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Global Energy Inventory
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Future Global Energy Inventory?

nuclear ...
8000 new nuclear
power plants (8 TW)

hydro …limit (0.7 TW)

wind …theoretical limit
all class 3 (5.1 m/s
10 m above ground) (2.1 TW)

solar energy
• more sun hits surface in 1 hr, 

Solar energy is a source of 
sufficient scale to meet global 

future energy needs

…BUT there is hope…BUT there is hope

Nocera, Daedalus, 2006

biomass ...
1.28 × 1013 m2

20% earth's surface
all cultivatable land 
used for biomass 
(7-10 TW)

• more sun hits surface in 1 hr, 
than energy used in one year



Energy Use Per Person in Different 
Countries

3.2 of 
current 
6.2 B

Africa

6.2 B

Nocera, Dædalus, Fall 2006



• renewable energy research is not an engineering pro blem…needs 
to be tackled as a basic science problem…materials, catalysis and 

Some “Sociological” Remarks

Need for energy is so enormous that conventional, l ong-discussed
sources will not be enough

Current technologies not enough, need new science t o take care 
of the future energy demands

to be tackled as a basic science problem…materials, catalysis and 
new modes of reactivity or chemical bonds

Physics and Chemistry are THE central sciences of e nergy ( light 

capture, conversion and storage in bonds or new materials).



The “Basic Physics” of Hydrogen in Materials

• Hydrogen Embrittlement: Pd-Ag

• Metal Insulator Transition: Y2O3-H

• Superconductivity: Pd-H

• Ortho - Para conversion rates

• Spin Polarized Hydrogen – BEC in• Spin Polarized Hydrogen – BEC in

• High Pressure Hydrogen – Metallic H2

Pure Pd and Pd-25%Ag alloy same 
size specimens after 30 cycles of 
heating and cooling in H2 atmosphere.





QUIZ #1:  What is it that is striking about the following picture ?



• High capacity absorption at room temperature (volumetric 
as well as gravimetric).

• Desorption at moderate temperatures

• Rapid kinetics

Desirable Characteristics of an Ideal Material

• Rapid kinetics

• Zero degradation with repeated cycling.

SUCH A MATERIAL DOES NOT EXIST TODAY !

SO, WHAT ARE THE MATERIALS THAT DO EXIST AN 
HOW GOOD ARE THEY ?





Hydrogen H2

can but I am not interested in that.

with high energysave the world.

2.0



“Coloring” Research

Science, 286, 1127,
1999.

Nature, 386, 377, 1997

But Co is used as catalyst for making CNT’s.



• “NANO” – is highly interdisciplinary.

• Involves interplay of physics, chemistry, materials science 
etc.

• Hydrogen storage research is a good example of this 
interplay  (as you will see).

Some More Sociological Remarks

interplay  (as you will see).



H-H Bond distances

• Continuous range possible

• Another way to characterize the “ideal” storage material



Kubas Complex - 1984

What is a 

LIGAND

Some 562 of these “complexes” are known 
today

SPECIAL BRANCH OF ORGANO-METALLIC 
CHEMISTRY

In all of them only 1 H2 is reversibly absorbed – with the 
exception of one where 2 H2 molecules participate…

What is a 
“complex”?





t80Ti-4H2. 

H-H 0.84  A
Ti-H 1.9 A 
Ti-C 2.17 A     
Ti-C’ 2.4 A



C60 ~7 %

C BC48B12

~8.7 %



H-H ~ 0.85 A

Bonding of single Ti to C2H4 – no 
energy barrier.

First H2 adsorbed dissociatively

Add 4 more molecularly



Dimerization and polymerization 
of Ti2-C2H4

REDUCES # H2 ADSORBED!

Proposals to prevent dimerization









Even More Sociological Remarks

• How come all these PRLs are only “theory” ?

• Is it yet another “quirk” of our funding system ?

Encouraging Predictions from calculations! 

But tempered, again by theorists…..



Agglomeration or Clustering Problems – Guidelines from Theory

The clustering of Ti atoms on the carbon nanostructures not only significantly changes the nature 
of hydrogen bonding but also greatly reduces the weight percentage of hydrogen storage.





DIGRESSION ON 
EXPERIMENTAL 

METHODSMETHODS



Synthesis of Nanoparticles - PLD

Sm-V, V, Nb, Nb-Al etc.



Pulsed Laser Deposition Apparatus



P.L.D. Basics

Rotating Target Visible Plume

Nd – YAG laser, 10 Hz., 15-60 kJ/m2

Mostly Neutrals – but also some ions are produced

PLD “denominations”
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Sensing with Surface Acoustics

A.B. Phillips and B.S. 
Shivaram, Rev. Sci. 
Inst., 79, 013907, 
2008



Sensing with Surface Acoustics

r = 7.63 +/- 0.18 nm for V2O5

Through SEM 
measurements of 
nanoparticles on Si and 
TEM grids we measure 
directly the average radius 
r = 7.32 +/- 1.09 nm.

A.B. Phillips and B.S. Shivaram, 
Appl. Phys. Lett., 91, 153109, 2007.

cm=4.42 x10-9 cm2 / MHz ng



Sensing with Surface Acoustics

H2 absorption in Sm nanoparticles 
Phillips & Shivaram, RSI, 2007.

K. Hirano et al. / Journal of 
Alloys and Compounds, 
408–412, 351–354 (2006).



Hydrogen Cycling in Vanadium Nanoparticles

A.B. Phillips, G. Myneni and B.S. Shivaram, AIP. Proc., 2003.



END OF 
DIGRESSION ON 
EXPERIMENTAL EXPERIMENTAL 

METHODS



Ti and other 
TM ablated 
by laser in a 
UHV chamber 
in the 
presence of 
ethylene 
(C2H4).

