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Reversible reaction: O2 + 2H2 ↔ 2H2O (E = 1.23 V) 
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H2/Li/M storage for clean energy technologies 

Reversible reaction: O2 + 2Li ↔ Li2O2 (E = 2.96 V) 

Li 
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Understanding and using the redox of oxygen is at  
the heart of clean energy technology development 



O2	  Electrocatalysis	  in	  Fuel	  Cells	  +	  Li-‐Air	  BaGeries	  
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A.	  Débart	  et	  al,	  Angew.	  Chem.	  Int.	  Ed.	  47	  (2008)	  4521	  
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Design new catalysts and materials for energy storage 
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Electronic	  Structure	  =>	  O	  Binding	  =>	  ORR	  AcRvity	  

Norskov, JPB 2004 
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Hammer, TOC 2006 



Current understanding of ORR mechanism on Pt 

J. Greeley, et al, Nature Chem 1 (2009) J.K. Norskov, et al, J. Phys. Chem. B  108 46 (2004) 
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Current Understanding of ORR mechanism on Pt 
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Current Understanding of ORR mechanism on Pt 



Rate limiting step for Pt 

OH binding on Pt surface limits the ORR kinetics 

J. Greeley, et al, Nature Chem 1 (2009) J.K. Norskov, et al, J. Phys. Chem. B  108 46 (2004) 



Modifying Surface Electronic Structure to enhance ORR 
activity on Pt-alloy surfaces 
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Norskov et al., Angew. Chem 
(2006) and JPCB 2004 

Marvrikakis et al., JACS 2004 
Marvrikakis and Novskov et al, 
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Kitchin et al. PRL 2004 

 

Stamenkovic et al. 
Science 2007 and Nature 
Materials (2007) 



ORR loss 

Non-noble-metal-containing oxides for ORR at high PHs 

A. Filpi, et al., ECS Transactions 16 (2008) D.B. Meadowcroft, Nature 226 847 (1970) 
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Perovskites	  for	  O2	  reducRon	  and	  evoluRon	  

	  
-‐ LaBO3(B	  =	  Cr,	  Mn,	  Fe,	  Co,	  Ni)	  

-‐ Lan+1BnO3n+1	  (n	  =	  1,	  2,	  3,	  and	  infinity)	  
-‐ LaA’BB’O3	  (A-‐	  and	  B-‐site	  subsRtuRon)	  

Flexible	  Chemistry	  

ObjecRve	  

Search	  for	  ORR	  acRvity	  descriptor	  on	  oxide	  surfaces	  
	  

La2B2+O4	  
(n=1)	  

LaB3+O3	  

O2 + 2H2O +4e ó 4OH- 



How	  to	  assess	  ORR/OER	  acRvity	  on	  perovskite	  powder	  

Intrinsic ORR activity can be estimated from thin films of oxide powder 
  

Suntivich, J., H.A. Gasteiger, N. Yabuuchi and Y. Shao-Horn, Journal of the Electrochemical Society, 8, B1263-B1268 (2010). 



Intrinsic	  ORR	  acRvity	  of	  perovskites	  vary	  greatly	  
Up	  to	  ~4	  orders	  of	  magnitude	  
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σ*	  

π*	  

d-orbitals 

Stronger	  hybridizaRon	  

Weaker	  hybridizaRon	  
Janes,	  R.,	  Moore,	  E.A.,	  Metal-‐Ligand	  Bonding	  (2004)	  

Octahedral field 

Two	  types	  of	  anRbonding	  d-‐electrons	  for	  TM	  ions	  

Eg	  

T2g	  



#	  d-‐electron	  of	  B	  ions	  ≠	  ORR	  descriptor	  
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Using	  Eg	  filling	  as	  a	  primary	  descriptor	  of	  ORR	  acRvity	  
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 For example 
 

