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Introduc)on:	
  energy	
  sources	
  and	
  uses	
  



The challenge of sustainable energy sources 

Source: Report of Inter- 
Governmental Panel on Climate 
Change 
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New	
  Materials:	
  key	
  to	
  
be=er	
  devices	
  (more	
  
stable,	
  more	
  efficient)	
  
	
  
E.D.	
  Cubuk,	
  B.	
  Malone,	
  	
  
G.	
  Tritsaris,	
  B.	
  Onat	
  
	
  



Artificial Nano Tree 
(based on QM simulations) 

Cheng et al., JPCC (2008). 

Experiment:  

S.	
  Meng	
  et	
  al.	
  



Mo#va#on:	
  Growing	
  role	
  of	
  Chemical	
  produc#on	
  
in	
  Industrial	
  Energy	
  demand 

EXXONMOBIL, “The Outlook for Energy 2040” (2014). 

Global	
  industrial	
  energy	
  use	
  also	
  is	
  driven	
  by	
  the	
  	
  
chemicals	
  sector,	
  where	
  demand	
  for	
  energy	
  is	
  rising	
  	
  
about	
  50	
  percent	
  faster	
  than	
  overall	
  energy	
  
demand.	
  	
  
	
  
Chemical	
  companies	
  use	
  energy	
  in	
  two	
  ways:	
  as	
  a	
  	
  
fuel	
  and	
  as	
  a	
  feedstock	
  to	
  make	
  plas)cs	
  and	
  other	
  	
  
products	
  essen)al	
  to	
  manufactured	
  goods	
  
	
  



Need  for catalysis research:  
Chemical production relies on catalysis 

•  Catalysis for sustainable 
energy 

•  Catalysis for  
sustainable chemicals  

•  Optimization of existing 
industry 



Reduction in energy cost using catalysis 

•  Increase selectivity
— get the product 
you want with little 
or no waste CH3O-C(H)=O + 2 H2O 

CO2 + 2 H2O 

3	
  CH3OH	
  +	
  Oa	
  	
  
H2C=O +  
H2O 

Example:  Methanol 
oxidation on Ag or Au 

Its all about 
kinetics! 



Catalysis:  Modification of kinetics via 
introducing intermediate steps   

•  Increase rate 
•  Lower 

operating 
temperature 
(save 
energy) 



O3 

CH3OH 

H2O 

H2O 

CH3OC(=O)H 
H2O 

Rate-limiting step:  
H elimination from 

CH3O  

Oxidative self-
coupling of 
methanol 

Au(111) 

	
  Xu,	
  B.,	
  Liu,	
  X.,	
  Haubrich,	
  J.,	
  Madix,	
  R.	
  &	
  Friend,	
  C.	
  Angew.	
  Chem.,	
  Int.	
  Ed.	
  48,	
  4206‐4209	
  (2009).	
  

Ester:  Methyl Formate 



δ+ δ- 
Electron	
  distribu)on	
  
leads	
  to	
  reac)on	
  of	
  
nega)vely	
  polarized	
  
species	
  with	
  posi)vely	
  

charged	
  one	
  

Generalization:  Guiding principle for 
designing new reactions 

Prediction:  Any molecule with electron-
deficient carbon should react with OCH3 on  
O/Au surface  (e.g. CO or NR2 
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EFRC	
  Par#cipants:	
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Goal: Develop 
design principles 
for increasing 
selectivity and 
lower operation 
temperatures to 
reduce energy 
expenditure 



The	
  DOE	
  EFRC	
  Program	
  

h=p://science.energy.gov/bes/efrc/	
   11 

The	
  Office	
  of	
  Basic	
  Energy	
  
Sciences	
  in	
  the	
  U.S.	
  