Adam’s 
experiments



Acoustic Sensors at Different Frequencies Give The Same 
Result for H2 Uptake



How do we know it really is hydrogen (H2) that is getting in ?

Independent exposure to D2

indicates doubling of mass 
accumulated on sensor.



Other characterization experiments.

TEM characterization – Ti(C2H4)

Gas phase characterization

Ti (C2H4) ≡ 76 amu



HRTEM & EELS Spectra – Ti(C2H4) Complex

OUTSIDE THE PARTICLE INSIDE THE PARTICLE



Ni – C2H4

Pressure Dependence of H2 Uptake

T.E.M. indicates that 
nanoparticles (and 
hence clustering of 
metal atoms) are formed 
for ablations at ethylene 
pressures above 100 

Ti –C2H4

pressures above 100 
mtorr.

Reduced hydrogen 
uptake is consistent 
with cluster formation.



Experiment

Th.

The samples we study are very thin 
– roughly a monolayer !



All of the numbers are based on the assumption that we are 
making purely Ti(C2H4).  

But there is a problem – we measure the majority species in 
our gas phase experiments as 78 amu not 76 amu !

What is it that we are making in our chamber ?

DOES IT MATTER ?!DOES IT MATTER ?!

Follow Up work from NIST group….

Zhou et. al., PRB, Oct., 2007.

It is better that samples that are not “pure” and that they 
also exhibit large H2 absorption !



C2H4 - M

C2H4 – M2 (sandwich)

C2H4 – M2 (dimer parallel)

W. Zhou et. al., PRB, 
Oct 2007.

C2H4 – M2 (dimer perpendicular)

dissociated

CH2M – MCH2

CH3 – CH2 -MH

“Titanol”



What about desorption ?

Is the H2 going to come out?



D2 exchange reactions

H2 then D2

D2 then H2



Equilibrium Isotope Effect

• Free D-D bond is 1.8 kcal/mol stronger than free H-H bond.
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ORGANICS OTHER THAN 
ETHYLENE



Hydrogen Absorption in Transition Metal – Benzene (Ring) Complexes

Benzene predicted to absorb ~ 6% 
by weight of hydrogen (Wecka et. 
al., J. Phys. Chem., 2008)



OTHER RESULTS

• Methane runs - small ~1.8% immediate uptake of H2

• Furthermore there is a very small increasein pressure when 
ablating (~0.2 mtorr at 250 mtorr).

• Ti-C H complexes also absorb methane (~27%).• Ti-C2H4 complexes also absorb methane (~27%).

• TM-C2H4(H2)n complexes – unstable to O2.  But exposure to 
CH4 appears to prevent oxidation.



Prof. Lester Andrews’ Laboratory - Chemistry

Wt% ~ 8/188

CON-CURRENT  IMPORTANT WORK AT UVa

Xuefeng Wang, Lester Andrews,Ivan Infante, and 
Laura Gagliardi, J. AM. CHEM. SOC. 2008 , 130, 1972-
1978.



Science, 299, 
2049,  2003.

Wt% ~ 6/54~12%



AlH3 metal hydride particles and (b) H2 desorbed vs. 
temperature for AlH3 doped with LiH. The doped samples 
(yellow, blue, and red curves) show significantly lower 
temperatures of desorption than the undoped samples (black 
curve).



C2H4Ti2+10H2: Distinctive Modes

H-H
stretching
modes

Ti-H2

2881 cm-1 3343 cm-1

Ti-H2

stretching
modes

Quasi-rigid
modes

Tang.⊥C=C: 78 cm-1 Tang.// C=C: 151 cm-1 Radial: 240 cm-1

455 726 949 1466



Undulator

THz Radiation

Dump

10 MeV

Compact-Intense-Wideband Pilot THz Source

Thermo-ionic Gun

220 µA

THz Radiation
Large Grain 7 Cells S.C. Cavity (1.3 GHz)

Typical Application
Large Grain Niobium Ingot Slice



FUTURE WORK

• Spectroscopy – urgently needed !

• Test other predicted materials – there are lots of them  - replace 
C with B etc.

• Size selection of ablated species – “magic numbers”

• Lighter elements – Li , B ?• Lighter elements – Li , B ?

• Compositionally Challenged Metal Alloys

• Desorption 

• Recyclability ?

• Large scale production ???



BROADER IMPACT OF OUR WORK

• Hydrogen Storage - of course !

• Astro-chemistry – “Chemistry of the Universe”.

• Testing DFT – refinements needed to handle D2 vs H2 (biggest 
isotopic effect you can find).  isotopic effect you can find).  

• H2 and D2 targets for nuclear physics

• Quantum Impurity Solids

• Alternate route towards metallic hydrogen
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Laser-energy-density threshold (circle) and vaporization 
temperature (square) versus pressure for silicon.



Carbon Nanotube Nomenclature



1910 - "for 

work on the 
equation of state for 
gases and liquids"

1918 - "in 

recognition of the 
services he rendered to 
the advancement of 
Physics by his discovery 
of energy quanta"

1962-- Lev 

Davidovich Landau "for 
his pioneering theories 
for condensed matter, 
especially liquid helium"

2003 -"for pioneering contributions to the theory of 

superconductors and superfluids"

1977 -"for their fundamental theoretical investigations of the electronic 

structure of magnetic and disordered systems"

1972 "for their jointly developed theory of superconductivity, usually 

called the BCS-theory"



GaAsSb alloy 
nanoparticles, 550 
0C. 

0.7 J/cm2 to 1.6 
J/cm2 and 600 to 

Exposing nanoparticles to air does not destroy the original 
crystal structure

J/cm2 and 600 to 
900 pulses.



Frequency Response of the Surface Acoustic Wave Sensor




