� U���+���#$�����-��������
�"-�*&�IO�2�
*&��)H%�-$��

)H-�������
�� !"�"
"����J S���������
�(������O�S� ��"#��
�2�+�&6$%-$2��-�
3��O��S���������
��
 !"�"
"�������&J-���"66$%I"���-I����&��O�S�2�
*&�� /H���/J-���"#��&��-���5�2 (triple phase 
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boundary) 6$%#$ �-+%��"/�
4�����6$%�"#��&��+%��I��S���,-�$��6$%��
$�-.#���
�"-�*&�IO�2�
*&����-
#O����
��#�H��
�  �(,�����
�� !"�"
"��6$%�2�+�&&�IO�2�
*&��J-���-I����&��+%��I��  
 �-+%��'���,-�$��6$%-$ 
"-�4����
�� !"�"
"�����6"��- 0.15 -"��"�
�-�����
���)��"�-�

&�����JKKL�������O����
$�-.#���
�"-�*�"��*�/,�6�������&&-�6#��&�-

R��� 
$�&�6$�&
���#����#�S�
� 6$% 12 �(,�����
�#����/
� W# (Open Circuit Voltage, OCV) �����
�"-�*&�
��+%��I���6����& 0.985 .���* )H%�-��������
�"-�*&�IO�2�
*&�� (0.967 .���*) ��+%��/������
����
�� !"�"
"��6$%��"#/����
�"-�*&���+%��I��S�
� 6$% 11 (�) -$2��-� U�����(�������#��
��#
�O�- (crossover) ���J~.#
�/�������)"�/� ���/���$�6$%2��-����7���* 0.6 .���* ��
�"-�*
&���+%��I��S(O2��-(�������
��� 475.2 -"��"��-� 
*�����
���)��"�-�
 ���2��-
(�������'���� 1.43 ����*�����
���)��"�-�
 )H%�-��������
�"-�*&�IO�2�
*&�� (434.8 -"��"
��-� 
*�����
���)��"�-�
, 1.30 ����*�����
���)��"�-�
) .#��-

R��6$%#$������"#�H��
S�������
��T��$������--���* (activation  loss region) )H%���#2�O����&��4[���"6��6$%��"#/��
��
�"-�*&���+%��I��6$%S(O��
��-I��
�(������2* 
���&�������JKKL�6$%#$����  
 

       

(�)      (�) 
 

 
FJ��� 9  ��L�N���
��JV���
�������N
���B�E��� (�) ��
I��I ���� ��WN��������R����YZ
  ��� ��� (S) ��
I���E��IF��������������R�� 
 
 
N�
����� 2  J
���N
��O�N���
��JV���
������NE��k�E�I����N
���N���
��JV���
��� Pt/C  
  J
���K 0.15 ������
��N��N�
���^�N���N
 ��������R����YZ��� 
 

�62�"2S���
��
$�-����
��
 !"�"
"����&���+%��I�� 

 
"-��
(-H�����
�� !"�"
"��6$%�O��S�O��+%�S(OJ#O 0.15 
-"��"�
�-�����
���)��"�-�
  (-"��"�"�
) 

��
�"-�*�"��*�/,# 7 
��
���#O���������- 28 
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FJ��� 10  
�
��
E��S����W���������N
���
����
I��I N���
��JV���
��� Pt/C ��RE�

��
 ���N���E����
���SOL�
FJ���������R�� (MEA I) �����W���������N
���


����
I��I ���� ��WN
��N
���������R�� (MEA II) 

 
 

 

(�)            (�)         (2) 
 


FJ��� 11  @�I SEM @��N��S���S�� (�) ��L�N���
��JV���
�������N
���
����
I��I 
  ���� ��WN
��N
���������R����YZ��� (S) N���
��JV���
�������N
���
����

  I��I ��RE���
 ��� (�) ��W���������N
���
����
I��I ��RE���
 ���
  N���E����
���SOL�
FJ���������R����YZ��� 
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FJ��� 12  �
�Y������������
��� (−−−−) ���������������!���� (---) S���^�� 
���L��I���I�����W�����������N
���
����
I��I ���� ��WN
��N
���������R�� 
(����) �����RE���
 ��� (����)   

 
I��"�2
��(*.2
��
O�����2��-6�2�
*&��-����J)#*�����,-�$��6$%��
$�-��������
�� !"�"
"��
&���+%��I��� U�.2
��
O���&&����� 
 ����"/���$�6#��&2��-6�2�
*&��-����J)#*�����,-�$��6$%-$.2
��
O���&&����� 
��-
� 6$% 13 � 
$�&�6$�&��& MEA II �O���O� 6����$� MEA III ��"#/����
�"-�*�"��*�/,��������
����
�� !"�"
"�����6"��-
�6"��$�-/2�
*&��)O��&���������
�� !"�"
"�����6"��-/2�
*&�� .#�I�
��
�"�2
��(* MEA III ��#�#��
� 6$% 14 ����(,�J#O��#/��
�  14 (�) ���I���
����2��-��O-

���$���)*���
�6"��$�-��-2��-(�������������
�� !"�"
"�� 
���& �&2��-��O-�O���-��6P*
���
�6"��$�-����������� U�������� .#�����&�-$2��-��O-�O�������O������6������������� )H%�
��#������
�"-�*�"��*�/,��������
�� !"�"
"�����6"��-/2�
*&��.#��
�&���+%��I����-#O����

�"-�*�"��*�/,��������
�� !"�"
"�����6"��-
�6"��$�-/2�
*&��)O�� ��-�
R�
O����������
��
 !"�"
"�� 
���&J#O/
"�  
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FJ��� 13 
�
��
E��S����W���������N
���
����
I��I ���� ��WNS��N���
��JV���
��� 

Pt/C ��� PtRu/C ��������R���Jm���L�N���
��JV���
���J
�����!��
��nPo�

��
�� (MEA III) �����W���������N
���
����
I��I ���� ��WNS��N���
��

JV���
��� PtRu/C ��������R���Jm���L��������!��
��nPo���
�� (MEA IV) 

 

 
(�)   (�)         (2)   (�) 

 


FJ��� 14  (�) �R�@�I MEA III ���R�����
���  (S) SEM @��N��S��� (�) ����
  �SE�SE����I��T S���I�����������
���� EDX �Jm���E�N
�N�� 
  �F�H
������E�������� (�) �����SE�SE����I��T S��
F������� 
 

