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Towards	Catalyst	Design	
Rules	
	



Why	catalysis?	

•  >10%	of	GNP	
	

•  ~10%	of	energy	use	

•  ~90%	of	chemicals	and	
materials	producKon	
dependent	on	catalysis	

•  Sustainable	fuels	and	
chemicals	only	possible	w.	
new	catalysts	

	
Energy Use and Energy Intensity of the U.S. Chemical Industry 
Worrell, Phylipsen, Einstein, Martin, Energy Analysis Department, LBNL 

Control	of	chemical	processes:	



Ammonia	Synthesis	

“Most	important	discovery	in	20th	century”		
Smil,	Nature	400,	415	(1999)	

Industrial production 
Haber-Bosch process 

+ N2	 3H2	 2NH3	

•  1-2%	of	all	energy	use	in	
world	



The	need	for	a	new	chemistry	
Need	technology	for	production	of	chemicals,	incl.	fuels,		

that	does	not	rely	on	fossil		feedstocks		
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The	need	for	a	new	chemistry	

Current	technology	is	extremely	wasteful	
 

 
Subsector Quantity 

produced 
ton product per 

year 

Product Value 
US $ per kg 

E-factor 
(kg waste/kg 

product) 

Oil Refining 106 – 108 <5 < 0.1 

Bulk Chemicals 104 – 106 1-10 < 1 to 5 

Fine Chemicals 102 – 104 10 – 103 5 to > 50 

Pharmaceuticals 10 -103 102 - 106 25 to100 

Sheldon,  Chemtech, March 1994, p38 



The	need	for	a	new	chemistry	
Many	processes	do	not	have	a	catalyst	

	

Example:	CH4+O2 à CH3OH  
 

 

NYTimes.com 



The	need	for	a	new	chemistry	
Decentralized	production		

	

 

 
à   

à   ? 



Catalyst	design	strategy	

1.  Develop	a	theory	of	
catalysis	that	extracts	the	
most	important	descriptors	
of	catalyKc	rates	

2.  Find	opKmum	rate	and	
selecKvity	criteria	

3.  Use	computers	to	search	
for	leads	

4.  Include	feedback	from	
experiment		

TESTTHEORY

SYNTHESIS CHARACTERIZATION



Theory	of	catalysis	–	Dealing	with		complexity			

Ammonia synthesis over Ru 

Honkala,	Remediakis,	LogadoZr,	Nørskov,	Hellmann,		
Dahl,	Carlsson,	Christensen,		Science	307,		555	(2005)	

14 relevant  
energy  
descriptors 



Dealing	with	complexity		
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Figure 1: The challenge of reaction network complexity in catalyst discovery.(a) Reaction network for the reaction of syngas
(CO + H2) to CO2, water, methane, methanol, acetaldehyde, and ethanol, including surface-adsorbed intermediates with
up two carbons and two oxygens (C1/C2 chemistries). Even for this reduced network, there are hundreds of reactions and
thousands of possible mechanisms to consider for each new catalyst active site, which are prohibitively expensive for materials
discovery screens. (b) The reduced network for syngas reactivity on Rh(111), producing acetaldehyde selectively as confirmed
by experiment. The reduction from (a) to this subset is made more e�cient and uses far fewer full-accuracy DFT calculations
using the methods in this work.
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Ulissi,	Medford,	Bligaard,	Nørskov	(2016)	
Yang,	Medford,	Liu,	Studt,	Bligaard,	Bent,	Nørskov,	JACS	(2016)		
	

CO	(and	CO2)	hydrogenation		

Need guiding principles 



The	approach	–	complexity	reducKon	

1.  Understand	intrinsic	
acKvity/selecKvity	of	
surfaces	

	

2.  Add	effects	of		
–  Finite	size	
–  AddiKves	
–  Support	
–  ….	

3.  Test	model	by	making	
predicKons	
–  Design	rules	

Theory of transition metal heterogeneous catalysis 

Li,	Larsen,	Romero,	Morozov,	Glinsvad,	Abild-Pedersen,	Greeley,	
Jacobsen,	Nørskov,	J.	Phys.	Chem.	Led.,	4,	222	(2013).	



