
(6)	Electrocatalysis for	ORR/OER
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Polycrystalline	Pt	disk|acidic solution	(1	M	HClO4)|Ar|10	mV/s

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-80

-60

-40

-20

0

20

40

 

C
ur

re
nt

 (1
0-6

A
)

Potential (V vs. SCE)

oxide	
formation

oxide	
reduction

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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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)
(SO4

2– adsorption)
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O2 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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Approximate	d-band	center
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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).

Nat.	Chem.	2009,	1,	552-556.



5.	Flat	model	electrodes	vs.	nano-Pt/C

Some	researchers	observed	the	decrease	of	specific	activity	as	particle	size	decreased.
Other	researchers	argued	that	the	specific	activity	does	not	depend	on	the	particle	size.
è Difficulty	in	formation	of	uniform	particle	sizes,	contamination	issue,	mass	of	catalysts,

different	experimental	conditions,	dispersion	of	catalyst,	supporting	carbon,	binder	amount,	etc.

● Experimental	results	of	size	effect	have	not	been	uniform.

Nano	Lett.	2011,	11,	3714-3719.

● Cautions for	accurate	evaluation	for	activity	of	nanosized electrocatalysts

Please	read	following	papers:
Electrochim.	Acta 2012,	72,	120-128
J.	Phys.	Chem.	C	2008,	112,	123-130
Electrochim.	Acta 2008,	53,	3181-3188
J.	Electroanal.	Chem.	2010,	647,	29-34
Top	Catal.	2015,	58,	1174-1180



Nano	Lett.	2011,	11,	3714-3719.



DFT:	Cuboctahedral particle	(fcc)

Nano	Lett.	2011,	11,	3714-3719.

● Complexity	on	nanoparticles

○ polycrystallinity (mixing	of	111,	100	and	110)	and	significant	effect	of	edge	sites
○ Edge	sites	(narrower	d band	(moving	up)):	the	O2 binding	energy	is	higher	than	that	of	
fcc sites

○ Larger	compressive	strains	(d band	shift	(moving	down))	are	provided	for	smaller	size	of	
nanoparticles,	which	make	O2 binding	weaker
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When	a	surface	undergoes	compressive	or	tensile	strain,	the	overlap	of	metal	d states	
at	neighboring	sites	will	either	increase	or	decrease	and	so	will	the	d	bandwidths.

○ No	charging	or	decharging of	the	d states	of	late	transition	metal	sites	follows	from	a	
change	in	d band	width.

○ The	d bands	move	in	energy	to	maintain	a	constant	filling.
è Compressive	strain	(increased	d-orbital	overlap)	leads	to	downshifts of	the	d-band	

centers	(weak	adsorption	energy	w/	adsorbate)
è Tensile strain	leads	to	upshifts of	the	d-band	centers



J.	Chem.	Phys.	2004,	120,	10240.

The	Pt	surface	d band	was	broadened	and	lowered	in	energy	by	interactions	w/	the	subsurface
3dmetals,	resulting	in	weaker	adsorption	energies	of	H2 and	O2 on	these	surfaces.

Pt	+	3dmetal	electrocatalyst
○ Surface	strain	(the	physical/mechanical	interaction)
○ Ligand	(or	ensemble)	effect	(the	electronic	interaction):	
critical	factor

6.	Engineering	of	d-band	center	to	improve	ORR	activity



Angew.	Chem.	2006,	118,	2963-2967.



Nat.	Mater.	2007,	6,	241-247.

Pt3M
(1)	Pt	skeleton (2)	Pt	skin

In	0.1	M	HClO4

Pt3M



○ The	kinetic	parameters	(the	number	of	
electrons,	Tafel slope,	activation	energies)	are	
almost	identical.	è The	reaction	mechanism	is	
the	same.
○ Discernible	positive	shift	in	OHad formation
○ The	d-band	center	is	downshifted	means	that	
the	fractional	coverage	by	OHad (and	also	H)	is	
reduced	on	these	surfaces,	which	determines	
the	kinetic	of	O2 reduction,	i.e.,	the	number	of	
free	Pt	sites	available	for	the	adsorption	of	O2
and	the	Gibbs	energy	of	adsorption	of	O2 and	
reactive	intermediates	on	Pt
○ The	Pt-skin	and	Pt-skeleton	electrodes	are	
more	stable	than	bulk	Pt.

Pt3Fe



Science	2007,	315,	493-497.

Pt3Ni	(111)



Nat.	Chem.	2009,	1,	552-556.



Nat.	Chem.	2009,	1,	552-556.

For Pt3Y, those surface Pt atoms coordinated to
purely Pt neighbors in the 2nd layer will bind O
too strongly and will be blocked. Only the less
reactive sites with second-layer Y neighbors will
be active.

Pt3Y and Pt3Sc are the most stable of all the fcc
alloys because metal-metal d bonds are
approximately half filled, implying that the
bonding states are filled and the antibonding
states are empty.
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Homework #2

Please	read	the	following	paper	and	summarize	it.
Nature	Chemistry,	2009,	1,	466-472

(1) Please	use	Korean	languish	except	terminology
(2) Do	not	add	any	figure	presented	in	the	paper	but	you	should	discuss	

what	they	were	found	at	each	figure.
(3) Do	not	over	3	pages	(A4	paper)
(4) Please	use이면지 (recommendation).	The	hand-writing	is	also	ok.
(5) Submission:	Nov/9	(No	acceptance	for	later	submission)	