.2
��
O�������.�#S� MEA II  
���&#O�������������
�� !"�"
"�����6"��-&����

��
�&2�
*&��6$%-$���6"��- 0.15 -"��"�
�-�����
���)��"�-�
 )H%�I���
6#��&2��-6�
2�
*&��-����J)#*��#�#��
� 6$% 15 S(O2��-(�������
���JKKL�6$%7���*JKKL� 0.6 .���* 
�6����& 475, 318, 136, 64, 28 ��� 12 -"��"��-� 
*�����
���)��"�-�
 �-+%� L����Q�
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J~.#
�/�6$%-$2��-��O-�O����2�
*&��-����J)#* 0, 20, 40, 60, 80 ��� 100 ����S��O��
������-�'�#�& .#��(�+�2��-(�������
���JKKL�
O���� 100, 66.81, 28.57, 13.44, 5.88 
��� 2.52 ��-�'�#�& �-+%��6$�&��&2��-(�������
���JKKL��-+%� L��J~.#
�/�&
"�36P"� )H%�
��#�S(O�(,���� MEA II -$�-

R���#�������
�#�
,��-+%���"%-2��-��O-�O����
2�
*&��-����J)#*S���Q�J~.#
�/�6$%R�� L����O�J  ��+%��/��#O����.�#-$��$��.�(�
���6"��-��$��������#$��)H%�2�
*&��-����J)#*#�#)�&J#O#$����J~.#
�/� 6'�S(O�+��6$%S���

��"# !"�"
"�����)"�#������J~.#
�/��#����-2��-��O-�O�6$%��"%-�H�����2�
*&��-����J)#* 

MEA III  
���&#O�������������
�� !"�"
"�����6"��-&����
��
�&2�
*&�� 0.075 
-"��"�
�-�����
���)��"�-�
)H%������"#��&�--�&
� ��������������
�� !"�"
"�����6"��-
�6"
��$�-&����
��
�&2�
*&�� 0.075 -"��"�
�-�����
���)��"�-�
)O��6�&�$�(�H%����� )H%�I���

6#��&2��-6�2�
*&��-����J)#*��#�#��
� 6$% 16 S(O2��-(�������
���JKKL�6$%
7���*JKKL� 0.6 .���* �6����& 438, 332, 222, 138, 82 ��� 30 -"��"��-� 
*�����
��
�)��"�-�
 �-+%� L����Q�J~.#
�/�6$%-$2��-��O-�O����2�
*&��-����J)#*� U� 0, 20, 40, 60, 
80 ��� 100 ����S��O��������-�'�#�& .#��(�+�2��-(�������
���JKKL�
O���� 100, 
75.80, 50.68, 31.50, 18.72 ��� 6.85 ��-�'�#�& )H%���#�S(O�(,���� MEA III -$�-

R���#��
�-+%���"%-2��-��O-�O����2�
*&��-����J)#*S��
���J~.#
�/�6$%R�� L����O�J �����#$����& 
MEA II ��� MEA III S(O2��-(�������
���JKKL��������6$%2��-��O-�O����
2�
*&��-����J)#*�6�����
�(���� 20 � 100 ����S��O������ ��+%��/����
6$%.2
��
O��#O��
��.�#��� MEA III -$��������
�� !"�"
"�����6"��-
�6"��$�-� U������
��6$%��-�
R���)"J#)*
2�
*&��-����J)#*� U�2�
*&��J#���J)#* 6'�S(O2�
*&��-����J)#*�(�+�J RH���������
��
 !"�"
"�����6"��-&�2�
*&��6$%��������S�S� 
"-�46$%�O���� /H�-$2��-6�2�
*&��-����J)#*
��"%-�H�� �����J
�,��-�'�(
�&��
 L��J~.#
�/�&
"�36P"� MEA III ���S(O�-

R��6$%#O������ 
MEA II ��
��-$ 
"-�4���6"��-�O������ )H%����6"��--$2��-����J�S���
��"#���)"�#������
J~.#
�/�����������6"��-
�6"��$�-  
 MEA IV  
���&#O�������������
�� !"�"
"�����6"��-
�6"��$�-&����
��
�&2�
*&�� 
0.15 -"��"�
�-�����
���)��"�-�
&���+%��I�� )H%�I���
6#��&2��-6�2�
*&��-����J)#*
��#�#��
� 6$% 17 S(O2��-(�������
���JKKL�6$%7���*JKKL� 0.6 .���*�6����& 404, 358, 282, 
198, 112 ��� 52 -"��"��-� 
*�����
���)��"�-�
 �-+%� L����Q�J~.#
�/�6$%-$2��-��O-�O�
���2�
*&��-����J)#*� U� 0, 20, 40, 60, 80 ��� 100 ����S��O��������-�'�#�& .#��(�+�
2��-(�������
���JKKL�
O���� 100, 88.64, 69.82, 49.02, 27.72 ��� 12.87 ��-�'�#�& /�
�(,�J#O���2��-(�������
���JKKL���� MEA IV �#���-+%� L����Q�J~.#
�/�6$%-$2��-
��O-�O����2�
*&��-����J)#*-���H�������#$����& MEA II ��� MEA III ����#��S����
�6$%
�%'����� ��+%��/�� MEA IV -$ 
"-�4����
�� !"�"
"�����6"��-
�6"��$�--��6$%�3# /H����)"J#)*
2�
*&��-����J)#*J#O#$6$%�3# ���#O�����(�3�#$������,6'�S(O MEA IV -$�-

R��6$%�%'�6$%�3#
�'�(
�&J~.#
�/�&
"�36P"�  
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������ 15  
��
����������������������� MEA II ����
��������� 0-100 ppm 
 

 

 

������ 16  
��
����������������������� MEA III ����
��������� 0-100 ppm 
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������ 17  
��
����������������������� MEA IV ����
��������� 0-100 ppm 
 
