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Hydrogen Storage Technologies
High pressure tanks
• 5,000-10,000 PSI (35-70 MPa)
• up to 12wt% H2 (system)
• Compression energy losses (3 kWh/kg)
• Variable pressure delivery
• Safety issues
• Low volume density

Liquid cryogenic storage
• ~ 8 Wt% H2 (system)
• Evaporative losses (0.4%/day)
• Cooling costs (15 kWh/kg)
• Safety issues

Pressure-Temperature diagram of hydrogen



Multiscale Design of Nanomaterials for 
Hydrogen Storage

Chemisorption: H2 + NM → NM-2H
- H-H bond breaking = 4.52 eV

 → poor reversibility (too strong bonding) 
+ high surface coverage
? stability of NM-2H states

Physisorption: H2 + NM → NM-H2
+ weak adsorption

 → good reversibility 
- small surface coverage (much less than a few wt. %)

Controlled Catalytic Chemisorption 
+ high surface coverage & good reversibility 



Rational Design of Hydrogen Storage Material

• High Storage Capacity: 6.5 wt%, 65 
g/L 

• Desorption Temperature: 60~120 °C
• Thermodynamically slightly stable 

hydrogen storage systems are 
desired and can be achieved 
through material engineering.

• Reversibility dilemma: Reversibility 
is usually associated with high-
energy barrier for dissociation and 
adsorption. 

• Solution: Engineered catalyst can 
tune the energy barrier. 



Hydrogen Storage Capacity of Diverse Materails



Candidate Nanostructures for Hydrogen Storage?

I. Metal Hydrides

II. Carbon Nanotubes

III. Semiconducting Nanowires



Controlled Hydrogen Bonding on  Carbon 
Nanotubes

H

Prediction (solid curves)
Ab-initio results (  and )

Stable adsorption

stability of chemisorbed 
hydrogen (NM-2H) states
relative to H2 gas can be 
tuned by nanotube size:
(8,0) - (12,0) CNTs would 
have enough binding 
energy (up to 0.5 eV) per H2

molecule

S. Park, D. Srivastava, and K. Cho, "Local reactivity of fullerenes 
and nano-device applications," Nanotechnology 12, 245 (2001). 



Controlling Nanotube Diameter by Rationally 
Designed Catalyst Nanoparticle. 

• Diameter (of CNT’s 
and SiNW’s) is 
correlated to the 
size of metal 
nanoparticles

• What determines 
the correlation?

(a) CNT growth from catalyst particles
(b) SiNW growth from catalyst particles



DFT Calculation of Hydrogen 
Adsorption on CNT

MEP of hydrogen breakuop and adsorption on 
CNT
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On pure CNT, the barrier for dissociative adsorption of hydrogen is High  



How to Reduce the H-H Bond Breaking Energy 
on  Carbon Nanotubes?

Metal atoms on CNT surface for 
controlled catalytic H-H dissociation →

Doped CNT to create stable 
catalytic sites for H-H dissociation

S. Peng and K. Cho, "Ab initio Study of Metal Atoms on SWNT Surface," MRS Symposium Proceedings Vo. 675, W4.8 (2001). 

S. Peng and K. Cho, "Ab Initio Study of Doped Carbon Nanotube Sensors,” Nano Lett. 3(4), 513-517 (2003). 



Key Questions

• Which carbon sites does hydrogen 
attach to as the coverage increases 
(what is the distribution of H look like on 
the CNT surface)?

• What is the maximum hydrogen 
coverage?

• How does the maximum hydrogen 
coverage vary with different diameter 
nanotubes?



1st Attempt to Plot Energy vs % 
coverage for different Nanotube 

Diameters (DFT)
Ebond vs % Coverage for various carbon nanotube diameters
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at lower coverages

-why the variation?



H Distribution Important

Unfavorable distribution of hydrogen

-hydrogen placement 
as well as % coverage 
play a vital role in 
determining stable 
energetics 

-need to find 
optimal/most probable 
distributions to 
compare



LDOS
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Optimal Configurations of Adsorbed Hydrogen 
Pairs

C1

C4

C3

C2C5

             LDA, US  LDA, PAW    GGA, US   GGA, PAW   MD
C1C2:  0.263 eV      0.291 eV     0.142 eV     0.222 eV      1.363
C1C3:  0.018 eV      0.046 eV    -0.374 eV   -0.264 eV      1.962
C1C4: -0.045 eV    -0.017 eV    -0.403 eV   -0.306 eV       1.571
C1C5: -0.317 eV    -0.289 eV    -0.483 eV   -0.402 eV       1.956

Ebinding=(ECNT-ECNT+H2+EH2 vasp) EH2 vasp=-6.68eV

EH2 md=-4.5eV

Large Variation in 
both calculated Ebinding 
order of stability 
predictions between 
MD and DFT

Ef



Optimal Distribution of 2 H Pairs

Two most favorable positions of 2 pairs of hydrogen 



3 H Pairs Optimal Distributions

Ebond=-3.55032eV, -3.50808,-3.48897, -3.44557,-3.43165



Optimal Configurations of Adsorbed Hydrogen 
Pairs

1st pair: 0.263eV
2nd pair: 0.709 eV
3rd  pair: 1.281 eV
4th  pair: 2.138 eV

e.g. Ebinding =ECNT+2N*H-(ECNT+2(N-1)H+EH2 vasp)



Coverage Dependence of Binding Energy
(Stripes down Axial Direction)

•The maximum chemi-sorption   
 capacity is around 50% or less
•Binding is very strong at low 
 coverage.



Coverage Dependence of Binding Energy 
(Even Distribution of Optimal 2 Pairs)

•The maximum coverage is around 75% 
  with external binding.  
•The binding energies are in a narrow
  range  of 0.4 eV ~ 0.6 eV (0.12 ~ 0.22
  for GGA and PAW)

Binding Energy vs. Coverage, Most Probable 
Coverage Pattern
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Binding Energy: 2.633 eV for addition pair!

At 75% Coverage, possible to start endohydrogenation



First Pairs is bound by 
1.819 eV

Ti Metal Atom on CNT @ 75% coverage: How many H can bind to Ti?



Improving Adsorption/Desorption by 
Transition Metal Catalyst

Hydrogen Binding Configurations on Pt on CNT

First pair of H2 is strongly bound to Pt: 2.43 eV
Second pair H2 is slightly bound to Pt: 0.661 eV
H2 is bound to CNT stronger than the second pair of H2 on Pt:  0.776 eV



Conclusions

• Hydrogen distribution on the CNT is a 
complex matter but changes the energy 
significantly at different sites

• Optimal 2, 3, and 4 pair configurations 
have been found

• Work still needed to understanding results



Multiscale Simulation Tools
1. Nanostructure generator, with electronic 

structure display from Tight-Binding calculation. 
2. Multiscale modeling for nanoparticle design

– Continuum modeling with bulk and surface energy.
– MD atomistic modeling with XEAM, angle-dependent 

bond energy, and charge transfer.
– Tight-binding and DFT for accurate electronic 

structure and reactivity.
3. Quantum Monte Carlo (QMC) for energetics 

with chemical accuracy. 



Energetics with Chemical Accuracy from 
QMC

• Stochastic process based method for solving 
Schrodinger Equation

• Highly Efficient (Scales like N3)
• Highly Accurate, approaching chemical accuracy of 

1kcal/mol. 



Nanomaterial Simulator

Structure
Nanostructure generator

Continuum Modeling
Improved MD

Function:
Electronic Properties, Reactivity, etc.

Tight-binding
Density Functional theory

Quantum Monte Carlo Simulation