 LaMnO3 → t2g
3eg

1 → d4 
 La1-xCaxMnO3 → t2g

3eg
1-x → d4-x 

 La2NiO4 → t2g
6eg

2 → d8
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Using	  Eg	  filling	  as	  a	  primary	  descriptor	  of	  ORR	  acRvity	  
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ORR	  mechanism	  for	  perovskites	  

z+	   z+1+	  

z+1+	   z+	  

z+	   z+1+	  

z+1+	   z+	  



Perspectives and open questions 

Suntivich, J. et al., Nature Chemistry, 2011 

Would	  the	  ORR	  descriptor	  found	  for	  perovskites	  be	  applicable	  for	  all	  oxides?	  
Would	  the	  ORR	  descriptor	  influence	  OER	  acRvity?	  
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Challenges	  in	  ORR/OER	  at	  high	  temperatures	  

[1]	  Webpage	  RWTH	  Aachen,	  [2]	  M.	  Mogensen,	  P.	  V.	  Hendriksen,	  in:	  High	  Temperature	  Solid	  Oxide	  Fuel	  Cells	  –	  
Fundamentals,	  	  Design,	  and	  ApplicaRons,	  Elsevier	  2003	  	  	  

[1]	  

[2]	  

Oxygen	  Reduc/on	  
Reac/on	  (ORR)	  
	  limits	  SOFC	  	  
performance	  

ORR	  



24	  

High-‐Temperature	  ORR/OER	  on	  Perovskites	  

SOFC	  operaRng	  at	  1	  A/cm2:	  

½O2+ 2e-à O2- 



Reduced	  Complexity:	  a	  Model	  System	  Approach	  

[1]	  	  F.	  Tiez,	  A.	  Mai,	  D.	  Stover,	  Solid	  State	  Ionics	  179,	  2008,	  1509-‐1515	  
	  LSC	  	  =	  La0.8Sr0.2CoO3-‐δ,	  GDC	  =	  Gadolinium	  doped	  Ceria,	  YSZ	  =	  Y8ria-‐stabilized	  Zirconia	  

[1]	  



Understanding surfaces to enhance ORR/OER activity 

[1] G. J. la O’ et al., Angew. Chem. Int. Ed. 2010, 49, 5344-5347, [2] E. J. Crumlin, E. Mutoro et al., JPCL 1, 2010, 3149, 
[3] E. Mutoro et al., Energy Environ. Sci., 2011, in press (doi:10.1039/C1EE01245B) 

[1-3] 

[2,3] 



Surface decoration: 113-La0.8Sr0.2CoO3/214-(La0.5Sr0.5)2CoO4
 

  E. J. Crumlin, E. Mutoro et al., JPCL 1, 2010, 3149 



Surface decoration enhances ORR/OER activity 

[1]  E. Mutoro et al., Energy Environ. Sci., 2011, in press (doi:10.1039/C1EE01245B),  E. J. Crumlin, E. 
Mutoro et al., JPCL 1, 2010, 3149, [2] G. J. la O’ et al., Angew. Chem 2010. 

[1]  Information of surface 
composition under 

operating conditions  
necessary 

Sr-rich surface 
phases can 
activate LSC 

214 surface addition 
greatly enhances 

ORR activity 

Films more active for 
ORR/OER than 

powder 



Reversible reaction: O2 + 2H2 ↔ 2H2O (E = 1.23 V) 
MxO 

O2 

H2 
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H2/Li/M storage for clean energy technologies 

Reversible reaction: O2 + 2Li ↔ Li2O2 (E = 2.96 V) 

Li 
M 

Understanding and using the redox of oxygen is at  
the heart of clean energy technology development 



Exploring redox of oxygen for new lithium storage technologies 

Simon	  and	  Gogotsi,	  Nature	  Materials,	  2008	  

T. Horiba et al., J. Power S. (2005) 107 

•  Energy	  and	  Power	  Gap	  
	  -‐	  High	  energy	  and	  high	  power	  density	  
systems	  for	  hybrid	  vehicles	  