 �-+%��"/�
4�
O������
K����������-

R��6$%2��-����7���* 0.6 .���*(���/�� L��
J~.#
�/�6$% �� ����2�
*&��-����J)#*6$%2��-��O-�O������ 
�(���� 0 � 100 ����S��O������
� U����� 30 ��6$ ��-#O����
 L��J~.#
�/�&
"�36P"�� U����� 30 ��6$��-��
��6$% 3 �(,���� 
MEA II, MEA III ��� MEA IV ��-�
RK���K�#O����
 L����Q�J~.#
�/�&
"�36P"�(���/�� L��
��Q�J~.#
�/�6$%-$2�
*&��-����J)#*6$%2��-��O-�O������J#O#$ �'�(
�&2��-��O-�O�
2�
*&��-����J)#*�%'�� ����-+%� L����Q�J~.#
�/�6$%-$2�
*&���-��J)#*��� 2��-��-�
RS�
��
K���K�/��#����+%��/��-$2�
*&��-����J)#*S� 
"-�4-����O�J �H#����&�����
��
 !"�"
"�����6"��-�����������
���)"J#)* ����(,�J#O��� MEA IV K���K�/�J#O2��-(������
�
���JKKL����6$%�3#2+�-������
O���� 75 6$%2��-��O-�O�2�
*&��-����J)#* 100 ����S��O��
���� 
����-�2+� MEA III ��� MEA II ��-�'�#�& )H%���#2�O����& 
"-�4���6"��-
�6"��$�-S�
��������
�� !"�"
"��6���(-# 
 .�(�I�-���6"��-
�6"��$�--$2��-6�2�
*&��-����J)#*��+%��/������
�"
"��
�(����
����-
�6"��$�-�������-���6"��-6$%�����"#���6'�S(O.2
��
O���"��,��
��S� d-band S�
���6"��-� �$%��� ��J  ��&������
R���.���"��,��
��J ��� π-orbital ���
2�
*&��-����J)#* 6'�S(O2��-��,��
�������P�
�(�������6"��-��&2�
*&��-����J)#*
�#�� [1-2] ���/���$�
�6"��$�-���#�#)�&(-��J~#
��)"� )H%���-�
R6'� !"�"
"����&



24 

 

2�
*&��-����J)#*6$%#�#)�&����&�I"����6"��-��"#� U�2�
*&��J#���J)#*6$%(�3#���/��I"�
���6"��-J#O���� ��- !"�"
"��#���$�  

2

2

22

, , , , , .

ads

ads ads

ads ads

M H O M OH H e

Pt CO M OH Pt CO M H e

M CO M OH M CO H e

M Ru Sn Mo W Pd etc

+ −

+ −

+ −

+ ↔ − + +

− + − ↔ + + + +

− + − ↔ + + +

=

 

 

N�
����� 3  
E������
Yst�N��S��������������
������ 0.6 
��N  �!��
����W�����


�
��
E��N���u ������
J\��Bc
�
������J��Jst����
 ��������B^� 

��������SE�SE�N���u 
������ 0 - 100 ����k��E�������Jm����� 30 ���� 

N���E����
J\��Bc
�
����
��G�T�v�Jm����� 30 ���� �����������������

��������
������B�E�����
J\��Bc
�
����
��G�T�v  
 
2��-��O-��O����
2�
*&��-����J)#*
S�J~.#
�/� (ppm) 


O������
K�����������,-�$��6$% 0.6 .���* (���/�� L��J~.#
�/�&
"�36P"� 30 ��6$ 

MEA II MEA III MEA IV 

20 93.70 94.98 97.03 
40 85.71 90.87 93.07 
60 73.95 84.93 88.12 
80 61.76 78.08 82.18 
100 49.16 68.95 75.25 

 
I�6#��&��
����������������
�� !"�"
"�����6"��-.#���
�"-�*�"��*�/,����(-H�����
��
 !"�"
"��&�IO�2�
*&�� 

 ����"/���$�J#O6#��&2��-��-�
RS���
����������
I�"���+%��I�� 
���&����JKKL� 
.#���
�"-�*�"��*�/,���������
�� !"�"
"�����6"��-/2�
*&����&�IO�2�
*&����-#O����
��#�H��

� ��&��+%��I�� .#�S�O 
"-�4����
�� !"�"
"�����6"��-/2�
*&�� 0.15 -"��"�
�-�����
��
�)��"�-�
 ���6'���
������������JKKL�/�� 5 ��
���)��"�-�
 � U� 25 ��
���)��"�-�
 
����'�J 6#��&�-

R��J#OI�#��
� 6$% 18 �&�����+%��I�� 
���&����JKKL����# 5 ��
��
�)��"�-�
 -$2��-(�������
���JKKL�6$%7���*JKKL� 0.6 .���* �6����& 434.8 -"��"��-� 
*���
��
���)��"�-�
 )H%���������--�&
� 
���&����JKKL����# 25 ��
���)��"�-�
6$%-$2��-
(�������
���JKKL�6$% 381.8 -"��"��-� 
*�����
���)��"�-�
 2"#� U�
O���� 12.31 
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FJ��� 18 ��

���S��������R��J
����S�L�BYY\�S��� 5 ��� 25 N�
�� 
  �^�N���N
 ����N
���
����
I��I ���� ��WNS����O�N���
��JV���
���  
  J
���K 0.15 ������
���I������N��N�
���^�N���N
��RE���
 ��� 
 
��
����������������
�� !"�"
"�����6"��-
�6"��$�-.#���
�"-�*�"��*�/,����(-H�����
�� !"�"
"��
&���+%��I��.#��
��'�(
�&�)��*��+�����"��&&�R��'�#�& 
 /��I���
6#���6$%J#O�����-���O��O���O� �&�����
��
$�-��������
�� !"�"
"��.#���

�"-�*�"��*�/,����(-H�����
�� !"�"
"��&���+%��I��.#��
�S(O�-

R������)��*��+�����"�6$%���
6$%�3# ��
6#����$�/H�6#��&��
����������������
�� !"�"
"�����6"��-
�6"��$�- 
"-�4 0.15 
-"��"�
�-.�(������
���)��"�-�
 .#���
�"-�*�"��*�/,����(-H�����
�� !"�"
"��&���+%��I��
.#��
�� U���.�#�'�(
�&�)��*��+�����"��&&�R��'�#�&���# 100 ��
���)��"�-�
 .#���

��#�-

R��I���6��� 25 ���������.�# �-+%� L��J~.#
�/�&
"�36P"� ��+%�&��2��-����������
����-

R��6$%/3#����� &���+%��I�� 
���&����JKKL�6$%��
$�-.#���
�"-�*�"��*�/,�.#��
� 
I���
6#�����#�#��
� 6$% 19 �&����
�K.���J
�)���������������JKKL�-$��
�
�/���������
S�����2����O���2& 2��-�������6$%�&-��6$%�3#����S�������
��T��$������--���* )H%�-���H����&
2��-J-��-%'���-���� 
"-�4����
�� !"�"
"��6$%������S���������� ����������
��T��$�.�(*-"� 
(ohmic loss region) ���������
��T��$�2��-��O-�O� (concentration loss region) J-��������
���-����� ���/���$��-+%��"/�
4�6$%2��-����7���* 0.6 .���* #��
� 6$% 20 �&���2��-(������
�
���JKKL��\�$%��6����& 237.8 -"��"��-� 
*�����
���)��"�-�
 .#�-$2��-�&$%���&�
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-��
[���6����& 24.0 -"��"��-� 
*�����
���)��"�-�
 (
+���$��
O���� 10.1 ���2���\�$%� 
��#������
��
$�-��������
�� !"�"
"�����# 
�-�4 100 ��
���)��"�-�
 #O����
�"-�*�"��*
�/,�&���+%��I��.#��
�#O���2
+%���"-�*���#3�&&�"��*�/,��$� S(O2��-�-%'���-�����-

R��S�
��4�*6$%��-
�&J#O 
 

 


FJ��� 19  ��

������N!������N���u ���E����
��S��������R��J
����S�L�BYY\�
  �������!��������N
���
����
I��I ���� ��WNS����O�N���
��JV���
���
  �I������
F�������/��
 ���J
���K 0.15 ������
��
�����������R�� 
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FJ��� 20 �������I��T 
������������������
���BYY\���� 0.6 
��N ��� 
  N!������N�������
���������!��������N
����E����
I��I ���� ��WN 
  S����O��I������
F�������/��
 �����������R��
��N
� 
 
����+%�� 6$%��$%���O��J#O��� ��
��
$�-����
�� !"�"
"�� 12-K��.K6����"���)"#&����
��
�&
2�
*&�� (PWA/C) 
 ���/�����6"��-
�6"��$�- ����
�� !"�"
"��6$%�����S/�$���3�-2+����"���.)�-6����� 
(polyoxometalate) 6$%-$.-�"&#"��-(
+�6������ -$�6P"�� U�������)"J#)*6$%�
� [3-4] .#�-$J����
���K��.K���.)�-6�����6$%��-�
R���)"J#)*2�
*&��-����J)#*� U�2�
*&��J#���J)#*
J#OS�5���6$%-$��'�#�� !"�"
"�� 

3 4
2 12 40 2 12 40

4 3
12 40 12 40

2[ ] 2 2[ ]

[ ] [ ]

CO H O PMo O CO H PMo O

PMo O PMo O e

− + −

− − −

+ + → + +

→ +
 

 J#O��
$�-����
�� !"�"
"�� 12-K��.K6����"���)"#&����
��
�&2�
*&������2� (Vulcan 
XC-72) 6$%I�����
 
�&I"�#O���
#J��
"� ��-#O���62�"2�"-��
,������ (impregnation) ���K��
.K6����"���)"#J~�#
� ��O��'�J 6#��&(�(-��K���*���#O�� Fourier transform infrared 
spectroscopy (FTIR) #����#�S�
� 6$% 21 ���(-��K���*���S���
��6$% 4 �&���-$����
�� !"�"
"��&����

��
�&/
"� 
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15

20
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T
ra
n
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n
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Wave number [cm-1]

PWA/C

Carbon

1079.08

820.90
897.71

979.95

 
 


FJ��� 21   �������I��T 
�������!������������
E������
����R��������
����� 
  FTIR S��N���
��JV���
��� PWA/C 

 
 

N�
����� 4  ���������
����S����F�YP�� ������I�k�N���
��JV���
��� PWA/C �����

  ����� FTIR 

 
(-��K���*��� vW = Od  vP – Oa   vW – Ob – W   vW – Oc – W   

/'����2�+%� [cm-1] 979.95 1079.08 897.71 820.90 
  

 .#�  Oa 2+�����-���)"�/�S� [WO6] 6
�� #(�O�6$%�������&&6
��$%(�O�  
   Ob 2+�����-���)"�/�6$%.���H#   W – Ob – W  6$%���(�������� W3O10 ��O�
  #O����� 
   Oc 2+�����-���)"�/�6$%.���H#   W – Ob – W  S�(�������� W3O10  
  Od 2+�����-���)"�/�6$% �����#6$%��"#���P� W = Od 
 

�
GJ�������
K R���
����� ���SE���������!��
����������k�����N 
 ����"/���$���G����
�"-�*�"��*�/,����(-H�����
�� !"�"
"���'�(
�&��
��
$�-��+%��I��
 
���&����JKKL� (��,-�$��) #O����-�"P$J#O��� ��
�"-�*�"��*�/,�&�������
���Q���-#O����
��#
��&��+%��I�� ��
R���.��
� ��������������
�� !"�"
"��6$%��
$�-.#���
�"-�*�"��*�/,�&��I��
�6K���J &���+%��I�� �����
�"-�*�"��*�/,�&���+%��I��.#��
� �&�����
�"-�*�"��*�/,�S�O
��������������
�� !"�"
"���#$%����� 
���&J#O.#���"#��
��T��$����#3��$����,��O����+%��/��
(�#(-H�-$���#��,�RH�
�#�&�".��"�
���J-�/'�� U��O��S�O(�O����S���
�'�(�#
� 
������
��
������  �'�(
�&��
�����������#$%��������6"��-/2�
*&�� 
"-�4 0.15 -"��"�
�-
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���6"��-�����
���)��"�-�
6���#O����.�#����2.6#����)��*��+�����"��$�$��,-���# 5 
��
���)��"�-�
 ��
�"-�*�"��*�/,�&���+%��I��.#��
�S(O�
�#����/
� W#����3#���S(O2��-
(�������
���JKKL�6$% 0.6 .���*����3#2+� 475 -"��"��-� 
*�����
���)��"�-�
 ��+%��/��J#O
��������
�� !"�"
"��6$%-$
��
3����-$
� 
���6$%-$��&��������� 
����-�2+���
�"-�*�"��*�/,�&�
������
���Q���-#O����
��#��&��+%��I�� )H%�S(O2��-(�������
����6����& 435 -"��"��-� 
*
�����
���)��"�-�
 .#��-

