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Scientific societal efforts reflect the growing global concerns on energy and environment

It also points out the opportunities that materials researchers can take.
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Synchrotron x-ray has 
advantages in study phase 

diagram and kinetics



Tech Integration



Neutron has advantages in 
refining the crystal structure and 

molecular encapsulations as 
function of pressure and 

temperature for clathrate hydrates 

dH2-H2 ~ 2.9 Å



The metal-organic framework (MOF)
Y(BTC)(H2O)4.3H2O (BTC = 1,3,5-benzenetricarboxylate) for the present case.

MOFs show striking pressurizing effect by the cages. Owing to the enormous variety and 
flexibility of the frameworks, MOFs may offer superior properties for hydrogen storage.



D2(1)
D2(2)

high-P / low-T neutron diffraction to reveal H2 adsorption mechanism

dH2-H2 ~ 3.0 Å



dH2-H2 ~ 3.0 Å

Solid 
Hydrogen

dH2-H2 ~ 3.76 Å
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20~22% reduction of the bond 
length in hydrogen cluster need to 

apply as much as 10’s kbar in 
pressure !!!

Hydrogen 
Clathrate
Hydrate

dH2-H2 ~ 2.9 Å

host-guest 
interactions 

(quantum clustering)

Cage
Structure
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FeTiH1.7 (300)

LaNi5H6 (300)

BaReH9 (<373)

Mg2NiH4 (600)

MgH2 (620)

KBH4 (580)

NaAlH4 (>520)

NaBH4 (680)

LiAlH4 (400)

C8H18

(Gasoline) LiBH4 (553)

DOE 2015 target 

DOE 2010 target 
DOE 2005 target 

H3BNH3 

(773)

H3BNH3 (373)

Liquid H2
H2 physisobed on carbon 

clathrate
64H2•136H2O

48H2•136H2O

H3BNH3 (433)

Compressed H2

700 bar

300 bar

H3BNH3 LaNi5H6 H2liguid H2 (200bar)H3BNH3 LaNi5H6 H2liguid H2 (200bar)

Hydrogen as on-board energy source:

4 kg H2 / 400 km

Major issues in hydrogen storage 
materials studies: 

hydrogen density and rehydrogenation

Can high pressure aid 
Rehydrogention of 

Ammonia Borane

Ammonia Borane NH3BH3 is a high 
hydrogen density material with a 

high release rate, however, 
rehydrogenation is difficult!



The molecular encapsulation and pressurizing 
effects has inspired us to investigate high lithium 
storage possibility.  Conducting MOFs, zeolites,  
and clathrates offer a route to design the nano-

architecture of electrode with high specific energy 
(high Li density!) . 

Lo
w

 e
ne

rg
y 

de
ns

ity

H
eavy &

 Expensive

Sustainability

Pollutants

Problems!!!



Anode Cathode

MOF-5 with Li12
cluster in cage

theoretical simulation

Alkoxide approach as a means of incorporating Li storage

Li(+0.9e)-decorated MOF-5



nSEC :  Integrated Neutron Scattering, Electrochemistry, and Calorimetry Studies

Neutron can “see” the movement of lithium ions and detect fast ionic transporting channels 
in the crystal structure, then provide guides on crystal engineering and synthetic chemistry!
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a/a < 0

a/a > 0

Compression Tension

Initial enhancement of bulk modulus observed for the nano-ceramics may 
result from the “pre-” compressed surface lattices in the shell volume of the 
nano- crystal grains; 

The high pressure induced work-weakening/cold-welding type of grain growth 
fuse surface shell with bulk cores, correspondingly the elastic modulus 
reduces/approaches the bulk values at high-pressures after Pc. 

Initial reduction of bulk modulus observed for the nano-metals may result from 
“pre-” expanded surface lattices in the shell volume of the nano- crystal grains; 

High pressure induced work-hardening after the bulk yield reflects continuous 
densification of the surface shell while bulk core also experience compression. 