•  New	  energy	  storage	  technologies	  with	  
much	  higher	  energy	  densiRes	  for	  electric	  
vehicles	  



membrane

2Li+ + 2e- +O2

Li
2O

2

Li+
e-
O2

current
collector

ProjecRng	  on	  the	  cell	  level	  –	  1/3	  
~	  1000	  Wh/kgLi-‐air	  cell	  
 
  

EsRmated	  gravimetric	  energy	  	  
~	  3000	  Wh/kgLi2Ox-‐cathode	  
 

Li-‐Air	  

ProjecRng	  on	  the	  cell	  level	  –	  1/3	  
~	  210	  Wh/kgLiCoO2	  cell 

EsRmated	  gravimetric	  energy	  	  
~	  620	  Wh/kgLiCoO2-‐cathode	  
 

Li-‐Ion	  (LiCoO2)	  

Li-‐air	  baGeries	  offering	  ~5	  fold	  in	  gravimetric	  energy	  
vs.	  Li-‐Ion	  baGeries	  

Lu et al, ESSL 2010 

O2 + 2Li ↔ Li2O2 (E = 2.96 V) 



Using	  O2	  electrocatalysis	  for	  Lithium	  Storage	  

Negative 
Electrode 

Positive 
Electrode carbon 

discharge	  

charge	  

A.	  Débart	  et	  al,	  Angew.	  Chem.	  Int.	  Ed.	  47	  (2008)	  4521	  

ORR	  loss	  

ORR+OER	  loss	  <	  70%	  Efficiency	  



PtAu/C	  exhibits	  record	  round-‐trip	  efficiency	  to	  date	  

Achieved	  record	  round-‐trip	  efficiency:	  75%	  
	  

Lu	  and	  Shao-‐Horn	  et	  al,	  	  J.	  Am.	  Chem.	  Soc.	  September	  Cover	  2010	  

100 mA/g; 0.04 mA/cm2 

1M LiClO4 in PC/ME(1:2) 

100 mA/g and 0.04 mA/cm2 

C: ~0.6 mg and Pt/C: ~0.5 mg; thickness: ~14 microns 



FuncRonalized	  O-‐MWNTs	  for	  High-‐Power	  Lithium	  Storage	  

1)	  S.W.Lee,	  B.S.	  Kim,	  S.Chen,	  Y.Shao-‐Horn,	  and	  P.T.	  Hammond,	  JACS	  2009	  
2)	  S.W.Lee,	  N.Yabuuchi,	  B.M.	  Gallant,	  S.Chen,	  B.S.Kim,	  P.T.	  Hammond,	  Y.	  Shao-‐Horn,	  Nature	  Nano.	  2010	  

5)	  S.W.Lee,	  B.M.	  Gallant,	  	  H.	  R.	  Byon,	  P.T.	  Hammond,	  Y.	  Shao-‐Horn,	  EES,	  2011	  

3)	  H.R.	  Byon,	  S.W.Lee,	  S.Chen,	  P.T.	  Hammond	  and	  Y.Shao-‐Horn,	  Carbon	  2010	  
4)	  S.W.Lee,	  J.	  Kim,	  S.	  Chen,	  P.T.	  Hammond,	  and	  Y.Shao-‐Horn,	  ACS	  Nano,	  2010	  



Functionalized O-MWNTs for high-power lithium storage 	  

35 S.W.Lee,	  B.M.	  Gallant,	  	  H.	  R.	  Byon,	  P.T.	  Hammond,	  Y.	  Shao-‐Horn,	  Energy	  and	  Environment	  Science,	  2011	  

5-‐10x	  increase	  in	  
power	  relaRve	  to	  
Li-‐ion	  ba8eries	  

	  
5-‐10x	  increase	  in	  
energy	  relaRve	  to	  
supercapacitors	  

	  
	  

Demonstrated high energy, power and lifetime of nanostructured electrodes for thin-film energy storage 
Technology licensed to Contour Energy Systems, CA 
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