R��6$%�%'�������"#�H��S�������
��T��$������--���*��#2�O����&
��4[���"6��6$%�&/����
�"-�*&���+%��I��6$%S(O��
��-I��
�(������2* 
���&�������JKKL�6$%
#$������
�"-�*&�IO�2�
*&�� ����'�#�&�3#6O��2+���
R���.��
� ��������������
�� !"�"
"��6$%
��
$�-.#���
�"-�*�"��*�/,�&��I���6K���J &���+%��I�� )H%�S(O2��-(�������
�����$�� 
320 -"��"��-� 
*�����
���)��"�-�
 ������
����������,-�$��.#���
�"-�*�"��*�/,�&�����
��
���Q���-#O����
��#��&��+%��I��/�� 5 � U� 25 ��
���)��"�-�
�&���2��-(������
�
���JKKL�6$% 0.6 .���*�#����$��
O���� 10 /�� 435 � U� 382 -"��"��-� 
*�����
��
�)��"�-�
 
 ���/���$���
�
$���'�#�&2��-6�2�
*&��-��J)#*/��-��J �O�������������
��
 !"�"
"��#O����.�#6$%��
$�-.#���
�"-�*�"��*�/,�&���+%��I�����-$ 
"-�4.�(�
�- 0.15 
-"��"�
�-�����
���)��"�-�
� U�#���$� �����#$%��������6"��-
�6"��$�-/2�
*&�� ���� 
���&6$%-$
���6"��-
�6"��$�-/2�
*&��&����6"��-/2�
*&��.#�-$ 
"-�4.�(�����������6����& 0.075 
-"��"�
�-�����
���)��"�-�
 ��������#$%��������6"��-/2�
*&�� 6����$���
������������
���6"��-
�6"��$�-/2�
*&��� U� 100 ��
���)��"�-�
S��)��*��+�����"��R��'�#�&6'�S(OJ#O
2��-(�������
���6$% 0.6 .���*�6����& 237.8 ± 24.0 -"��"��-� 
*�����
���)��"�-�
 )H%�-$
2��-�&$%���&�-��
[����$��
O���� 10 ���2���\�$%� �����J
�,��-��
��������#O����

�"-�*�"��*�/,����&S�O�������� U���� ��+%��/��(�#(-H����#�".��"�
S(O��
����������
��
 !"�"
"��S� 
"-�46$%�O��-��S������
�&�����
�"-�* ���(��(-H�����
�� !"�"
"��J-��(O�
6��6$�O��S(O2��-
O��
�(����
�&� U���
��$����� 6'�S(O��
�"-�*�"��*�/,��(-���-��&��

����������
�� !"�"
"��S� 
"-�4�O��� �6������ ������
��"%-2��-6�2�
*&��-����J)#*S(O#$
�H���$���/�O����G����
��
$�-����
�� !"�"
"���&&S(-��H��-���
������
�� !"�"
"��6����
2O�
������6"��-
�6"��$�-&�2�
*&��-$���
�����
�(�������6"��-���
�6"��$�-��$��(�H%����(�H%�
�6������ 
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@��R���  
 ����6$%����"/���$�/�S�O�2
+%���"-�*���#3�&&�"��*�/,� Dimatix )H%�-$(��\$#�&&J��".)�"
��,�6
"� J#O6#���S�O�2
+%���"-�*�"��*�/,�6�%�J (����$%(O�(���
3��J#O��� �$%(O� Brother 
3�� 
MFC-290C �$%(O� Epson Stylus 
3�� T13 �$%(O� Lexmark 
3�� Z1320 ���
3�� Z32 6'�S(OJ#OI�
��
6#����&+����O�6$%��"#/����
S�O�2
+%���"-�*)H%�-$(��\$#�&&�6�
*-���$%(O� Lexmark 
3�� 
Z1320 �'�(
�&� 
$�&�6$�&�-

R�������+%��I�� 
���&����JKKL�6$%��
$�-#O����
�"-�*�"��*
�/,���&��
��
$�-�&&#����#"-J#O�����
S�O������6�#O��-+������
S�O�������- ����$%(O� Lexmark 

3�� Z32 �'�(
�&��
��
$�-��������
�� !"�"
"�� 
���&&�IO�2�
*&�� �����J
�,��-��
S�O 1,2 
J#�-6��)$�$�6�� U����6'���������I�S(O��"#��
��#�
���������&(-H������
�#�
,� �O��
� �$%�����&(-H�&���2
��� �$�6���-$I������
6'������/
����2
+%���"-�*6'�S(O�2
+%���"-�*6������
�2
+%����$�(��/�J-���/)��-J#OS�6$%�3# ���J-���-�
R(��2
+%���"-�*
3��#�������S�6O�����#J#O
�$�  
���&��&�2
+%���"-�*
3��S(-�� �"%�S(O(�#(-H�6$%-$���#��,����$� )H%�/����I�S(O����
��
 !"�"
"���3#���(��\$#J#O�����H���$� �����J
�,��-��
6#����&+����O�/���2
+%���"-�*�&&�6�
*
-��6�������2
+%��S(OI�#�����J �$�������I�S(O��"#2��-�'���TS���
 
�&���
(-H����S���

6#������J ������
�# 
"-�4����
�� !"�"
"����/�� 0.5 � U� 0.15 -"��"�
�-�����
��
�)��"�-�
��+%��#�O�63����J-�6'�S(O�-

R���#��-����� 6����$�(-H��"-�*6����
2O��'�(
�&
�2
+%���"-�*�"��*�/,�6�%�J -$2��-(�+#����S�����  1-4 cP ���2���
��H�I"� 30-35 mN/m [5]   
 
N�
�� A  ����J
����S����O�I��I N���
��JV���
������I��I B�E�����N���������E��
  ��
����I��I ����E� Lexmark 

 
���� 
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ABSTRACT 

 

 PEM (Proton Exchange Membrane) fuel cell is a clean and efficient energy 
conversion system from electrochemical reaction of hydrogen and oxygen into 
electricity.  However, conventional catalyst loading methods, such as hand-painting 
and air-brushing, bring about a significant material loss and non-uniformed catalyst 
layer, which pose problems in capital cost and platinum utilization. This research has 
studied the preparation of catalyst coated-membrane by direct printing of Pt/C catalyst 
onto Nafion membrane, using a piezoelectric inkjet printer.  The total volume of 
catalyst ink needed to obtain the same catalyst loading was reduced by 4 times, 
compared with the conventional methods. The small droplet size of 10 pL and 
programmable area printing help produce a well-defined shape of the catalyst layer 
without the need for a mask. The catalyst layer prepared by inkjet printing on 
membrane showed higher platinum utilization than the one prepared on carbon cloth. 
The current density of catalyst layer prepared by inkjet printing on carbon cloth and 
membrane were found to be 434.8 mA/cm2 and 475.2 mA/cm2 at 0.6 V. respectively. 

