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Objectives 

Synthesis of no�e�� non���e�io�s �et���no�e�� non���e�io�s �et��� 
e��e�t�o��t���ysts �nd �et����f�ee e��e�t�o��t���ysts �iths �ith �ith 
si�i���� ��ti�ity �nd st�bi��ity �s Pt fo� the oxygen 
�ed��tion �e��tion (������������

��ti�i��tion of ��t���yti� ��ti�e �e��tion sites�ti�i��tion of ��t���yti� ��ti�e �e��tion sites�tion of ��t���yti� ��ti�e �e��tion sites 
�s � f�n�tion of ���bon s���o�t, ��esen�e of 
s��f��e oxygen g�o��s, nit�ogen �ontent, s��f��e 
�odifie�s, �y�o��ysis te��e��t��e, �o�osity, �o�e 
si�e dist�ib�tion �nd the �on�ent��tion of the non�
�et�����i� �dditi�e “X” in the ��t���yst ��t�ix�

Technical Barriers

This ��oje�t �dd�esses the fo����o�ing te�hni���� 
b���ie�s f�o� the ��e�� �e����s se�tion (�������� of the��e�� �e����s se�tion (�������� of the se�tion (�������� of the 
Hyd�ogen, ��e�� �e����s �nd Inf��st���t��e Te�hno��ogies 
P�og��� M���ti�Ye�� �ese���h, De�e��o��ent �nd 
De�onst��tion P���n:

•

•

(A� D���bi��ity

(�� �ost�� �ost� �ost�ost

(�� ���e�t�ode Pe�fo���n�e�� ���e�t�ode Pe�fo���n�e� ���e�t�ode Pe�fo���n�e���e�t�ode Pe�fo���n�e

Technical Targets

Non�Pt ��t���yst ��ti�ity �e� �o����e of s���o�ted 
��t���yst (Ye�� �010�: >1�0 A ����� (st��k� �t 0�8 
VI��f�ee�

�ost: �t ��e�st �0�� ��ess th�n � t��get of 0�� gost: �t ��e�st �0�� ��ess th�n � t��get of 0�� g: �t ��e�st �0�� ��ess th�n � t��get of 0�� g �t ��e�st �0�� ��ess th�n � t��get of 0�� g  
(Pt ��o�ding�/�e�k kW�

D���bi��ity: >�,000 h� o�e��tion �ith ��ess th�n 10�����bi��ity: >�,000 h� o�e��tion �ith ��ess th�n 10��: >�,000 h� o�e��tion �ith ��ess th�n 10�� >�,000 h� o�e��tion �ith ��ess th�n 10��,000 h� o�e��tion �ith ��ess th�n 10��000 h� o�e��tion �ith ��ess th�n 10��� o�e��tion �ith ��ess th�n 10�� o�e��tion �ith ��ess th�n 10�� 
�o�e� deg��d�tion�

Accomplishments 

Non���e�io�s �o�X/� ��t���ysts�o�X/� ��t���ysts�X/� ��t���ysts/� ��t���ysts

In��e�sed the �on�ent��tion of ��ti�e �e��tionthe �on�ent��tion of ��ti�e �e��tion�e��tion 
sites by �sing ���bon ��ti��tion �ethodo��ogy� by �sing ���bon ��ti��tion �ethodo��ogy���bon ��ti��tion �ethodo��ogy��

�bt�ined the onset �otenti��� fo� ��� �s high �snset �otenti��� fo� ��� �s high �sfo� ��� �s high �s�s high �s 
0�8�� V no����� hyd�ogen e��e�t�ode (NH����� V no����� hyd�ogen e��e�t�ode (NH��� V no����� hyd�ogen e��e�t�ode (NH��� (NH���H������

De��e�sed the He��e�sed the HH��� ��o�nt to � ��e�e�� ��o�e���o�nt to � ��e�e�� ��o�e�to � ��e�e�� ��o�e� 
th�n ��� by in�o��o��ting non��et�����i� �dditi�eon��et�����i� �dditi�e 
“X” ( (��U� e��e�t�on ��th��y fo� �������

�bt�ined the ��t���yti� ��ti�ity �s high �s  
16� A ���� �t 0�� V (no �o��t�ge d�o��o��t�ge d�o� 
�o��ens�tion� in the f�e�� �e�����ion� in the f�e�� �e������ in the f�e�� �e�����

Met��� f�ee �N�X �nd ��X ��t���ysts�N�X �nd ��X ��t���ysts��t���ysts

�bt�ined the onset �otenti��� fo� ��� �s high �snset �otenti��� fo� ��� �s high �sfo� ��� �s high �s 
0�8 V(NH���(NH���H�����

De��e�sed the He��e�sed the HH��� ��o�nt to �e�o (��o�nt to �e�o (to �e�o (��U� 
e��e�t�on ��th��y fo� �������

�bt�ined the ��t���yti� ��ti�ity �s high �s  
100 A ���� �t 0�� V (no �o��t�ge d�o��o��t�ge d�o� 
�o��ens�tion� in the f�e�� �e�����ion� in the f�e�� �e������ in the f�e�� �e�����

Introduction 

����ent��y Pt �nd Pt �����oys ��e �ide��y �sed �s 
��thode ��te�i���s in �o��y�e� e��e�t�o��yte �e�b��ne f�e�� 
�e����s (P�M��s� be���se of thei� high ��t���yti� ��ti�ity be���se of thei� high ��t���yti� ��ti�ity 
�nd se��e�ti�ity �s �e���� �s high �o��osion �esist�n�e� In�  InIn 
the ���st fe� ye��s, se�e���� t��nsition �et��� �o��o�nds 
s��h �s the ����o�y���e�b�sed �et��� �o��hy�in syste�,�b�sed �et��� �o��hy�in syste�,b�sed �et��� �o��hy�in syste�, 
�he��e�� �h�se�ty�e �o��o�nds �nd othe� t��nsition�ty�e �o��o�nds �nd othe� t��nsitionty�e �o��o�nds �nd othe� t��nsition 
�et��� �h����ogenides h��e been ��o�osed �s se��e�ti�e 

•

•

•

•
–

–

–

–

•
–

–

–

V.C.2  Novel Non-Precious Metal Catalysts for PEMFC: Catalyst Selection 
through Molecular Modeling and Durability Studies
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��t���ysts fo� the ��� �1���� Ho�e�e�, signifi��nt �1���� Ho�e�e�, signifi��nt�1���� Ho�e�e�, signifi��nt1���� Ho�e�e�, signifi��nt���  Ho�e�e�, signifi��ntsignifi��nt 
in��e�se in ��ti�ity �nd st�bi��ity of the ��t���yst is sti����sti���� 
essenti��� fo� P�M�� �����i��tions� 

In this ��oje�t, non���e�io�s �o�b�sed ��t���yststhis ��oje�t, non���e�io�s �o�b�sed ��t���ysts, non���e�io�s �o�b�sed ��t���ystsnon���e�io�s �o�b�sed ��t���ysts 
�nd �et��� f�ee ���bon�b�sed ��t���ysts fo� the ��� h��ethe ��� h��e��� h��e 
been synthesi�ed th�o�gh ��o���ost ��ss ��od��tion 
�ethods� The go��� of this ��oje�t is to de�onst��te The go��� of this ��oje�t is to de�onst��teThe go��� of this ��oje�t is to de�onst��teto de�onst��te 
the �otenti��� of the non���e�io�s �et��� �nd �et����f�eeon���e�io�s �et��� �nd �et����f�ee�f�eef�ee 
��t���ysts to �e�fo�� �t ��e�st �s good �s �on�ention��� 
Pt ��t���ysts ����ent��y in �se in M�As �ith � �ost �t 
��e�st �0�� ��ess th�n � t��get of 0�� g (Pt ��o�ding�/�e�k 
kW �nd �ith d���bi��ity > �,000�h� o�e��tion �ith ��ess �nd �ith d���bi��ity > �,000�h� o�e��tion �ith ��ess d���bi��ity > �,000�h� o�e��tion �ith ��ess,000�h� o�e��tion �ith ��ess000�h� o�e��tion �ith ��ess� o�e��tion �ith ��ess o�e��tion �ith ��ess 
th�n 10�� �o�e� deg��d�tion� The �e�fo���n�e of the The �e�fo���n�e of the The �e�fo���n�e of the �e�fo���n�e of the�e�fo���n�e of thethe 
synthesi�ed ��t���ysts h�s been e������ted b�sed on th�ee��t���ysts h�s been e������ted b�sed on th�eeh�s been e������ted b�sed on th�ees been e������ted b�sed on th�ee been e������ted b�sed on th�ee e������ted b�sed on th�ee on th�eeon th�ee 
��in ��ite�i�: (i� ��ti�ity to���ds ���, (ii� se��e�ti�ity fo����, (ii� se��e�ti�ity fo�, (ii� se��e�ti�ity fo�se��e�ti�ity fo� 
fo���e��e�t�on �ed��tion (�e��ent H�e��ent H H��� ��od��ed� �nd �nd 
(iii� f�e�� �e���� �e�fo���n�e�f�e�� �e���� �e�fo���n�e��

Approach 

This ��oje�t �i�s �t synthesi�ing no�e�� non�synthesi�ing no�e�� non�
��e�io�s �et��� ��t���ysts �nd �et����f�ee ��t���ysts �iths �ith �ith 
si�i���� ��ti�ity �nd se��e�ti�ity �s Pt fo� ���� The ��ti�ese��e�ti�ity �s Pt fo� ���� The ��ti�e�s Pt fo� ���� The ��ti�e The ��ti�e The ��ti�e 
�e��tion ��t���yti� sites �nd se��e�ti�ity �e�e o�ti�i�ed by�nd se��e�ti�ity �e�e o�ti�i�ed by o�ti�i�ed byby 
o�ti�i�ing (i� ���bon s���o�t, (ii� s��f��e oxygen g�o��s, (i� ���bon s���o�t, (ii� s��f��e oxygen g�o��s,(i� ���bon s���o�t, (ii� s��f��e oxygen g�o��s,���bon s���o�t, (ii� s��f��e oxygen g�o��s,(ii� s��f��e oxygen g�o��s,s��f��e oxygen g�o��s, 
(iii� nit�ogen �ontent, (i�� s��f��e �odifie�s, (�� �y�o��ysisnit�ogen �ontent, (i�� s��f��e �odifie�s, (�� �y�o��ysis(i�� s��f��e �odifie�s, (�� �y�o��ysiss��f��e �odifie�s, (�� �y�o��ysis(�� �y�o��ysis�y�o��ysis 
te��e��t��e, (�i� �o�osity, (�ii� �o�e si�e dist�ib�tion �nd(�i� �o�osity, (�ii� �o�e si�e dist�ib�tion �nd�o�osity, (�ii� �o�e si�e dist�ib�tion �nd(�ii� �o�e si�e dist�ib�tion �nd�o�e si�e dist�ib�tion �nd 
(�iii� the �on�ent��tion of the non��et�����i� �dditi�e “X”the �on�ent��tion of the non��et�����i� �dditi�e “X” 
in the ��t���yst ��t�ix� 

