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It is conventionally accepted that the 

energetic threshold separating the 

binding energy of "physisorption" 

from that of "chemisorption" is about 

0.5 eV per adsorbed species.

Source: Wikipedia
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Renewable Energies

Renewable energy suffer from intermittency of supply
Wind Power does not allow electricity to be produced when it is most needed, i.e. when demand is highest.

Applied Energy (2010), 87(8), 2581–2588.
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Energy Storage in a safe and cheap way is 
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Energy Storage

• Storage of Potential Energy (Water)

• Electrochemical Storage (Batteries)

• Electrical Storage (Supercapacitors)

• Heat Storage (Water, Salt)

• Chemical Storage (Hydrogen)



Energy Storage

U. Eberle et al., Angew. Chem. Int. Ed. 2009, 48, 6608.



Why Hydrogen?



Hydrogen Life Cycle

Complete energy loop relying on 

renewable sources

Hydrogen Storage in a safe and cheap way is 

a critical issue



Hydrogen-fuelled vehicles ....



… since the 1970s …



… now for sale



Trucks and Buses



Hydrogen-fuelled Train

Coradia iLint regional train



Hydrogen-fuelled Airplane

Zero-emission air transport –

first flight of four-seat passenger aircraft HY4

29 September 2016



Airbus



Yacht

https://sinot.com/



Hydrogen & energy

Hydrogen fuel cell

As a fuel, hydrogen has  advantages:

• Highest energy-to-mass ratio 

• H2 + 1/2 O2 → H2O    ΔH = -2.96eV 

• Non-toxic and “clean” (product = water)

• Renewable, unlimited resource

• Reduction in CO2 emission

• Reduction of oil dependency

However, hydrogen is NOT an energy 

source: it must be produced e.g. by 

electrolysis, needing +2.96 eV, with zero 

balance with respect to energy production.



Hydrogen & energy

Hydrogen fuel cell

Hydrogen is an energy carrier (such as 

electricity) and its advantages must be

considered with respect to storage and 

transportation devices

❖High energy storage capacity ✓

❖Low dispersion (✓)

❖Easy and practical use in standard 

conditions (✓)

❖Safety (✓)

Graphene has potentially all of these properties 



… but it better be safe

Hindenburg disaster, 1937, New Jersey (USA)



Hydrogen Storage



Hydrogen Storage

Targets for transport 
applications not reached 
yet:
rm > 5.5 wt%

rV > 50 kg H2 /m3

Peq≈1bar at T< 100°C

Compressed H2:

High pressure and 

heavy container to 

support such pressure

Liquid H2:

Liquefation needs 

energy and 

consumes more 

than 20% of the 

recoverable energy
Solid State:

Physisorption

Chemisorption



Hydrogen Storage

R. v. Helmolt, U. Eberle: J. Power Sources 165, 833 (2007).



Hydrogen storage

On-Board a Vehicle



Storing hydrogen as a gas

A. Zuettel, Materials Today, 09/2003, p. 24



Storing hydrogen as a gas

A. Zuettel, Materials Today, 09/2003, p. 24

700 bar

pV = NkT



Liquid hydrogen storage

• T = 21.2 K

• Ambient pressure

• Energy consumption to 

liquefy hydrogen:

– Theo 3.23 kWh/kg

– Technical 15.2 kWh/kg

– 50% of  hydrogen

energy density

• Boil-off < 0.4% per day

A. Zuettel, Materials Today, 09/2003, p. 24



Physisorption of hydrogen

• Carbon nanomaterials

• Nanoporous materials (zeolites)

• Metal-organic frameworks

• Amount of adsorbed hydrogen

proportional to specific surface

area

• Low pressure, low cost, simple

design

• Low temperatures (77K) required

• Low gravimetric and volumetric

density

A. Zuettel, Materials Today, 09/2003, p. 24



Physisorption of hydrogen

• For storage at 77K:

• Heat of adsorption is

~2 MJ per kg of H2.

• Store 5 kg of H2: heat

of 10 MJ is produced.

• Needs ~70 kg of LN2

for cooling.

U. Eberle et al., Angew. Chem. Int. Ed. 2009, 48, 6608.



Graphene for Hydrogen 

Storage



Graphene for hydrogen storage

• Graphene is lightweight, inexpensive, robust, 

chemically stable

• Large surface area (~ 2600 m2/g)

• Functionalized graphene has been predicted to 

adsorb up to 9 wt% of hydrogen

Yang et al., PRB 79 (2009) 075431



Graphene for hydrogen storage

• To store 4 kg of H2, assuming rm = 10 wt%, we need

40 kg of graphene.

• Graphene surface area: ~ 2600 m2/g.

• 40 kg of graphene cover ~108 m2 or 10 km x 10 km.

• Assuming a layer distance of 1 nm, we can put 109

graphene layers in a stack of 1 m height.

• Then in 1 m3 we have 109 m2 graphene.

• Thus, 40 kg of graphene would fit into a 100 liter tank.