*kunakorn.p@chula.ac.th 
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INTRODUCTION 

 
Proton-exchange membrane fuel cell (PEMFC) is one of the most promising fuel cells 
that has several advantages such as a low-operating temperature, sustained operation 
at high current density, low weight, possible low cost and volume, long stack life, fast 
start-up and compatibility with discontinuous operation. These advantages lend 
PEMFC to various power applications that range from portable/micro-power and 
transportation uses to large-scale stationary power. 
 
PEMFC needs platinum (Pt) catalysts to work efficiently, but platinum is quite 
expensive. For a given Pt loading, almost all Pt catalyst particles should be effective 
in the electrochemical reactions. However, this is not always possible in conventional 
catalyst loading methods, such as hand painting and spraying, as human error and 
inconsistency results in a material loss and non-uniform catalyst layer. 
 
Towne et al. (2007) reported that inkjet printing technology is one of the most popular 
forms of data imaging for home and small office applications that utilizes drop-on-
demand technology to deposit various materials by placing tiny droplets of ink 
solution onto substrate without contact between the printer head and the substrate. 
Taylor and co-workers (2007) found that inkjet printing method works by placing tiny 
droplets of ink solution onto a substrate without having to depend on the high-speed 
operation of mechanical printing elements. Thus, this research has aimed at 
developing a direct inkjet printing method on the membrane to make a uniformed and 
high utilization catalyst layer for PEM fuel cell. 
 

EXPERIMENTAL 

 

A. Catalyst ink preparation for inkjet printing 

  
A commercially available carbon-supported platinum catalyst (Pt/Vulcan XC72, 
Electrochem), with a platinum loading of 20% wt., was suspended in 1,2 propanediol 
and de-ionized water. Water and 1,2 propanediol were added to adjust the viscosity 
and surface tension. To form a homogeneous ink, the mixture was conditioned in an 
ultrasonic bath for 2 hours and later the solvent were added by Nafion 117 solution 
(Fluka) and sonicated in an ultrasonic bath again for 1 hour. 
 
B. Preparation of Nafion Membranes 

  
Nafion 115 membranes (Electrochem) were soaked for 1 hour in 100 ml de-ionized 
water at 80 oC, rinsed and then soaked in 100 ml 3 wt% H2O2 at 80 oC for 1 hour, 
boiled in 0.5M H2SO4 at 80 oC for 1 hour, rinsed and boiled three times in 80 oC de-
ionized water for 1 hour.[3] The membranes were stored in de-ionized water until 
ready for use.  Prior to printing, the membranes were dried in a dessicator for 12 hours 
and the membranes returned to its original dimension.  
 
C. Preparation of the catalyst layer by inkjet printing method 

 
The inkjet printing of catalyst layer was performed using a commercially available 
DMP 2831 piezoelectric Drop-on-Demand material inkjet printer (Dimatix-Fuji Film 
Inc.), equipped with a 10 pL cartridge. 
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For catalyst layer preparation on carbon cloths, which were the gas diffusion layers, 
the catalyst ink was printed directly on 2.3x4.6 cm2 carbon cloths which were placed 
on a 60oC printing plate. Dimatix drop manager software was used to control the print 
parameters, apply voltage, drop watcher, substrate thickness, printing position and 
printing area to make a smooth and uniform catalyst layer. The catalyst loading of 
0.15 mgPt/cm2 was printed onto the carbon cloths, then the electrode was dried at 80 
oC in an oven for 1 hour and was rinsed in de-ionized water at 60 oC for 10 minutes to 
remove 1,2-propanediol.  Then it was dried again at 80 oC in an oven for 1 hour. The 
electrode was cut into two pieces to make two 5 cm2 electrodes. 
 
For catalyst layer preparation on membrane, the 5x5 cm2 membrane was stretched 
between two stainless steel plates and placed on the 60oC printing plate. The catalyst 
ink was printing directly with 2.3x2.3 cm2 area on the center of membrane without the 
need for a mask to define the shape of catalyst layer. The catalyst loading of 0.15 
mgPt/cm2 was applied on the membrane.  As-printed catalyst layer is illustrated in 
Figure 1.  Next, the electrodes were rinsed in de-ionized water at 60oC for 10 minutes 
and dried at 80 oC in an oven for 1 hour. 

 
 

Fig. 1  As-printed catalyst layer on the membrane 
 
D. Membrane electrode assembly (MEA) 

 

The MEAs were fabricated by compression of an anode, electrolyte membrane, and 
cathode at 135oC, 65 kPa for 5 minutes in a LP 20 compression mould (LABTECH). 
 

E. Fuel cell performance measurements 

 
The polarization curve measurements were carried out by a PG STATO 30 
Potentiostat/Galvanostat (Autolab), with the 60oC cell temperature , 100 sccm of O2 

saturated with water at 60oC on the cathode side, and 100 sccm of H2 saturated with 
water at 65oC on the anode side . 

 

RESULTS AND DISCUSSION 

 

A. Comparison of ink needed to obtain a desired catalyst loading  

 
Table 1. Ink volume needed to obtain the catalyst loading of 0.15 mgPt/cm2 

 

Loading 
technique 

Ink volume needed (mL) 

Spraying 28 

Inkjet printing 7 
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The volume of catalyst ink needed to obtain the desired loading of 0.15 mgPt/cm2, 
directly coated on Nafion membrane, is shown in Table 1. It is clear that the catalyst 
layer prepared by inkjet printing needed less ink volume than spraying by 4 times.  
This indicates that inkjet printing has a significantly lower material loss during the 
coating process than spraying. 
 
