
(6)	Electrocatalysis for	ORR/OER



0.5O2 +	2H+ +	2e–↔ H2O		 Erev(O2/H2O)	=	1.23	V	vs	SHE
In	acidic	sol’n

on	Pt

1.	High	overpotential for	ORR/OER
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Molecular	orbital	diagram	for	O2
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2.	Molecular	oxygen



Relative	energies	of	O2 and	metal	bonding	orbitals
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3.	O2 adsorption	on	metal	catalyst
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Electrocatalysis,	Wiley-VCH

side-on bridge

Bond	order:				2 1.5 1 0



Similar	concept	for	adsorbent	of	C,	O,	N,	H,	F,	S,	and	Cl	to	M
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Metal	film	(surface)



above	M

d	band	center	is	one	possible	measure	
of	the	reactivity	of	the	transition	
metals.



Filling	of	antibonding Pauli	repulsion	(according	to	orbital	overlap)	
for	bonding (V2

ad)
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3.	ORR	process



Pt(111)

○ Origin	of	the	𝜂 for	Pt:	Pt(111)	as	electrode	adsorbed	oxygen	tends	to	be	so	stable	at	high
potentials	that	the	H+ and	e– transfer	becomes	impossible.	By	lowering	the	potential,
the	stability	of	oxygen	decreases	and	the	rxn may	proceed.

○ The	total	process	is	highly	dependent	on	the	metal	(electrocatalyst)	and	potential
(including	the	bias	dependence	of	the	oxygen	coverage	and	the	coverage-dependent	
oxygen	adsorption	energy).

○ The	Pt-oxygen	bonding	is	still	very	high:	lower	oxygen	binding	energy	than	Pt	should	
have	a	higher	rate	of	ORR	(e.g.	Pt	alloys).



O2 H2O2 2H2O

4H+,	4e– (1.229	V	vs	NHE)

2H+,	2e– (0.67	V) 2H+,	2e– (1.77	V)

H2O2
(disproportionation)

+O2

Acidic	solns

●Dissociation	energy	of	O=O	bond:	494	kJ/mol
●Dissociation	energy	of	HO–OH	bond:	146	kJ/mol

4.	Electrochemical	results

Ring	current
(oxidation)



O2 +	*	è O2*

O2* +	(H+ +	e–)	è HO2*

HO2* +	(H+ +	e–)	è HO2*H

+	2(H+ +	e–)	è 2H2O
HO2* +	(H+ +	e–)	è O*+	H2O +	2(H+ +	e–)	è H2O

è H2O2?

HO2* +	(H+ +	e–)	è 2(HO)*



Polycrystalline	Pt	disk|acidic solution	(1	M	HClO4)|Ar|10	mV/s
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Pt	+	H2Oà PtOHad +	H+ +	e–

PtOHad +	H+ +	e– à Pt	+	H2O

○ Oxygen	adsorption	vs.	OH	coverage	(low	𝜂)
○ Oxygen	adsorption	vs	anion	coverage	(middle	𝜂)
○ Oxygen	adsorption	vs.	H	coverage	(high	𝜂)

irreversible

hydrogen	
adsorption

Pt	+	H+ +	e– à Pt-Had

Hupd,	OHads,	anionads are	not	
involved	in	the	ORR!
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● RRDE	system	:	measurement	of	intermediates

e.g.	ORR	proceeds	either	to	H2O2 (2-electron	path)	
or	H2O	(4-electron	path):	

H2O2→	O2 +	2H+ +	2e–

O2 +	4H+ +	4e–→ H2O

J.	Electroanalytical	Chem.	2001,	495,	134-145.



J.	Phys.	Chem.	1995,	99,	3411-3415.

0.05	M	H2SO4

(SCE)

○ Ik:	Pt(110)	>	Pt(100)	>	Pt(111)
○ n =	4
○ For	Pt(111)	and	Pt	(100):	(bi)sulfate	adsorption	
blocks	the	initial	adsorption	of	O2 (middle	𝜂).
○ For	Pt(100)	and	(110):	(small)	OHads effect	
for	the	initial	adsorption	of	O2 (low	𝜂).



The	deactivation	by	Hupd is	entirely	due	to	a	loss	of	adsorption	sites	which	break	the	O–O	
bond	and	not	due	to	an	interaction	of	O2 and	Hupd(high	𝜂).	è Hupd is	not	involved	in	the	ORR.

H2O2 à O2 +	2H+ +	2e–

H2O2 +	2H+ +	2e–à 2H2O

High	coverage	of	H



J.	Electrochem.	Soc.	1997,	144,	1591-1597.

0.1	M	HClO4 Pt(111)	>	Pt(110)	>	Pt(100)
No	blocking	effect	of	anion

For	Pt(110),	Hupd	and	O–O	bond	dissociation	may	take	place	on	
different	sites	on	the	surface.



In	alkaline	sol’n

O2 HO2
– #OH–

2H2O,	4e– (0.401	V	vs.	NHE),	#	=	4

H2O,	2e– (–0.065	V) 2H2O,	2e– (0.867	V),
#	=	3

HO2
– (disproportionation),	

#	=	2

+O2

+OH–
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0.1	M	KOH

OHads,rev OHads,irrev

○ In	alkaline,
OH–↔ OHads,rev+	1e–
OH–	→ OHads,irrev +	1e–

○ OHads,irrev form	is	stronger,	
suggesting	cooperative	effects	
associated	with	a	2-D	adlayer.	
(much	thicker	than	that	in	acidic	
sol’n)

○ OHads is	an	inhibiting	species	
for	the	ORR,	which	is	very	
different	from	small	effect	of	
OHads in	acidic	sol’n (H2O	à OHads
+	H+ +	1e–,	little	effect	for	ORR,	½	
coverage	of	OHads in	alkaline	
sol’n)



0.1	M	KOH

J.	Phys.	Chem.	1996,	100,	6715-6721.

Ering =	1.15	V

○ Ik:	Pt(111)	>	Pt(110)	>	Pt(100)
○ n =	4
○ For	Pt(100)	and	(110):	OHads effect	for	the	initial	
adsorption	of	O2 (low	𝜂).

○ Reversible	and	irreversible	OHads affects	the	ORR:
A	reversible	OHrev species	only	effect	on	the	initial	
adsorption	of	O2,	OHirrev affects	both	the	initial	
adsorption	of	O2 and	the	rxn mechanism	(formation	
of	H2O2 at	negative	potential	sweeping	at	low	𝜂).
○ Also	Hupd effect	(high	𝜂)	is	similar	to	in	acidic	sol’n.



○ ORR	activity	order	=	peroxide	activity	order
○ n =	2

○ OHads is	an	inhibiting	species	for	the	ORR.

OHads,rev OHads,irrev
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0.1	M	HClO4 Pt(111)	>	Pt(110)	>	Pt(100)
Pt(110)	>	Pt(100)	>>	Pt(111)	0.05	M	H2SO4

0.1	M	KOH Pt(111)	>	Pt(110)	>	Pt(100)