H storage in graphene
❖ Atomic hydrogen 

chemisorption has a small 

or negligible chemisorption 

barrier  ⇒
feasible but H2 must be 

cracked

❖ Molecular hydrogen chemi(de)sorption has high barrier (theoretical estimate ~eV)  ⇒
chemisorbed H is stable for transportation etc, but catalytic mechanisms are necessary 

in the loading-release phases

❖ Physisorption  weakly 

bounds hydrogen ⇒
acceptable storage densities 

only at low temperatures 

and/or high pressure
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Science 323 (2009) 610

Theoretical (max.) hydrogen

storage capacity:

1 H atom per 1 C atom

= 1 / (12+1) = 7.7 wt%



Graphene Curvature

• Exploit graphene curvature for 

hydrogen storage at room 

temperature and pressure

• The hydrogen binding energy 

on graphene is strongly 

dependent on local curvature 

and it is larger on convex parts

• Atomic hydrogen 

spontaneously sticks on 

convex parts; inverting 

curvature H is expelled

• Hydrogen clusters on 

corrugated  graphene
V. Tozzini and V. Pellegrini: J. Phys. Chem. C 115, 25523 (2011).
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• Exploit graphene curvature for 

hydrogen storage at room 

temperature and pressure

• The hydrogen binding energy 

on graphene is strongly 

dependent on local curvature 

and it is larger on convex parts

• Atomic hydrogen 

spontaneously sticks on 

convex parts; inverting 

curvature H is expelled

• Hydrogen clusters on 

corrugated  graphene
V. Tozzini and V. Pellegrini: J. Phys. Chem. C 115, 25523 (2011).

Graphene Curvature



Part I: Site-selective adsorption of 

hydrogen on convex regions

Experimental Demonstration



Para-dimer Ortho-dimer Tetramer

H-dimers and tetramers

S. Goler et al.: J. Phys. Chem. C 117, 11506 (2013).
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Functionalized Graphene

• Functionalized graphene has been predicted to 

adsorb up to 9 wt% of hydrogen

• Modify graphene with various chemical species, 

such as calcium or transition metals (Titanium)

Durgen et al., PRB 77 (2007) 085405Lee et al., Nano Lett. 10 (2010) 793



Experiment: V. B. Parambhath et al., 

J. Phys. Chem C 115 (2011) 15679.

Hydrogen spill-over effect



Experiments



Titanium on graphene

T. Mashoff et al.: Appl. Phys. Lett. 103, 013903 (2013)

ML graphene on SiC(0001) 

with reconstruction
After deposition of Ti at RT



Titanium on graphene

T. Mashoff et al.: Appl. Phys. Lett. 103, 013903 (2013)

Titanium Islands on Graphene on SiC0001 (100x100nm2)



Titanium island growth

6% Coverage 29% Coverage

100% Coverage53% Coverage 79% Coverage

16% Coverage



Titanium island growth

6% Coverage 29% Coverage

100% Coverage53% Coverage 79% Coverage

16% Coverage
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Dataset : Table5_3

Function : y0+A*sqrt(2/PI)/w*exp(-2*((x-xc)/w)^2)

Chi^2/ doF  = 8.9157748105736e+01

R^2  = 0.7843133109686

A  = 2.4363974700307e+02 +/- 4.3251474826526e+01

xc  = 7.8574700158818e+00 +/- 2.9489889631448e-01

w  = 4.0260104126567e+00 +/- 6.7349019516836e-01

y0 = 7.9634935294571e+00 +/- 2.8805513251623e+00



Thermal desorption spectroscopy

• Deposition of different 

amounts of Titanium

• Offering Hydrogen (D2) 

• (1x10-7 mbar for 5 min)

• Heating sample with 

constant rate (10K/s) up 

to 550°C

• Measuring mass-

sensitive desorption with 

a mass spectrometer
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Spectra for different Ti-coverages

T. Mashoff et al.: Appl. Phys. Lett. 103, 013903 (2013)



Thermal desorption spectroscopy

K. Takahashi et al.: J. Phys. Chem. C 120, 12974 (2016).

Reference (no D2)



Defects in the graphene film are expected to reduce the mobility of Ti-atoms and 
to lead to a larger number of smaller islands.

10x10 nm2, 1V, 0.8nA

Sputtered 150s @100eVClean graphene surface

10x10 nm2, 1V, 0.8nA

N2 - sputtering of the graphene 
surface

T. Mashoff et al.: Appl. Phys. Lett. 105, 083901 (2015).

200mV

200pA



Average Number of Islands per 100 nm2

T. Mashoff et al.: Appl. Phys. Lett. 106, 083901 (2015).

Sputtered 150 s and 
Deposition of 0.5 ML Titanium



Higher number of defects leads to 
smaller Ti islands

T. Mashoff et al.: Appl. Phys. Lett. 106, 083901 (2015).

Sputtered 150 s and 
Deposition of 0.5 ML Titanium

Estimated

gravimetric

density: 

0.5% - 0.75%

Estimated

gravimetric

density: 

1.8% - 2.4%
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Beyond 2D



Silicon Carbide (SiC) porosification



Epitaxial Graphene growth on porous SiC



Pores analysis by electron tomography

S. Veronesi et al.: Carbon 189, 210 (2022).



H-storage in 3D graphene arrangement



Physisorption in 3D graphene 
arrangement



Functionalization of 3D graphene with 
gold nanoparticles



People