B. Morphology of catalyst layers  

 

 
        (a)          (b)           (c) 

 
Fig. 2  SEM images of (a) catalyst layer inkjet-printed on Nafion membrane, (b) 
catalyst inkjet-printed on carbon cloth, (c) MEA cross-section with catalyst inkjet-
printed on carbon cloths  
 
SEM images in Fig. 2 shows the cross-section and surface morphology of catalyst 
prepared by inkjet printing on membrane and carbon cloth. The catalyst layer 
prepared by inkjet printing on membrane in Fig. 2 (a) shows smoother and more 
uniformed layer than that prepared by inkjet printing on carbon cloth. Fig. 2(b) shows 
the catalyst penetrated and filled some voids of the porous carbon cloth. However, 
there were some fractures in the catalyst phase and some gaps between the carbon 
fibers and the catalyst phase due to the difference in thermal expansion coefficients, 
which may prevent the formation of good triple-phase boundaries.  Moreover, it is 
clear in Fig. 2(c) that the catalyst layer on membrane had a better contact with 
membrane than the MEA with catalyst initially inkjet-printed on carbon cloth.  
 

C. Performance of single cells  

 

The H2/O2 fuel cell performance of MEA prepared by inkjet printing on membrane 
(catalyst-coated membrane; CCM) and the one prepared by printing on carbon cloth 
(catalyst-coated substrate; CCS) were tested and plotted in Fig.3. The open circuit 
voltage (OCV) of CCM was 0.985 V, which was higher than 0.967 V measured from 
CCS.  The dense Nafion-binded catalyst layer formed by inkjet printing on 
membrane, shown in Fig. 2(a), may help reduce the crossover of reactant gases 
through the membrane. Moreover, as illustrated in Fig. 3, the CCM provided a current 
density of 475.2 mA/cm2 at the cell potential of 0.6 V, while CCS only yielded 434.8 
mA/cm2. The peak power density of CCM was 1.43 W/cm2, while that of CCS was 
only 1.30 W/cm2. The results indicated that the MEA prepared by inkjet printing on 
membrane showed better performance, mainly in the activation region, than that 
printed on carbon cloth.  This was consistent with the SEM images showing that the 
catalyst layer prepared by inkjet printing on membrane had a better contact among the 
electrode components and implying a better triple phase boundary. Park et al. (2010) 
previously reported similar results. They claim that the CCM process offers a better 
performance than the CCS process due to better interfacial properties. Applying the 
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catalyst layer to the membrane results in an efficient catalyst utilization and  a better 
contact of the catalyst and the ionomer in the catalyst layer with the proton-
conducting membrane.  
 

 
Fig. 3. Performance (−−−−) and power density (---) curves of a single PEM fuel cell for 
MEAs prepared by inkjet printing method with catalyst printed on membrane (�) and 
printed on carbon cloth (�)   

 

CONCLUSIONS 

   

Inkjet printing of catalyst ink on membrane provided a smooth, dense and uniformed 
catalyst layer.  Furthermore, the catalyst layer prepared by inkjet printing on 
membrane had a better contact among the electrode components and showed better 
performance than catalyst layer prepared by inkjet printing on carbon cloth. 
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ABSTRACT 

 

A combination of inkjet printing and decal transfer is introduced for the fabrication of 
membrane electrode assembly (MEA).  First, inkjet printing of catalyst ink could 
provide a uniform electrocatalyst layer, with a precisely-defined shape, onto Teflon 
sheet due to the small drop volume of 10 pL.  Subsequent decal transfer of the 
electrocatalyst layer onto Nafion membrane by hot-press can be used to prepare the 
catalyst-coated membrane without membrane swelling in contrast to conventional 
methods of catalyst ink application onto membrane. In addition, MEAs prepared by 
the proposed technique gave a smaller ohmic resistance than that of MEAs prepared 
by catalyst ink application on the gas diffusion layer followed by hot-press with the 
membrane.   That could be caused by the even compression force, resulting in a better 
adhesion and thinner catalyst layer, through smooth Teflon sheet as supposed to 
through porous structure of the gas diffusion layer.  

*kunakorn.p@chula.ac.th 

 

INTRODUCTION 
 

Proton exchange membrane or polymer electrolyte membrane (PEM) fuel cell is a 
clean power source for automotive and stationary applications because of its high 
energy conversion efficiency, possibility of using regenerative fuels, low or zero level 
of environmental pollutants emission, relatively low operating temperature and quick 
start-up.  
 
In PEM fuel cells, the electrochemical reactions take place at the triple-phase 
boundary where the electrolyte, catalyst layer and gaseous fuel come into contact 
altogether in the MEA (Tang et al., 2007). An electrode with high quality triple-phase 
boundary promotes good gas and water diffusion and proton and electron transport to 
and from the catalytic sites. The quality of the three-phase boundary depends 

significantly on the fabrication procedure of the MEA.  

 
Nowadays, many techniques have been employed to fabricate MEAs.  For example, 
the electrocatalyst could be coated either onto a gas diffusion layer (GDL-based 
MEAs) or directly onto an electrolyte membrane (CCM-based MEAs). Although 
fabrications of both GDL-based MEAs and CCM-based MEAs methods have been 
widely adopted, they have their own limitations. In GDL-based MEAs, the catalyst 
layers coated on the GDL cannot be effectively transferred to the membrane during 
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the course of hot-pressing the MEA. In the case of CCM method, generally, the 
membrane undergoes serious swelling when spraying or applying the catalyst ink 
directly on the membrane since Nafion membrane has a high tendency to swell or 
wrinkle when it comes into contact with many solvents (Sun et al., 2010). In the light 
of these problems, both methods are not suitable for the large-scale MEA production 
required for PEM fuel cell commercialization (Rajalakshmi et al., 2007). An 
alternative approach of large-scale MEA production is the decal process. In the decal 
process, catalyst layers are primarily formed over the Teflon decal substrates, and 
they are subsequently transferred to a dry membrane during hot-pressing of the MEA. 
 
