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T
hedevelopmentofnon-platinumgroup
metal (non-PGM) catalysts for oxygen
reduction reaction (ORR), especially in

acidic media, constitutes one of the grand
challenges in materials discovery for electro-
chemical energy conversion and storage.
Among a broad variety of non-PGM catalysts
that have been explored, a class of catalysts
comprising transition metal ions stabilized by
nitrogen functional groups on carbonaceous
surfaces (M!Nx!C, M= Co or Fe) are most
promising as they have demonstrated ORR
activity and stability approaching those
of commercial Pt/C catalysts.1!3 Further
progress, which is necessary for M!Nx!C
catalysts to become viable, requires proper
understanding of the nature of active sites
and the underlying mechanistic principles
governing catalytic activity. In accordance
to Sabatier's principle,4 the high ORR activity
of M!Nx!C active sites is likely attributed to

the moderate adsorption strength between
theactive sites and the keyORR intermediates,
which is justified by recent success in extend-
ing the linear scaling relations between
the adsorption energies of different reaction
intermediates tovarious transition-metal com-
pounds including M!Nx!C moieties.5 Mean-
while, many studies6!8 have shown that the
ORR activity (especially the onset potential)
of M!Nx!Cmoieties is directly related by the
redox potential of M. We show here that the
adsorption strength between the identified
Fe!Nx!C active sites and ORR intermedi-
ates are primarily determined by the struc-
ture changes associated with the Fe2þ/3þ

redox transition, thereby unifying the two
arguments.
The structures of active sites in high-

temperature treated M!Nx!C catalysts
have been extensively studied since it was
discovered that such a treatment leads to

* Address correspondence to
s.mukerjee@neu.edu.

Received for review September 22, 2015
and accepted November 13, 2015.

Published online
10.1021/acsnano.5b05984

ABSTRACT The commercialization of electrochemical energy conversion and storage devices

relies largely upon the development of highly active catalysts based on abundant and inexpensive

materials. Despite recent achievements in this respect, further progress is hindered by the poor

understanding of the nature of active sites and reaction mechanisms. Herein, by characterizing

representative iron-based catalysts under reactive conditions, we identify three Fe!N4-like

catalytic centers with distinctly different Fe!N switching behaviors (Fe moving toward or away

from the N4-plane) during the oxygen reduction reaction (ORR), and show that their ORR activities

are essentially governed by the dynamic structure associated with the Fe2þ/3þ redox transition,

rather than the static structure of the bare sites. Our findings reveal the structural origin of the

enhanced catalytic activity of pyrolyzed Fe-based catalysts compared to nonpyrolyzed Fe-macrocycle compounds. More generally, the fundamental insights

into the dynamic nature of transition-metal compounds during electron-transfer reactions will potentially guide rational design of these materials for

broad applications.
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Moivaions	
•  Reversible	electrochemical	devices:	storing	and	convering	

renewable	energy	into	electrical	energy	with	high	efficiency.	
•  Oxygen	reducion	reacion	(ORR)	and	oxygen	evoluion	reacion	

(OER)	are	the	key	processes.		
•  Currently	ORR	relies	on	plainum,	which	is	a	precious	metal.	
•  IrO2	is	the	most	acive	catalyst	for	the	OER	but	it	is	not	good	for	the	

ORR.	
•  Materials	problems	&	the	prohibiive	cost	of	precious	metals.		
•  The	development	of	a	single	nonprecious	metal	catalysts	

simultaneously	acive	for	the	ORR	and	the	OER	(i.e.	a	bifuncional	
catalyst)	is	urgently	needed	



ORR:	Graphene	decorated	with	
transiion	metal	and	nitrogen	

Molecular catalysts?
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materials. Despite recent achievements in this respect, further progress is hindered by the poor

understanding of the nature of active sites and reaction mechanisms. Herein, by characterizing

representative iron-based catalysts under reactive conditions, we identify three Fe!N4-like

catalytic centers with distinctly different Fe!N switching behaviors (Fe moving toward or away

from the N4-plane) during the oxygen reduction reaction (ORR), and show that their ORR activities

are essentially governed by the dynamic structure associated with the Fe2þ/3þ redox transition,

rather than the static structure of the bare sites. Our findings reveal the structural origin of the

enhanced catalytic activity of pyrolyzed Fe-based catalysts compared to nonpyrolyzed Fe-macrocycle compounds. More generally, the fundamental insights

into the dynamic nature of transition-metal compounds during electron-transfer reactions will potentially guide rational design of these materials for
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Reacion	Path	&	opimal	catalysts	



XAS	derived	Fe−N	switching	behavior:	
possible	descriptor	for		genomic	search	

D3	is	the	most	acive	site		and	exibit	disinctly	different	Fe	displacement	with	respect	to	N	



Problems	with	carbon	based	FeN4	

•  Their	acivity	and	durability	for	the	OER	
remain	insufficient.		

•  Compared	to	the	ORR,	the	OER	is	more	
challenging	due	to	the	extremely	oxidaive	
condiions	at	high	potenials.		

•  Carbon-	based	catalysts	degrade	due	to	rapid	
oxidaion	of	carbon.		



Transiion	metal	oxides	as	opimal	
bifuncional	catalysts			

Synergy:	Birnessite	has	been	considered	at	Temple	for	OER.	Phase	diagram	of	MnO2	has	been	
	studied	with	SCAN	Meta-GGA	by	Perdew	group.		



Conclusion	&	Proposed	Method	
•  Main	challenge:	most	oxide	materials	show	poor	electronic	

conducivity	at	ambient	temperatures,	which	limits	their	
bifuncional	performance.		

•  Solu'on:	modify	the	oxide	matrix	with	various	dopants	(e.g.	H	and	
Li)	and	oxygen	defects	(e.g	vacancies).		

•  We	will	also	invesigate	transi'on	metal	moie'es	decorated	with	
N	or	S	in	oxides	matrices.	

•  Large-scale	computa'ons	using	nano-sized	supercells	will	simulate	
a	variety	of	surfaces.		

•  Predicted	materials	will	be	subjected	to	an	intense	experimental	
synthesis,	characterizaion	and	validaion	effort.	

•  We	will	refine	and	sharpen	our	theoreical	effort	before	staring	the	
experimental	validaion	cycle	again	in	order	to	accelerate	the	
materials	design	feedback	loop	between	theory	and	experiment.		