Outline	

•  IntroducKon	to	scaling	
relaKons	
–  Simple	example:	NH3	synthesis	
	
	

•  AcKvity	and	selecKvity	maps	
–  GeneralizaKon	to	more	more	

complex	reacKons	
	

•  Catalyst	Design	Strategies	
–  The	opKmum	descriptor	
–  Beyond	known	scaling	

relaKons	

Theory of transition metal heterogeneous catalysis 
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Theory of transition metal heterogeneous catalysis 



Simple	model	of	Ammonia	synthesis	

Mechanism:	
	
(1)	
(2)	
	
(1)	is	rate	determining	

N2 + 2*→ 2N *
N *+ 3

2 H2↔ NH3



Descriptors:	from	two	to	one		

Vojvodic, Medford, Khan,  Studt, Abild-Pedersen, Bligaard, 
Nørskov, CPL 598	,	108	(2014)	



More	scaling	relaKons;	ammonia	synthesis	

Wang,	Petzold,	Tripkovic,	Kleis,	Howalt,	
Skulason,	Fernandez,	Hvolbæk,	Jones,	
Tolelund,	Falsig,	Björketun,	Studt,	Abild-
Pedersen,	Rossmeisl,	Nørskov,	Bligaard,	PCCP	
13,	20760	(2011)	

N-N 

NH2* 

NH* 

Vojvodic,	A.	J.	Medford,	Khan,		Studt,	Abild-Pedersen,	
Bligaard,	Nørskov,	CPL	598	,	108	(2014)	



Full	model,	theory	vs.	experiment	

Aika, Yamaguchi, 
Ozaki, Chem. Lett. 
2, 161 (1973)  

Vojvodic,	Medford,	Studt,		Abild-Pedersen,	Kahn,	Bligaard,	Nørskov,		
Chem.	Phys.	Led.	598	,	108	(2014)	



QuanKfying	DFT	errors		

Medford,	Wellendorff,	Vojvodic,	Studt,	Abild-Pedersen,	
Jacobsen,	Bligaard,	Nørskov,	Science	345,	197(2014)	

Scaling relation     Activity map   

EN-N=αEN+ β 



Scaling	in	hom.	catalysis	

Wang,	Montoya,	Tsai,	Alquist,	Jens	K.	Nørskov,	Studt	(2015)	
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Outline	

•  IntroducKon	to	scaling	
relaKons	
–  Simple	example:	NH3	synthesis	
	

•  AcKvity	and	selecKvity	maps	
–  GeneralizaKon	to	more	more	

complex	reacKons	
	

•  Catalyst	Design	Strategies	
–  The	opKmum	descriptor	
–  Beyond	known	scaling	

relaKons	

Theory of transition metal heterogeneous catalysis 



More	complexity:	CO	hydrogenaKon	
	
•  Methane	synthesis:	

–  CO	dissociaKon	(H-assisted)	
–  CHx	hydrogenaKon	
–  OHx	hydrogenaKon 		

•  Methanol	synthesis:	
–  CHxO	hydrogenaKon	
–  CHx-O	dissociaKon	

•  Ethanol	synthesis:	
–  CHx-CO	coupling	(CO	inserKon)	
–  CCO	backbone	hydrogenated	
via	network	of	28	elementary	
steps	

	
51	elementary	steps,	30	
intermediates	→	81	parameters		
	



Scaling	relaKons,	EtOH	synthesis	



AcKvity	and	selecKvity	maps	

Medford	,	Lausche,		Abild-Pedersen,	Temel,		Schjodt,		Nørskov,	Studt	,	Top.	Catal.	2014,	57,	135.	

573 K, 2:1 H2:CO, 90 bar, stepped surfaces  



Medford	,	Lausche,		Abild-Pedersen,	Temel,		
Schjodt,		Nørskov,	and	F.	Studt	,		
Top.	Catal.	2014,	57,	135.	

