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Theoretical studies of materials
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Role of theory in material development

H,/CO electrooxidation in fuel cells
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Experimental Approach
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Solar water splitting simulation

Joint Theoretical Project between Stony Brook & BNL (Chemistry & CFN)

Photocatalytic Water Splitting: GaN(1010) — Water Interface:
GaN/ZnO Alloy Particles Model Oxygen Evolution Process

What are the structures of the water

&C A: Photon Absorption

jz Ahy—> de” + 4h" TSN fragments at each reaction step ?
Wwma € B: Water Oxidation
GaN/ZnO
Al 8 2H,0 +4h" -0, + 4H"
H,0 C: Proton Reduction

0,

B 4H" +4e" > 2H,

Reaction Step AG (eV)
e *OH- +ht 2> *0O*~ +H* 2.8
« *O*- +H,O0 +h* 2 *OOH- +H* 1.0
* *OOH- +h* 2> *0,- +H* 1.6
+ *O,- +H,0O +h* 2> *0OH- +0O, +H* -0.7
Net: 2H,O0 +4h* = O, +4H" 4.7
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Research interests

« Establishing a molecular level understanding of
catalysis and developing, in strong combination with
experiments, new catalysts using theoretical methods

« Specific themes are

() the cleaning of conventional oil-derived fuels:
hydrodesulfurization, hydrodenitrogenation

(1) the production, conversion and use of non-
conventional fuels such as hydrogen and alcohols:
alcohol synthesis from carbon dioxide, water-gas-shift
reaction, electrochemical reactions in fuel cell, ...



Water-gas-shift (WGS) reaction

CO + H,0 - CO, +H, AH=-41 KJ/mol

@ WAGS reaction is a part of steam reforming of hydrocarbons
CH,+nH,O—-nCO+ (m/2+n)H,

@ Increasing interest due to its emerging application for
» onboard purification &
» production of hydrogen for fuel cell vehicles.
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Catalysts for WGS reaction

@ Conventional catalysts:
» Mixture of Fe-Cr oxides at 350-500°C
» Zn-Al-Cu oxide at 180-250°C

@ New generation catalysts:
» Metal/oxide
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Catalysts for WGS reaction

@ Conventional catalysts:
» Mixture of Fe-Cr oxides at 350-500°C
» Zn-Al-Cu oxide at 180-250°C

@ New generation catalysts:
> Metal/oxide Mo,C
» Metal carbide
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Catalysts for WGS reaction

@ Conventional catalysts:
» Mixture of Fe-Cr oxides at 350-500°C
» Zn-Al-Cu oxide at 180-250°C

@ New generation catalysts:
» Metal/oxide

> Metal carbide 5 * Ni,P(001)
> Metal phosphide £ -
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Challenges in WGS studies

@ Mechanism

Associative Redox
*CO + *OH *OH or *OH +*OH

: 1

¢ 3 y}
YA A

*HCO; HOCO* HCOO*

@ Active species

@ Relation between atomic and electronic structures and WGS
activity



Integral approach to catalysis

Experiment Theory

@ Surface science studies @ Density functional
associated with catalysis theory

@ In-situ characterization @ Molecular dynamics
of catalysts @ Kinetic Monte Carlo

!

Better understanding of the catalytic behaviors
&
Rational design of better catalysts



Method

» Density Functional Theory (DFT) — DMol® or CASTEP
» Periodic self-consistent PW91-GGA or RPBE-GGA

» All electrons, effective core potential, ultra-soft
Vanderbilt pseudo-potentials

» Numerical basis sets, plane wave basis sets
» Spin polarization as needed

» Linear Synchronous Transit and Nudged Elastic Band
method for locating transition state



WGS reaction on Cu,,

Mechanism:
associative carboxyl

Energy (eV)

Liu, Rodriguez, J. Chem. Phys.

N . 126 (2007) 164705.
Rate-limiting step (rls): water dissociation (2007)



WGS reaction on Au,y, Cu(100) and Au(100)

Mechanism rls
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Micro-kinetic model for WGS reaction

WGS reaction on Cu,,

Kinetics Site balance

CO+*«< *CO 1 _

H,0 + * <> H,O* 22; Oco + 0,0 +Oon +Oocon +04 +6- =1

H,0* +* > HO* + H* (3) rls  Reaction rate

HO* + CO* & HOCO* + * (4)

HOCO* <> H* + CO, (5) AE,, 2 Pa, Peo,

r=Kk,exp(- P, K. O:(1-

2H* <> H, +2* (6) o KeT okl KgasPro PCO)
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WGS reaction rates
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WGS reaction on Au/T10,(110)

1
Au cluster
Ti02(110)
>0F == - T % y*
> HOCO*+H
()] -
N’ —
> == ) )
o 1L /— » CO oxidation
m I
- . o
Ll -\- / NO*+2H*+O*
J /
-3_ 1 1 1 1 1 1 1 1 1
O & & é" RIS X
A o @
_(3)22\ r\:x‘bv &(O Ng XO A OO*‘:( OO v

water dissociation

Rodriguez, Evans, Graciani, Park,_Liu, Hrbek, Sanz, J. Phys.
Chem. C 113 (2009) 7364.



WGS reaction on Au/T10,(110)
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WGS reaction on TiO,/Au(111)
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WGS reaction on TiO,/Au(111)
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WGS reaction on Ni,P(001)
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The high activity of Ni,P observed experimentally is due to the formation of a
Ni oxy-phosphide in the surface during the WGS reaction.



WGS reaction on Mo,C(001)
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The high activity of Mo,C observed experimentally is due to the formation of a
Mo oxy-carbide in the surface during the WGS reaction.




Rational design of better WGS catalysts

The good WGS catalyst should be active enough to dissociate
water, but still being able to oxidize and remove CO efficiently.

@ Materials with only one component
participating the reaction

Single-functional A
catalysts

] |

> 3
@ Single-active site directly > G,
functions all the steps in the G [ 3
WGS reaction 0 ,
@ The improvement of the ’%';
WGS activity is limited due to & %¢
the compromise of water ;...
dissociation and CO oxidation Bonding strength




Rational design of better WGS catalysts

The good WGS catalyst should be active enough to dissociate
water, but still being able to oxidize and remove CO efficiently.

@ Compounds with at least two
exposed co

Cose

WM (YR HEat> Multi-functional
LN W02 ) catalysts

@ Composite materials
@ Multi-active sites participate
he WGS reaction directly,

here each functions different
teps
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