In this work, MEAs were fabricated by inkjet printing of catalyst onto Teflon sheet, 
and then decal transfer technique was employed to deposit catalyst layer on Nafion 
membrane. 
 

EXPERIMENTAL 

 

A. Preparation of electrocatalyst ink 

 
The electrocatalyst ink was prepared by mixing commercial Pt /C catalyst powder (20 
wt.% Pt on carbon Vulcan, Fuel cell store) with 1,2-propanediol and deionized water, 
then sonicating at room temperature for 2 hours. Later Nafion solution (5% (w/v) 
Nafion117, Fluka) was added and sonicated at room temperature for 1 hour.  
 
B. Preparation of MEA 

 

To fabricate a catalyst-coated Teflon sheet, first, the Teflon sheet was cleaned and 
compressed using a LP 20 compression mold (Labtech) at 150 oC and 100 kg/cm2 for 
5 minutes to obtain a stable sheet dimension. Then the electrocatalyst ink was printed 
as a 5 cm2 square directly onto the Teflon sheet using DMP 2831 piezoelectric Drop-
on-Demand material inkjet printer (Dimatix-Fuji Film Inc.) repeatedly until the 
catalyst loading reached 0.15 mgPt/cm2. After that, the coated sheet was dried at 100 
oC for 30 minutes. Then, it was submerged in hot water (80 oC) for 30 seconds to 
eliminate 1,2-propanediol, and was subsequently dried at 100 oC for 30 minutes.  
 
In the decal transfer technique, a Nafion membrane was sandwiched between two 
catalyst-coated Teflon sheets and compressed at 150 oC and 30 kg/cm2 for 8 minutes. 
Subsequently, both catalyst layers on Teflon sheet were peeled away to form the 
electrocatalyst layer with coated membrane as demonstrated in Figure 1. Finally, the 
MEA is prepared by putting the coated membrane in between two Nafion solution-
coated GDLs and pressed together by the compression mold under 65 kg/cm2 for 2.5 
minutes, while the temperature was maintained at 137 oC. 
 
C. Single cell performance tests 

The obtained MEA with an area of 5 cm2 was mounted in commercial single cell 
hardware (Electrochem Inc.) and was tested in a custom-made test station. The cell 
performance was measured in the H2/O2 system at atmospheric pressure using 100 
sccm of 100% humidified hydrogen and oxygen. The temperature of fuel cell, cathode, 
and anode humidifiers were at 60, 60 and 65 ˚C, respectively. The performance was 
evaluated in the form of polarization curves, monitored by the PG STATO 30 
Potentiostat/Galvanostat (Autolab). 
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Figure 1 Steps in the decal transfer of inkjet-printed catalyst layer onto membrane. 

 

 

RESULTS AND DISCUSSION 

 
A. Characteristics of coated membrane 

 

        
 

Figure 2 Images of (a) a catalyst-coated membrane by direct spraying and (b) a 
catalyst-coated membrane by inkjet printing of catalyst on Teflon sheet and then decal 
transfer on membrane. 

 

Figure 2 showed the swollen catalyst-coated membrane by direct spraying, while the 
membrane obtained from printing catalyst layer on Teflon sheet and decal transfer 
method did not swell.  With printing technique, the catalyst layer was dried on Teflon 
sheet and the membrane was not exposed by the solvent.  

 

B. SEM analysis 

 

From Figure 3a, the surface of catalyst layer on Teflon sheet showed small grains and 
rough surface, which would be in contact with the membrane after decal transfer. As 
shown in Figure 3b, the thickness of catalyst layer was about 5 micrometers.  After 
decal transfer, the side facing up away from the membrane, as depicted in Figure 3c, 
showed a flatter surface but still with many pinholes, which should enable reactant 
gas to diffuse and reach active sites uniformly.  The cross-sectional image of the 
coated membrane, as demonstrated in Figure 3d, still showed a uniform catalyst layer 
of about 5 micrometers thick with no gap at the interface between the catalyst layer 
and the membrane.  However, in Figure 3e, when catalyst was loaded on the gas 

a b 
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diffusion layer first, the MEA had some gaps between the catalyst-penetrated carbon 
fiber and the membrane.  The interfacial resistance has a major contribution on the 
total ohmic resistance of a PEM fuel cell.  
 

 

 
 

 
 
Figure 3 SEM images of (a) surface and (b) cross- section of the catalyst layer coated 
on Teflon sheet by inkjet printing (c) surface and (d) cross-section of the catalyst layer 
after decal transferred onto Nafion membrane (e) cross-section of MEA with catalyst 
loaded by inkjet printing on a gas diffusion layer 
 
C. Performance test results 

 
 

Figure 4 Polarization and power curves of 5 cm2 MEAs with 0.15 mgPt /cm2 prepared 

by inkjet printing followed by decal transfer (  ) and by spraying on carbon cloth 

followed by hot-pressed with a membrane (  )  

b a c 

d  e 
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To evaluate the performance, the polarization test was conducted by using H2/O2 
gases on MEAs with an equal loading of 0.15 mgPt/cm2 both at anode and cathode. 
As presented in Figure 4, the MEA prepared by inkjet printing followed by decal 
transfer had a better performance, especially in the ohmic region, than the MEA 
prepared by spraying on carbon cloth. The current densities obtained at 0.6 V were 
320 and 280 mA/cm2, respectively. The maximum power, found at the current density 
in the range of 400-700 mA/cm2, were 0.955 and 0.844 W/cm2, respectively. The 
reason was that the ohmic resistance of MEA prepared by inkjet printing followed by 
decal transfer was lower than that of MEA prepared by spraying on carbon cloth. That 
could be caused by the absence of any gap between the catalyst layer and Nafion 
membrane found only in decal transfer method, so proton could transfer easily.   The 
neat interface may be a result of the even compression force through smooth Teflon 
sheet as supposed to through porous structure of the gas diffusion layer. 
 

CONCLUSIONS 

 

Membrane electrode assembly (MEA) prepared by inkjet printing, followed by decal 
transfer could provide a uniform electrocatalyst layer.  Moreover, the shape of catalyst 
layer was well-defined with no significant membrane swelling. In addition, MEAs 
prepared by the proposed techniques gave a lower ohmic resistance than that of MEAs 
prepared by catalyst ink application on the gas diffusion layer followed by 
compression with the membrane.    
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