Pt-Co/SiO2 

Cu-Co 

Christensen	et	al,	Catal.	Led.	2014,	144,	777.	

Mendes,	J	Sinder,		Fleischman,		Kibsgaard,	
Aranda,	TJaramillo,	2016,	

Comparison	to	experiment	

Kruse	et.	al.	J.	Am.	Chem.	Soc.	135,	7114	(2013)	
Baker,	Burch,		Yuqin,	Appl.	Catal.	73,	135	(1991).	
Dong	et	al.,	Catal.	Today	147,	158	(2009).	
Mahdavi,	Peyrovi,Islami,	Mehr,	Appl.	Catal.	A	Gen.	281,	259	(2005).	
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Theory of transition metal heterogeneous catalysis 



Finite-size	Effects	
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Sources	of	`inite-size	effects		

•  Ratio	of	edge	and	terrace	sites		

•  Compression	of	metal	surface	(strain)	

•  Quantum-size	effects		



Finite-size	Effects	

Cluster	Calculation		
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Li,	Abild-Pedersen,	Greeley,	Nørskov,	J.	Phys.	Chem.	Lett.,	6,	
3797-3801.	2015	
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Finite	size	effects	

Li,	Larsen,	Romero,	Morozov,	Glinsvad,	Abild-Pedersen,	Greeley,	
Jacobsen,	Nørskov,	J.	Phys.	Chem.	Led.,	4,	222	(2013).	

Surface	chemistry	
is	a	quite	local	effect…	



The	opKmum	descriptor:	design	rules	

Jacobsen,	Dahl,	Clausen,	Bahn,	LogadoZr,	
Nørskov,	JACS	123,	8404	(2001)		



New	non-Pt	group	HER	catalysts		
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2(H+ +e-)à H2 



CO2	reducKon	to	methanol	

Studt,	Abild-Pedersen,	
Elkjær,	Sharafutdinov,		
Dahl,		Chorkendorff,	
Nørskov,	Nature	Chem.	
(2014)	
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Theory of transition metal heterogeneous catalysis 



Looking	for	excepKons	to	the	rule	….	

	
Singh,	Rohr,	Nørskov	(2016)	
	

Ammonia synthesis 
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The	need	for	a	paradigm	shil	
OER 
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The	challenge	

Finding	strategies	to	circumvent	scaling		–		nano-structuring			

Peterson,	Nørskov,	J.	Phys.	Chem.	Led.	3,	251	(2012) 	Vojvodic	,	Nørskov,	NaKonal	Science	Review	(2015)	
	 	 	 	 	Montoya,	Vojvodic,	Nørskov	(2015)	

	



Looking	for	excepKons	to	the	rule	….	

	
Singh,	Rohr,	Nørskov	(2016)	
	

Ammonia synthesis 



Doyle,	Montoya,		Vojvodic,	ChemCatChem	7,	738	(2015).	

Confinement:	2D	->	3D	AcKve	Sites	



A	new	OER	Catalyst	

Seitz,	Dickens,	Nishio,	Hikita,	Montoya,	Doyle,	Kirk,	Vojvodic,	Hwang,	Norskov,	Jaramillo	(2016)	

Acid-stable catalysts 



Reasonably	favorable	scaling	…..	

	

Seitz,	Dickens,	Nishio,	Hikita,	Montoya,	Doyle,	Kirk,		
Vojvodic,	Hwang,	Norskov,	Jaramillo	(2016)		



Elements	of	a	theory	of	heterogeneous	catalysis	
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•  Rate[reacKon	condiKons,	catalyst]	
•  Scaling	relaKons	define	mapping:		

catalyst	à	descriptors:	
•  Rate[reacKon	condiKons,	descriptors]	

•  Scaling	relaKons[acKve	site	structure]	
•  Descriptor	values[electronic	structure,	

acKve	site(s)]	

•  Guidance	for	new	catalysts	and		
processes	in	descriptor	space	

•  Guidance	with	esKmated	accuracy	

A quantitative model of rates + concepts to understand trends 
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