Powder Compaction
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The surface 
shell of nano-

crystals

(stress concentration due to grain-to-grain contacts)

(stress field applied to the overall sample)

(no stress applied on the “infinite” atomic lattices)

The strain imposed 
by applied stresses 
& by grain-to-grain

stress 
concentration at 
contact points

Uniform Core
and

Strained Surface
Palosz Modelnano-crystal

High P-T
Experiments



Metal nano-Ni with tensile shell 
shows work-hardening under 
stress (P)

Compression

Tension

Ceramic nano-TiO2 with compressed 
shell shows work-weakening under 
stress (P)

Ceramic 
nano-TiO2

Metal 
nano-Ni

as < ao

as > ao
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Time Consuming 
Labor Intensive 

High Risk 

Harder & Tougher 
Drill-Bit



Human Evolution from Stone Age to Bronze Age 
A History of Pursuing Harder & Tougher Tools



High-Pressure and High-Temperature Forged
Agriculture to Industrial Transformation



Diamond/cBN Tools Are Widely Used in Modern Industries
!! Hardness, Toughness, Strength, & Thermal Stability !!



Example of energy lost during conversion and 
transmission.  Imagine that the coal needed to 
illuminate an incandescent light bulb contains 
100 units of energy when it enters the power 
plant.  Only two units of energy eventually light 
the bulb.  The remaining 98 units are lost along 
the way, primarily as heat.

Overall Efficiency of an 
Incandescent Bulb  2%

The saved energy is the cleanest energy !

Engineering Challenges!!
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Aswathy et al., 
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Tetragonal I  II (3 GPa)  high-P phase (>20GPa)

Tetragonal-I 
(ambient)

Tetragonal-II

Collapsed 
Tetragonal Phase

NaFeAs
(111)
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P>Pd

P<Pd

Hydrate
stable

Hydrate
dissociates

Hydrate

dl PP 

0lP

~10mGas Phase 
Patterns:

Effect of 
Pore-Size 

Distribution

Pore-Fluid Modeling of
Hydrate Formation

Pore-Network Schematics
Traps for gas and water

Pore

Hydrate 
Dissociation 

in a 
Single Pore

P-T
Effects!

(10-6 – 10-5 )m

(10-9 – 10-8 )m

(10-8 – 10-7 )m

P>Pd

P<Pd

P=Pd

Gas production
possible

Gas production 
NOT possible

Gas production

Clathrate hydrate

Clathrate hydrate

Clathrate hydrate

Water 
Trapped

CH4



Experiments

Simulation

Implementation

晶体结构相变

纳米力学性质

相邻分布函数

岩石形变力学

Geo-hydrology

Large
Scale
Model

Real
Field
Tests

diffraction

Tomography

TEM / SEM

Curiosity versus Mission
(interest and responsibility)



Basic Research Needs to Assure a Secure Energy Future
• Energy Independence • Environmental Sustainability • Economic Opportunity •

DOE : Basic Research Needs
Advanced Nuclear Energy Systems;   Catalysis for Energy; Combustion of 21st 

Century Fuels;   Electric Energy Storage; Geosciences: Facilitating Energy 
Systems;   Hydrogen Economy;   Materials under Extreme Environments;   Solar 

Energy Utilization;   Solid-State Lighting;   Superconductivity



• How do we control material processes 
at the level of electrons?

• How do we design and perfect atom-
and energy- efficient synthesis of 
revolutionary new forms of matter with 
tailored properties?

• How do remarkable properties of 
matter emerge from complex 
correlations of the atomic or electronic 
constituents and how can we control 
these properties?

• How can we master energy and 
information on the nanoscale to create 
new technologies with capabilities 
rivaling the living things?

• How do we characterize and control 
matter away — especially very far away
— from equilibrium?

Directing Matter and Energy: Five Challenges for Science and the Imagination



Nuclear Energy   /   Fission + Fusion   
Extreme Conditions











资源与环境！








