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Outline

• H2 catalytic chemistry:
– Identifying Promising Catalysts from 1st Principles:

H2 and H on Bimetallic Near Surface Alloys (NSAs)

• Oxygen Reduction Reaction (ORR)
– Improved catalysts with ML structures
– Further improvements with mixed-metal ML structures
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Methods
Density Functional Theory – DACAPO total energy code 1,2

Periodic self-consistent PW91-GGA 3

Ultra-soft Vanderbilt pseudo-potentials 4

Plane wave basis sets with 25-Ry kinetic energy cut-off

Spin polarization as needed

Four-metal-layer slabs; (2x2) unit cell; top two layers relaxed

First Brillouin zone sampled at 18 k-points

Nudged Elastic Band method for reaction paths 5
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Ideal Bimetallic Near Surface Alloys 
• Segregation properties of two metals are 

critical
• Consider two special classes:

– Overlayers
– Subsurface Alloys

Overlayers* Subsurface Alloys
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B.E.H (eV)
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Correlation of B.E.H with Clean Surface 
Properties

d ε (eV)
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Hydrogen B.E. (eV)
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A new kind of Minority/Defect site 
for TM Catalysis

Isolated metal hetero-atoms near metal 
surfaces can be viewed as generating an 
alternative type of “defect/minority” 
surface sites, associated with a different 
kind of near-surface “impurity”.

These sites could be more poison-
resistant and possess better catalytic 
kinetics than the rest of the surface sites.

Pt

V

J. Greeley, M. Mavrikakis, Catalysis Today 111, 52 (2006)



NSA’s - Summary
• First-Principles Methods can help with identifying promising

bimetallic NSAs with interesting catalytic properties 

• Example: 
1. H and H2 on NSA’s: Fine-tuning BEH is possible
2. Some NSA’s: Activate H2 easily AND bind atomic 
H weakly useful for highly selective low T H-
transfer reactions

• Developing Catalyst Preparation Techniques with Layer-by-
Layer control of metal deposition (ALD-like) is critical for 
making the desired NSAs

• New type of “NSA” - defect site



Low Temperature Fuel cells 
Proton Exchange Membrane 

(PEM) fuel cell
CathodeAnode

Representative Catalysis

Anode:

2H2 ↔ 4 H+ + 4 e-

Cathode:

O2 ↔ 2 O-

2O- +2H+ +2e-↔ 2OH-

2OH- + 2H+ ↔ 2H2O

Oxygen Reduction Reaction 
(ORR)- Very slow kinetics



Pt monolayers on transition metals

• Pt monolayers on 

– Ru(0001), Ir(111), Rh(111), Au(111) and 
Pd(111)

– Ru(0001), Ir(111) and Rh(111) lead to 
compression of Pt overlayer

– Au(111) leads to expansion of Pt overlayer

– Pd(111) has almost same lattice constant as 
Pt(111)

Pt monolayer

Substrate
(Ru, Ir, Rh, Pd, Au)



O2 Dissociation Barrier
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OH Formation Barrier
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The best catalyst performs a Balancing Act
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Further Decrease of Pt -loading:
The role of “OH poisoning” in ORR

• Pt binds OH strongly OH blocks active sites on Pt

• Replace part of the PtML on Pd(111) with another transition metal M

Hypothesis
M will attract initial OH and induce repulsion on neighbouring Pt-OH 
decrease OH binding and OH coverage on Pt

OH
Pt

Pd

O
M

Pd



ORR Experiments on (MxPt1-x)ML/Pd(111): 
Current .vs. Surface Composition
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Mixed metal Pt monolayer
• Modeling these systems with 

DFT:
– (Pt3M)ML/Pd(111) to get 

θM = 0.25 ML

• Calculate: OH+OH or O+OH
repulsion with M being: Pt monolayer

Pd Substrate

Other metal (M)

Au  
Pd 
Pt 
Rh
Ru

Os  
Re



OH+OH or O+OH optimal structures

M with much higher reactivity than Pt in 
PtML/Pd(111): Os, Re (break the OH bond to form 
H2O and O)

O on M-top and 1st OH on Pt-Pt-bridge site

M with reactivity higher than Pt in 
PtML/Pd(111): Rh, Ru, Ir

1st OH on M-top and 2nd OH on Pt-top

M with reactivity less or equal compared to 
Pt in PtML/Pd(111): Au, Pd, Pt

1st OH on Pt-top and 2nd OH on Pt-Pt-bridge site
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ORR - Summary:
• A combination of first-principles studies with experiments can identify key 

ORR reactivity descriptors:

• Kinetics of O-O Bond-breaking

• Kinetics of O-H Bond-making

• OH-poisoning

• Use less Pt: PtML/Pd(111) 30% more current [compared to Pt(111)]

• Use even less Pt: Pt3M/Pd(111) up to 400% increase in current 
[compared to Pt(111)]

• First-principles can help with further improvements of ORR catalysts, by 
identifying materials which are:

– Cheaper (low Pt loading)

– More active

– Increased stability of Pt against oxidation

BEO
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