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The Energy Storage Problem
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• Clean energy vector.

2H2+O2=2H2O + 121MJ/kg

• Problem: renewable energy output fluctuations.

• Efficient H2 storage: maximize the use of renewables, significantly reduce the fossil 

fuels dependence, pollution-free cities, dependable energy supplies for remote communities.

Energy density MJ/kg

Hydrogen 121

Methane 55.5

Gasoline 46.4

Li battery 1.8



Hydrogen Infrastructure
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• Compressed gas;

• Solid state storage:

• Metal hydrides,

• Porous media (MOFs, porous C, zeolites).



Physical vs Solid State Storage
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Stetson N. An overview of 

U.S. DOE’s activities for 

hydrogen fuel cell 

technologies. Clearwater, 

Florida, America, 

2/27/2012.



H2 Storage in Metal-Organic Frameworks (MOFs)
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• DOE benchmarks for hydrogen adsorption

5.5wt%, 40g/l by 2020, 7.5wt%, 70g/l final

quite ambitious!

Liquid hydrogen: 70.8g/l

MOF BET 

m2/g

Langmuir

m2/g

P(bar) T(K) wt% g/l Qst

(kJ/mol)

MIL-101 5500 80 298 0.43 1.84 10

80 77 6.1 26.1

HKUST-

1

1154 1958 50 77 3.6 4.5

65 298 0.35

IRMOF-6 2804 3305 45 77 4.63 31.7

Chem. Soc. Rev. 38, 1294 (2009)

• Good performance at 77K.

• Poor performance at SATP.

• Still far from DOE targets.

• Adsorption enthalpy should be ~20kJ/mol



H2 Storage in Metal-Organic Frameworks
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• DOE targets

5.5wt%, 40g/l by 2020, 7.5wt%, 70g/l final

quite ambitious!

700 bar H2: 40g/l

Liquid H2:  70.8g/l

• Promising MOFs and COFs for hydrogen 

storage only at 77K and below.

• But, Qst too low (3-7kJ/mol), while optimum is 

at 15-20kJ/mol. How to increase Qst?



Electric Field Controlled Physisorption
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PNAS 107, 2801 (2010)



Enhancing H2 Adsorption via Electric Fields
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• Induced dipole-dipole 

interactions 

improved binding 

energies.

• For fields > 0.01a.u. 

~5GV/m.

DOE storage limits 

can be reached.

• E=0.045 Optimal 

binding energy.PRL 68, 2277 (1992)

Polarization mediated 

binding

2D sheets: graphene, 

BN, AlN, B/C/N

PNAS 107, 2801 (2010), 

CARBON 47, 3452 (2009),

Struct Chem 22, 1039 (2011),

J. Nanopart. Res. 14, 1256 (2012),

Int. J. Hy. En. 37, 11842 (2012).



Enhancing H2 Adsorption via Electric Fields
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Computational Materials Science 

68, 61 (2013)

Metal-doped nanostructures

Phys. Chem. Chem. Phys., 

11, 9233–9240 (2009)

Phys.Chem. Chem. Phys.,

15, 3243 (2013) Phys. Chem. Chem. Phys. 16, 23985 (2014)

Oxide clusters

Comp. Theor. Chem. 1081, 1 (2016)



What About MOFs?

• Large structural 

variety.

• Very porous.

• Contain oxide units 

(higher 

polarizability?).

• Coordinatively 

unsaturated metal 

sites.
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Binding Energies in Electric Field: Linker
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Binding Energies in Electric Field: SBU
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• E both enhance and decrease binding.

• EB ~ H2 orientation

• E=0.01a.u. ~ 20% change of EB.



Simple Electrostatic Picture
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PNAS 107, 2801 (2010)
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Relaxation of the Structure in Electric Field

• MOF atoms get polarized:

• Shell model:

atom i:

dummy charge:
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Adsorption Simulations
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• Dipole-dipole interaction:

• Our field is 9x smaller 

than  0.045a.u (PNAS 107, 

2801 (2010))

• 80 times less binding 

expected!



Larger Polarizability Case
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• We cannot increase E 

(Zener breakdown).

• Choose a more 

polarizable material?

• IRMOF-1 internal field



Higher MOF Polarizability?

• Are there more polarizable MOFs?

• Very large depolarization  not so 

large polarizability needed?
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Angew. Chem., 123, 11643 (2011).


