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Yushan Yan  
Distinguished Engineering Professor 

Department of Chemical and Biomolecular Engineering 
University of Delaware 

Clean Energy: Flash without Flame 

Fraunhofer - Delaware Technology Summit 
3:00 – 3:30 pm, Clayton Hall, UD  3 

•  Food 
• Air 
• Water 
• … 
• Energy 

Civilization  
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Combustion 

Energy Today 

	  e-‐	  Fuel	  loses	  electrons	  
and	  is	  oxidized	  

O2	  takes	  electrons	  and	  
is	  reduced	  
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•  Redox	  
•  Indirect	  e-‐exchange	  
•  High	  efficiency	  	  
•  H2	  à	  Zero	  CO2	  

Electrochemical	  
Conversion	  

Energy Tomorrow 

Fuel	  Cell,	  Solar	  Hydrogen,	  Flow	  BaTery	  
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•  Fuel	  cell	  
•  Solar	  hydrogen	  
•  Flow	  baTery	  

Energy Tomorrow 

H2	  +	  ½	  O2	  à	  H2O	  	  
Hydrogen	  oxida:on	  
H2	  à	  2H+	  +	  2e-‐	  

Oxygen	  reduc:on	  
½	  O2	  +	  2e-‐	  +	  2H+	  à	  H2O	  
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Proton	  Exchange	  Membrane	  Fuel	  Cell	  
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PEM	  Fuel	  Cell	  Economics	  

•  Commercializa:on	  barrier:	  
–  Cost	  

•  Solu:on:	  	  
–  Switch	  to	  non-‐precious-‐metal	  
catalysts	  and	  inexpensive	  
membranes	  

•  Pt: $2,200/oz 
• Ag: $22/oz 
• Ni: $0.56/oz 
 
Metal prices 
(5-year-average: 
2007/09-2012/09, from 
www.metalprices.com) 

H2	  +	  ½	  O2	  à	  H2O	  	  

10 10	  

Hydroxide	  Exchange	  Membrane	  Fuel	  Cell	  
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Development	  of	  HEMFC	  

•  Membranes	  
•  Cathode	  catalysts	  
•  Anode	  catalysts	  
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Quaternary	  Phosphonium	  Ca2on	  
Func2onalized	  Polymers	  (QPOH)	  

n

TMA-QAPSfOH

OH
-

O O

CH3

CH3

S

O

O

CH2

CH3CH3

CH3

N
+

n
O O

CH3

CH3

S

O

O

CH2

P
+

H3CO

H3CO

OCH3

OCH3

OCH3

H3CO

H3CO OCH3

OCH3

OH
-R4N+:  

•  Low OH- conductivity 
•  Low stability 
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Fuel	  Cell	  
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Ni	  anode	  + 	  Ag 	  c athode HEM

Gu et al., Chem Commun, 2013. 

Ni anode: 80% Ni/C with 5.0 mgNi/cm2 loading 
Ag cathode: Ag with 0.5 mgAg/cm2 loading 
70 oC cell temperature, H2 fuel, O2 oxidant  

HEMFC performance 
(Ni anode, Ag cathode) 

14 



3/19/13 

8 

AgNW	  Cathode	  Catalyst	  
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•  Fuel	  cell	  
•  Solar	  hydrogen	  
•  Flow	  baTery	  

Energy Tomorrow 
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•  Fuel	  cell	  
•  Solar	  hydrogen	  
•  Flow	  baTery	  

Energy Tomorrow 
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Single-‐Membrane	  FB	  
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Double-‐Membrane	  Triple-‐Electrolyte	  (DMTE)	  FB	  

•  High	  voltage	  

•  High	  energy	  density	  
•  High	  power	  density	  

•  Low	  cost	  

20 



3/19/13 

11 

21 

•  Highest	  voltage	  of	  all	  known	  aqueous	  redox	  flow	  baTeries	  
•  Low	  cross-‐over	  of	  electrochemically	  ac2ve	  ions	  	  

Double-‐Membrane	  Triple-‐Electrolyte	  (DMTE)	  FB	  
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Flow	  BaTery	  
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Flow	  BaTery	  
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Flow	  BaTery	  
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S. Gu et al. ChemSusChem 2010 S. Gu et al. Angew. Chem. Int. Ed. 2009 
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S. Gu et al. ChemSusChem 2012 S. Gu et al. Chem. Commu. 2013 
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• Combustion à electrochemical conversion 
• Technology revolution 

• Acid membrane à base membrane 
• Paradigm shift 

Ø  Enables cheap catalysts and membranes 
Ø  Makes electrochemical devices commercially viable 

• Fuel cells, solar hydrogen generators and flow batteries  
• Provide a safe, clean, and sustainable energy system  
 