Department	
  of	
  Energy’s	
  
Office	
  of	
  Science	
  
established	
  the	
  Energy	
  
Fron)er	
  Research	
  Center	
  
(EFRC)	
  program,	
  to	
  
accelerate	
  such	
  
transforma)ve	
  discovery,	
  
combining	
  the	
  talents	
  and	
  
crea)vity	
  of	
  our	
  na)onal	
  
scien)fic	
  workforce	
  with	
  a	
  
powerful	
  new	
  genera)on	
  
of	
  tools	
  for	
  penetra)ng,	
  
understanding,	
  and	
  
manipula)ng	
  ma=er	
  on	
  the	
  
atomic	
  and	
  molecular	
  
scales.	
  



Integrated	
  Mesoscale	
  Structures	
  of	
  Sustainable	
  Catalysis	
  (IMASC)	
  
Director:	
  Cynthia	
  Friend	
  (Harvard	
  University)	
  

EFRC	
  mission	
  statement:	
  
To	
  develop	
  a	
  fundamental	
  
understanding	
  of	
  how	
  to	
  design	
  and	
  
use	
  novel	
  mesoporous	
  catalyst	
  
architectures	
  for	
  sustainable	
  
conversion	
  and	
  produc#on	
  of	
  
plaJorm	
  chemicals	
  through	
  selec#ve	
  
oxida#on	
  and	
  selec#ve	
  
hydrogena#on	
  

RESEARCH	
  PLAN	
  
Principles	
  for	
  designing	
  cataly#c	
  processes	
  that	
  will	
  reduce	
  energy	
  
consump#on	
  in	
  producing	
  chemical	
  produc#on	
  will	
  be	
  constructed	
  using	
  
advanced	
  experiment	
  and	
  theory.	
  	
  Porous	
  catalyst	
  architectures	
  will	
  be	
  
studied	
  under	
  a	
  wide	
  range	
  of	
  condi#ons	
  in	
  order	
  to	
  op#mize	
  produc#on	
  of	
  
most	
  desirable	
  products.	
  



200 nm 

1 µm 

Nanoporous Au Microspheres Nanoporous Au Ingots 

200 nm 

1-3 at% Ag (EDS) 1-3 at% Ag (EDS) 

Nanoporous Au: Dilute Ag/Au alloys exploit 
ability of Ag to dissociate O2 

TEM 



A B C 

CH3OH	
  (0.05	
  torr)+	
  O2	
  
(0.1	
  Torr)	
   CH3OH	
  (0.05	
  torr)	
  

Pore 

O2	
  (0.1	
  torr)	
  

Vacuum,	
  1	
  hr.	
   O2	
  (0.1	
  torr)	
   CH3OH	
  (0.05	
  torr)+	
  O2	
  
(0.1	
  Torr)	
  

Environmental TEM shows dynamic nature of catalyst:  
CH3OH + O2 on npAu 

NPAu 



The	
  role	
  of	
  theory:	
  “Mul#scale	
  modeling	
  of	
  complex	
  
chemical	
  systems”	
  

15 

Macroscopic	
   Mesoscopic	
   Microscopic	
  

Prof.	
  Sauro	
  Succi	
  
Applied	
  Computa)on	
  274:	
  	
  
Computa)onal	
  modeling	
  of	
  fluids	
  and	
  soh	
  ma=er	
  	
  



Methoxy	
  spliRng	
  on	
  TiO2	
  surface	
  

•  Formaldehyde was photochemically produced from 
methoxy on TiO2 (110) surface 

D.	
  Vinichenko	
  
G.	
  Kolesov	
  
G.	
  Tritsaris	
  
O.	
  Granas	
  
R.	
  Hoyt	
  



Example:	
  ozone	
  photolysis	
  
•  Excita)on	
  HOMO	
  to	
  LUMO:	
  slow	
  dissocia)on	
  

•  Excita)on	
  HOMO	
  to	
  LUMO+1:	
  quick	
  dissocia)on	
  



Wrong	
  excita)on	
  (visible	
  light)	
  	
  



Right	
  excita)on	
  (UV	
  light)	
  	
  



2nd	
  excited	
  state	
  trajectory	
  

•  Movie:  
o3split.mov 



TDDFT	
  trajectory:	
  	
  
Electron 	
   	
  	
   	
   	
   	
  Hole	
  





Integrated Mesoscale Architectures 
for Sustainable Catalysis (IMASC) 