Results 

Th�ee diffe�ent ty�es of e��e�t�o��t���ysts fo� ��� 
�e�e synthesi�ed: (i� �o�b�sed ��t���yst do�ed �ith X 
�dditi�e (�o�X�, (ii� �et��� f�ee �N�X, �nd (iii� ��X, �nd (iii� ��X �nd (iii� ��X 
��t���ysts� The �o�X ��t���yst ��s ��e���ed by �e���xing The �o�X ��t���yst ��s ��e���ed by �e���xing�o�X ��t���yst ��s ��e���ed by �e���xing��t���yst ��s ��e���ed by �e���xing 
stoi�hio�et�i� ��o�nts of �o �nd X s���ts, N�dono� �nd�nd X s���ts, N�dono� �nds���ts, N�dono� �nds, N�dono� �nd, N�dono� �ndN�dono� �nddono� �nd 
���bon b����k �o�de�s (�etjen� in non����eo�s �edi�,�etjen� in non����eo�s �edi�,� in non����eo�s �edi�, in non����eo�s �edi�,, 
fo����o�ed by �y�o��ysis �t high te��e��t��es� The �N�X  The �N�XThe �N�X 
�nd ��X ��t���ysts �e�e synthesi�ed by �odifying the �e�e synthesi�ed by �odifying the�e�e synthesi�ed by �odifying the synthesi�ed by �odifying the 
s��f��e f�n�tion��� g�o��s on the �o�o�s �etjen b����k b����k 
�ith o�g�ni� N���e���so�s �nd “X” e��e�ent, fo����o�ed by N���e���so�s �nd “X” e��e�ent, fo����o�ed byN���e���so�s �nd “X” e��e�ent, fo����o�ed by �nd “X” e��e�ent, fo����o�ed by“X” e��e�ent, fo����o�ed byX” e��e�ent, fo����o�ed by” e��e�ent, fo����o�ed by e��e�ent, fo����o�ed by 
high�te��e��t��e �y�o��ysis��

�ig��e 1 sho�s �o����i��tion ����es of �n�do�ed  
�o ��t���yst �nd �o�X ��t���yst �e�s��ed �sing � �ot�ting �ot�ting 
�ing dis� e��e�t�ode (��D�� te�hni��e� The ex�e�i�ents (��D�� te�hni��e� The ex�e�i�ents(��D�� te�hni��e� The ex�e�i�ents��D�� te�hni��e� The ex�e�i�ents� te�hni��e� The ex�e�i�ents te�hni��e� The ex�e�i�ents The ex�e�i�entsThe ex�e�i�ents 
�e�e �e�fo��ed in 0�� M H�S�� so���tion s�t���ted 
�ith oxygen �t � �ot�tion ��te of 900 ���� The �o�X The �o�XThe �o�X 
��t���yst sho�s �n onset �otenti��� fo� ��� �s high �s sho�s �n onset �otenti��� fo� ��� �s high �sonset �otenti��� fo� ��� �s high �s 
0�8�� V(NH��, i�e� the in��e�se in the ��t���yti� ��ti�ityin��e�se in the ��t���yti� ��ti�ity 
by �bo�t 100 �V, �s �o����ed �ith the �n�do�ed �o100 �V, �s �o����ed �ith the �n�do�ed �o00 �V, �s �o����ed �ith the �n�do�ed �o�n�do�ed �o 
��t���yst� �o� the �o�X ��t���yst, the �o �on�ent��tion �o� the �o�X ��t���yst, the �o �on�ent��tion�o� the �o�X ��t���yst, the �o �on�ent��tion 
��s dete��ined to be ��ess th�n ��� �t�� �e�s��ed �sing�e�s��ed �sing 
x���y �hotoe��e�t�on s�e�t�os�o�y (XPS� �hi�h is ���h (XPS� �hi�h is ���h(XPS� �hi�h is ���hXPS� �hi�h is ���h� �hi�h is ���h �hi�h is ���h 
��o�e� th�n th�t in the �on�ention��� �et��� ��t���yst�   
This s�ggests th�t the �et����f�ee �N�X o� ��X ��t���yst�f�ee �N�X o� ��X ��t���ystf�ee �N�X o� ��X ��t���yst 
��n be synthesi�ed by do�ing � �e�y s������ ��o�nt of  

�o�N, �es���ting in i���o�ed ��ti�ity �nd se��e�ti�ity of 
the �et����f�ee ��t���ysts��f�ee ��t���ysts�f�ee ��t���ysts�

�ig��e � ��esents �o����i��tion ����es fo� �et����� ��esents �o����i��tion ����es fo� �et���� ��esents �o����i��tion ����es fo� �et����s fo� �et���� fo� �et�����et�����
f�ee �N�X �nd ��X ��t���ysts �e�s��ed by ��D�� �o��  �o� 
�o����ison, the ����e �e�s��ed on the �s��e�ei�ed 
�etjen b����k is ���so sho�n in �ig��e �� The �s��e�ei�ed��e �� The �s��e�ei�ed �� The �s��e�ei�ed�� The �s��e�ei�ed�  The �s��e�ei�ed 
���bon does not sho� �ny ��t���yti� ��ti�ity to���ds 
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Figure 1.  Polarization Curves of Un-Doped Co Catalyst and Co-X 
Catalyst Measured by RRDE

Figure 2.  Polarization Curves of Metal-Free CN-X and C-X CatalystsPolarization Curves of Metal-Free CN-X and C-X Catalystsolarization Curves of Metal-Free CN-X and C-X Catalystss of Metal-Free CN-X and C-X Catalysts of Metal-Free CN-X and C-X Catalystsof Metal-Free CN-X and C-X Catalysts Metal-Free CN-X and C-X Catalystse CN-X and C-X CatalystsCatalysts 
Measured by RRDEeasured by RRDE
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���� A �e���k�b��e in��e�se in the ��t���yti� ��ti�ity h�s�  A �e���k�b��e in��e�se in the ��t���yti� ��ti�ity h�s 
been ��hie�ed �ith the int�od��tion of nit�ogen g�o��s 
�nd the “X” �dditi�e� The �N�X �nd ��X ��t���yststhe “X” �dditi�e� The �N�X �nd ��X ��t���ystsX” �dditi�e� The �N�X �nd ��X ��t���ysts” �dditi�e� The �N�X �nd ��X ��t���ysts �dditi�e� The �N�X �nd ��X ��t���ysts�  The �N�X �nd ��X ��t���ystsThe �N�X �nd ��X ��t���ystshe �N�X �nd ��X ��t���ysts�N�X �nd ��X ��t���ysts 
synthesi�ed by no�e�� Uni�e�sity of So�th ���o��in� 
(US�� �ethodo��ogies �ith o�g�ni� N���e���so�so�g�ni� N���e���so�sN���e���so�s 
sho� i���o�ed �e�fo���n�e �hen �o����ed �ith the 
�on�ention��� NHNH��t�e�ted ���bon�  The o�ti�i�ed �N�XThe o�ti�i�ed �N�X 
��t���yst exhibits �n onset �otenti��� fo� ��� �s high �sexhibits �n onset �otenti��� fo� ��� �s high �s��� �s high �s�s high �s 
0�8 V(NH�� �nd ���so � �e�����defined diff�sion ��i�iting8 V(NH�� �nd ���so � �e�����defined diff�sion ��i�iting V(NH�� �nd ���so � �e�����defined diff�sion ��i�iting(NH�� �nd ���so � �e�����defined diff�sion ��i�itingH�� �nd ���so � �e�����defined diff�sion ��i�iting� �nd ���so � �e�����defined diff�sion ��i�iting �nd ���so � �e�����defined diff�sion ��i�iting 
����ent �hi�h is on��y obse��ed in Pt�b�sed ��t���ysts�s��

�ig��e � i�����st��tes the �e��ent�ges of H� i�����st��tes the �e��ent�ges of H i�����st��tes the �e��ent�ges of Hi�����st��tes the �e��ent�ges of H the �e��ent�ges of H��� ��od��ed 
on th�ee diffe�ent e��e�t�o��t���ysts (�o�X, �N�X �nd ��X� th�ee diffe�ent e��e�t�o��t���ysts (�o�X, �N�X �nd ��X� 
d��ing ���� The ��o�nt of H�  The ��o�nt of HThe ��o�nt of Hhe ��o�nt of H��o�nt of H��� dete��ined f�o� the thethe 
Pt ��t���yst is gi�en in �ig��e �� Gene������y, the �o�b�sed is gi�en in �ig��e �� Gene������y, the �o�b�sedgi�en in �ig��e �� Gene������y, the �o�b�sed in �ig��e �� Gene������y, the �o�b�sed��e �� Gene������y, the �o�b�sed �� Gene������y, the �o�b�sed�� Gene������y, the �o�b�sed Gene������y, the �o�b�sedGene������y, the �o�b�sed 
��t���yst gene��tes �o�e th�n �0�� H��� �t 0�� V(NH��; 
ho�e�e�, the �o�X ��t���yst de�e��o�ed �t US� ��od��es 
on��y ��� H��� �t the s��e �otenti��� ��nge, indi��ting the 
in��e�sed se��e�ti�ity to���ds fo���e��e�t�on �ed��tion �ith 
the in�o��o��tion of “X”� The o�ti�i�ed �N�X ��t���yst“X”� The o�ti�i�ed �N�X ��t���ystX”� The o�ti�i�ed �N�X ��t���yst”� The o�ti�i�ed �N�X ��t���yst� The o�ti�i�ed �N�X ��t���yst The o�ti�i�ed �N�X ��t���ystThe o�ti�i�ed �N�X ��t���yst��t���yst 
��t���y�es ��� �i� fo���e��e�t�on ��th��y �ith ��od��ings ��� �i� fo���e��e�t�on ��th��y �ith ��od��ing ��� �i� fo���e��e�t�on ��th��y �ith ��od��ing��� �i� fo���e��e�t�on ��th��y �ith ��od��ing �i� fo���e��e�t�on ��th��y �ith ��od��ing 
no HH��� �t 0�� V(NH��� Noti�e th�t Pt ��t���yst(NH��� Noti�e th�t Pt ��t���yst�  Noti�e th�t Pt ��t���yst 
gene��tes 1 to ��� HH��� �

The n�t��e of the nit�ogen f�n�tion��� g�o��s on 
the �et����f�ee �N�X ��t���yst ��s identified �sing XPS��et����f�ee �N�X ��t���yst ��s identified �sing XPS��f�ee �N�X ��t���yst ��s identified �sing XPS�f�ee �N�X ��t���yst ��s identified �sing XPS���s identified �sing XPS�  
�ig��e � sho�s ty�i���� XPS s�e�t�� of the nit�ogen �to�� sho�s ty�i���� XPS s�e�t�� of the nit�ogen �to� sho�s ty�i���� XPS s�e�t�� of the nit�ogen �to�ty�i���� XPS s�e�t�� of the nit�ogen �to�XPS s�e�t�� of the nit�ogen �to� 
(N� 1s �egion fo� the �N�X ��t���yst� T�o do�in�nt�N�X ��t���yst� T�o do�in�nt�  T�o do�in�nt 
�e�ks ��e obse��ed �t �98��� �nd �00�8 eV �hi�h ��n 
be �ssigned to �y�idini� N �nd �y��o��i� N, �es�e�ti�e��y�  
The �y�idini� N �ossesses one ��one ��i� of e��e�t�ons in 
�ddition to the one e��e�t�on don�ted to the �onj�g�ted 
π bond syste� ���� The �y�idini� N g�o�� ��s dete�ted ���� The �y�idini� N g�o�� ��s dete�ted�  The �y�idini� N g�o�� ��s dete�tedThe �y�idini� N g�o�� ��s dete�ted 

f�o� the s��f��es of �o�X �nd ��X ��t���ysts �s �e�����  
��� �h����te�i��tion st�dy s�ggests th�t the �y�idini� N�h����te�i��tion st�dy s�ggests th�t the �y�idini� Nst�dy s�ggests th�t the �y�idini� N 
f��i��it�tes �ed��ti�e �� �dso��tion �itho�t the i��e�e�sib��e 
fo���tion of oxygen f�n�tion���ities, the�eby enh�n�ing 
the ��t���yti� ��ti�ity �nd se��e�ti�ity to���ds ���� �nd se��e�ti�ity to���ds ���� to���ds ���� �����

�ig��e � �o����es the f�e�� �e���� �e�fo���n�es 
of diffe�ent e��e�t�o��t���ysts� The s���o�ted ��t���yst The s���o�ted ��t���ystThe s���o�ted ��t���yst 
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��o�dings �e�e ��int�ined �t 6 �g ���� fo� the ��thodethe ��thode��thode 
�nd � �g ���� (Pt� fo� the �node, �nd the tests �e�e ��nthe �node, �nd the tests �e�e ��n�node, �nd the tests �e�e ��n 
�t ���o� �ith H�(�0 �si�/��(�0 �si�� No �o��t�ge d�o� No �o��t�ge d�o�No �o��t�ge d�o��o��t�ge d�o� 
�o��ens�tion ��s ��de d��ing the �e�s��e�ent� The TheThe 
f�e�� �e����s tested �sing �o�X �nd �N�X ��t���ysts exhibit 
the o�en �i���it �otenti��� (��P� highe� th�n 0�8 V,o�en �i���it �otenti��� (��P� highe� th�n 0�8 V, (��P� highe� th�n 0�8 V,(��P� highe� th�n 0�8 V,��P� highe� th�n 0�8 V,� highe� th�n 0�8 V, highe� th�n 0�8 V,  
�s sho�n in the inset� The �o�X ��t���yst sho�s thesho�n in the inset� The �o�X ��t���yst sho�s the in the inset� The �o�X ��t���yst sho�s the The �o�X ��t���yst sho�s theThe �o�X ��t���yst sho�s the 
����ent density of 1�6 A ���� �t 0�� V in �o����ison �ith�o����ison �ith �ith 
��1 A ���� fo� the Pt ��t���yst� The ����ent densities fo� The ����ent densities fo�The ����ent densities fo� 
�N�X �nd ��X ��t���ysts �e�e �e�s��ed to be ��� 0�� �nd 
0�9 A ����, �es�e�ti�e��y, �t 0�� V� The ��t���yti� ��ti�ities The ��t���yti� ��ti�itiesThe ��t���yti� ��ti�ities 
no�����i�ed �ith �es�e�t to the �o����e of s���o�ted 
��t���yst (A ����� �e�e s�����i�ed �t diffe�ent �e���� 
�otenti���s �s ��isted in T�b��e 1��s ��isted in T�b��e 1�in T�b��e 1�

Table 1.  Catalytic Activities per Volume of Supported Catalyst �A cmActivities per Volume of Supported Catalyst �A cmctivities per Volume of Supported Catalyst �A cmVolume of Supported Catalyst �A cmolume of Supported Catalyst �A cmSupported Catalyst �A cmlyst �A cm-3) 
at Different Cell PotentialsDifferent Cell Potentialsntials

Catalyst Catalytic activity per volume of supported catalyst, 
a cm-3

0.7 V 0.6 V 0.5 V 0.4 V 0.3 V

Co-X/C 8 30 60 110 165

CN-X 0.3 6 16 34 63

C-X 2 9 28 59 98

�ig��e 6 ��esents the b��k s��tte�ed e��e�t�on 
i��ges of the ��oss�se�tion of M�As ��e���ed �sing the 
�et����f�ee ��X ��t���yst� The i��ge ���e����y sho�s th�t�f�ee ��X ��t���yst� The i��ge ���e����y sho�s th�tf�ee ��X ��t���yst� The i��ge ���e����y sho�s th�t The i��ge ���e����y sho�s th�tThe i��ge ���e����y sho�s th�t 
the ��t���yst ���ye� is �bo�t 90 µ� thi�k, �hi�h is ���h 
thi�ke� th�n the �on�ention��� Pt ��t���yst ���ye� (~10 µ���  
This �es���t indi��tes th�t the f�e�� �e���� �ith the �et�����

f�ee ��t���yst ��y h��e highe� ��ss t��ns�o�t ��i�it�tion 
in the ��t���yst ���ye�� The f�t��e �o�k �i���� be fo��sed The f�t��e �o�k �i���� be fo��sedThe f�t��e �o�k �i���� be fo��sed 
on i���o�ing the f�e�� �e���� �e�fo���n�e by �ed��ing the 
��t���yst ���ye� thi�kness �nd the oh�i� �otenti��� d�o� of 
M�A�

Conclusions and Future Directions

Non���e�io�s �o�b�sed ��t���ysts �nd �et����f�ee�f�eef�ee 
���bon�b�sed ��t���ysts �ith high ��ti�ity (0�8 to 0�8�� 
V(NH��� �nd se��e�ti�ity (0 to ��� H���� fo� the ���the ������ 
h��e been synthesi�ed �sing ��o���ost ��e���so�s� The TheThe 
in��e�sed ��ti�ity �nd se��e�ti�ity fo� ��� �e�e �tt�ib�ted 
to the �y�idini� N g�o�� on the ��t���yst s��f��e� Thehe �y�idini� N g�o�� on the ��t���yst s��f��e� Theg�o�� on the ��t���yst s��f��e� The TheThe 
f�e�� �e���� �e�fo���n�e ��s dete��ined �sing the no�e�� 
e��e�t�o��t���ysts synthesi�ed in this ��oje�t, �nd the 
��t���yti� ��ti�ities �s high �s 16� �nd 100 A ���� �t 0�� V 
�e�e obt�ined fo� the �o�X �nd ��X ��t���ysts�

Future Directions

University of South Carolina

Synthesi�e the “�ns���o�ted” �et����f�ee �N�X �nd�e the “�ns���o�ted” �et����f�ee �N�X �nd the “�ns���o�ted” �et����f�ee �N�X �ndthe “�ns���o�ted” �et����f�ee �N�X �nd“�ns���o�ted” �et����f�ee �N�X �nd�et����f�ee �N�X �nd�f�ee �N�X �ndf�ee �N�X �nd 
��X ��t���ysts �ith high �eso�o�o�s ��e� by �sing��t���ysts �ith high �eso�o�o�s ��e� by �sings �ith high �eso�o�o�s ��e� by �sing �ith high �eso�o�o�s ��e� by �sing 
the te�����te �ethod��

���the� i���o�e f�e�� �e���� �e�fo���n�e by o�ti�i�ing��the� i���o�e f�e�� �e���� �e�fo���n�e by o�ti�i�ing���o�e f�e�� �e���� �e�fo���n�e by o�ti�i�ing f�e�� �e���� �e�fo���n�e by o�ti�i�ing 
the ��t���yst ���ye� thi�kness/�o�o�s st���t��es �nd 
�ed��ing the M�A �esist�n�es�

Pe�fo�� the d���bi��ity st�dy in the ��D� �nd f�e�� 
�e����s �nd �nde�st�nd the deg��d�tion �e�h�nis���

I���o�e the d���bi��ity of the �o�X ��t���yst by���o�e the d���bi��ity of the �o�X ��t���yst bythe �o�X ��t���yst by�o�X ��t���yst by 
do�ing �� �sing � ��o�ed��e de�e��o�ed �t US��ing �� �sing � ��o�ed��e de�e��o�ed �t US�� �� �sing � ��o�ed��e de�e��o�ed �t US���

In��e�se the d���bi��ity by ��o�ding the �et����f�een��e�se the d���bi��ity by ��o�ding the �et����f�ee �et����f�ee 
�N�X �nd ��X ��t���ysts on g���hiti�ed ���bon���t���ysts on g���hiti�ed ���bon��

Northeastern University

St�dy the st���t��e���o�e�ty �e���tion of the ��t���ysts�

Att�in �o��e���tion of �o��osion d�t� �ith the 
e��e�t�o�he�i���� d�t��

St�dy the �o��e of do��nts on the e��e�t�o�he�i���� 
st�bi��ity �nd ��ti�ity�

Case Western Reserve University

�ontin�e st�dy of H��� fo���tion on nit�ided 
g���hite�

�ontin�e ���������tion of the �o�e��ge de�endent 
�dso��tion ene�gies fo� H��, �H �nd �� on ���io�s 
sites of �o9S8� 
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Figure 6.  Back Scattered Electron �mages of the Cross-Section ofScattered Electron �mages of the Cross-Section ofages of the Cross-Section ofCross-Section oftion of 
MEAs Prepared Using the Metal-Free C-X CatalystPrepared Using the Metal-Free C-X Catalystg the Metal-Free C-X CatalystMetal-Free C-X Catalystee C-X CatalystCatalystatalyst
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