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Mission:	
  To	
  accelerate	
  the	
  discovery	
  and	
  synthesis	
  	
  	
  	
  	
  
of	
  new	
  energy	
  materials	
  using	
  extreme	
  condi<ons	
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1.  Characterize and understand existing materials in extreme 
environments 

2.  Design, discover and synthesize new materials using 
extreme environments 
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Hydrogen under pressure 

Rotational	
  
disordered	
  hcp	
  	
  
	
  

[Naumov & Hemley, Accts. Chem. Res. (2014)] 

‘Graphenic’ hydrogen at 230 GPa  
(phase IV) 

Neutron diffraction of D2  
to 30 GPa (phase I) 

[Glazkov et al., JETP Lett. (1988)] 



•  ~20 stable and  
   metastable phases 
 

•   Novel transitions 
    - non-molecular 
    - amorphization 
    - superionic 
    - liquid/liquid trans 
 

•  High P-T fluid 
 

•  Electronic prop. 
 

•  New chemistry 
 

•  Breakdown of H2O 

•   Supporting life 
   at extreme P-T 

High-pressure behavior of water: 
new questions and surprises  



[Somayazulu et al., Nature Chem.  (2009)] 

 
              Xe(H2)7 

[Somayazulu et al., Science  (1996); 
W. Mao et al. Chem. Phys. Lett.  (2005)] 

 

   CH4(H2)4 
  33.4 wt% H2 

      Novel Dense Molecular Compounds 

(H2S)2H2 

[Strobel et al.,         
Phys. Rev. Lett. 
(2010)] 

Al2Cu type 

(H2O)2H2 

[Strobel et al.,                           
J. Phys. Chem.                 

(2011)] 

α-quartz-type 

Insulating to >255 GPa 

H2O-H2 

[Vos et al., Phys. Rev.                   
Lett. (1993)] 

11.3 wt% H2 

Higher pressure:  Superconductor: Tc = 203 K    
[Drozdov et al., Nature (2015)] 



  Neutron diffraction at megabar pressures 

[Boehler et al., High Pressure Res. (2013)] 

D2O 	
  

[Hemley et al., Nature (1987)] 

X-ray H2O 	
  

H2O 
128 GPa 	
  

Increase sample volume by x100 at 100 GPa 
(10-4 mm3 to ~2 x 10-2 mm3) 



  New insights into ‘proton centering in dense ice 

•  Rietveld refinement 

•  Low pressure data agree well  
  with previous work 

•  Abrupt reduction in quality of          
  fit above 25 
 
 

Pressure (GPa) 

Good fit 

Bad fit 

[Guthrie et al., PNAS (2013)] 

Observed intensities 
consistent with 
scattering density in 
the octahedral voids 
of O lattice 



EFree currently supports five center-wide projects 

1.	
  	
  New	
  Nanophase	
  Carbons	
  
To	
  stabilize	
  and	
  characterize	
  new	
  forms	
  of	
  carbon	
  through	
  tailored	
  synthe<c	
  processes	
  	
  
for	
  the	
  development	
  of	
  new	
  structural	
  materials	
  (Lead:	
  Badding,	
  Penn	
  State).	
  
	
  

2.	
  	
  Next	
  Genera<on	
  Porous	
  Materials	
  
To	
  obtain	
  porous,	
  mesoporous	
  and	
  mesostructured	
  crystalline	
  materials	
  at	
  high	
  pressure	
  for	
  
catalysis,	
  gas	
  storage,	
  and	
  other	
  applica<ons	
  (Lead:	
  Landskron,	
  Lehigh).	
  
	
  

3.   New	
  Solar	
  Energy	
  Materials	
  	
  
To	
  synthesize	
  new	
  materials	
  that	
  will	
  have	
  a	
  transforma<ve	
  impact	
  on	
  solar	
  light	
  	
  
absorp<on,	
  conversion	
  efficiencies	
  and	
  manufacturing	
  costs	
  (Lead:	
  Strobel,	
  Carnegie).	
  

4.   Ion	
  Transport	
  Processes	
  
To	
  characterize	
  the	
  structural	
  features	
  that	
  underlie	
  ion	
  transport	
  	
  
in	
  baWery	
  materials	
  (Lead:	
  Fultz,	
  Caltech).	
  
	
  
5.   Electron	
  Transport	
  in	
  Light	
  Element	
  Materials	
  
To	
  uncover	
  novel	
  electron	
  transport	
  in	
  light	
  element	
  containing	
  
materials	
  for	
  enhanced	
  electrical	
  transport	
  (Lead:	
  Hemley,	
  Carnegie).	
  
	
  

Carbon	
  Nanothreads	
  

Mesoporous	
  S=shovite	
  

Lix	
  FePO4	
  

Graphenic	
  	
  
Hydrogen	
  
	
  

Open-­‐Framework	
  Si24	
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ENERGY FRONTIER RESEARCH IN EXTREME
ENVIRONMENTS CENTER

The Pressure is on at Oak Ridge

Researchers at Oak Ridge National Laboratory’s Spallation Neutron Source, including EFree
Technical Coordinators Reinhard BoehlerReinhard Boehler and Chen LiChen Li, and EFree Affiliated
Scientists Bianca HaberlBianca Haberl and Chris TulkChris Tulk, have developed technology to use diamond anvil
cells to squeeze materials to more than 100 GPa while studying them with neutrons. Their
work has been featured on the ORNL website.
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December	
  10,	
  2015,	
  Oak	
  Ridge	
  Na=onal	
  Laboratory	
  
	
  

Neutron	
  Day	
  will	
  give	
  personnel	
  from	
  across	
  the	
  Center	
  an	
  opportunity	
  to	
  share	
  ideas	
  and	
  
plan	
  for	
  the	
  future	
  applica2on	
  of	
  neutron	
  techniques	
  to	
  energy	
  materials	
  problems.	
  



Goals	
  of	
  the	
  Mee*ng	
  

1.  Update on capabilities? 
       - SNAP, VISION, NOMAD, ARCS, other instruments 
 

2.  Neutron scattering needs/opportunities for 
projects?   

      - 1. carbons, 2. porous, 3. solar, 4. ion transport, 5. low-Z  
 

3.  What new developments are needed? 
 - how can EFree help, resources required, leverage 

 

4.  New projects? 
     -  brainstorm, feasibility studies, near- and long-term 
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