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Abstract — This article provides a panoramic overview of the state-of-the-art technologies in the field of solid-state
hydrogen storage methods. The emerging solid-state hydrogen storage techniques, such as nanostructured carbon mate-
rials, metal organic framework (MOFs), metal and inter-metal hydrides, clathrate hydrates, complex chemical hydride
are discussed. The hydrogen storage capacity of the solid-sate hydrogen storage materials increases in proportion to the
surface area of the solid materials. Also, it is believed that new functional nanostructured materials will offer far-reach-
ing solutions to the development of on-board hydrogen storage system for the application of the transportation vehicles.

Key words: Renewable Energy, Hydrogen, Nanostructure Materials, Clathrates, Metal Organic Frame Works, Metal
Hydrides, Solid-state Hydrogen Storage, Greenhouse Gases
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Fig. 1. The global variation in the production and consumption of fos-
sil fuels. All fuels are converted into the units of million tones of
oil equivalent (Mtoe). The production and consumption between
2003 and 2040 are predicted based on past data |7].

3l5kast H43A M= 2005 8

Renju Zacharia -

™

FARTE IR AL

o i=4

Mecury (o8] VOCs

S0, NO,

100

Fuel combustion
Il Stationary combustior

I ndustrial processes
[ Transportation
I Miscellaneous

% emission

Fig. 2. The contribution of various sectors to the emission of green-
house gases(%) in U.S.[21]. It can be seen that the transporta-
tion sector contributes significantly to increased emission of
oxides of carbon and nitrogen, and VOCs.
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Fig. 3. The relative proportions of fossil-fuel use in U.S. by different
transportation modes projected to year 2025 [22]. It is evi-
dent that the light trucks and cars that are predominantly
used for private conveyance use considerable proportion of
the fuels.
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Fig. 4. The primitive phase diagram of hydrogen. Figure adapted
from [28].
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g. 6. Stored hydrogen by volume and by mass. The graph shows
volumetric hydrogen density p, versus gravimetric hydrogen
density p,, for various materials to store hydrogen by bulk
absorption, surface adsorption, or compound formation; dec. is
the decomposition temperature, m.p. is melting point, and b.p.
is boiling point. The container is not taken into account [31].
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Table 1. Technical benchmarks and selection criteria for on-board
hydrogen storage system proposed by different national and
international organizations [32]

Storage parameter DOE WE-NET IEA
Gravimetric capacity (wt%) 6.5 >3 5

Volumetric capacity (kg H,/m;) 6.2 NA NA
Desorption temperature (°C) NA <100 <100
Cycle life (number) 500 >5000 NA
Refueling time (min) 5 NA NA

Table 2. R&D targets for on-board hydrogen storage system for years
2010 and 2015. Based on the data from [33]

Storage parameter 2010 2015
Gravimetric capacity (kWh/kg) 2 3
Volumetric capacity (kWh/L) 1.5 2.7
Storage system cost ($/kg H,) 4 2
Fuel cost ($/gallon gas equivalent) 1.5 1.5
Min. and Max. operation temperature (°C) -30/85 —40/85
Cycle life (number) 1000 1500
Transient response time (s) 0.75 0.5
Safety Meets Meets
applicable applicable
standard standard
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Fig. 9. Hydrogen sorption kinetics at 623 K of commercial magne-
sium hydride and of magnesium + graphite ball-milled under

4 bar of hydrogen at 563 K during 5 hrs (a) desorption under
0.07 bar of hydrogen, (b) adsorption under 10 bar of hydrogen.
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Fig. 11. A comparison of hydrogen volumetric and gravimetric densi-
ties of complex metal hydrides with that of proposed 2010
and 2015 FreedomCAR targets [S55].
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5-3. LI=71% EMMIZ (nanostructured carbon materials)
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Fig. 12. (a) The geometric structure of nanotube. (b) The schematic

representation of the nanotube rope. (c¢) TEM image of nan-
otube rope.
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Fig. 13. Summary of hydrogen storage capacity of carbon nanotubes
measured between 1997 and 2005 [61].
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Fig. 14. Hydrogen adsorption isotherms of CN'Ts at room tempera-
ture and 77 K fitted with Henry type and langmuir type
equations [59].
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Fig. 15. A schematic representation of the spill over phenomenon.
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Fig. 16. The steps involved in the hydriding reactions of the T-doped
CNTs. (a) In the initial step, a single hydrogen molecule under-
goes a barrier-less dissociative chemisorption on the Ti-atom.
(b) The second step involves the physisorption of two hydro-
gen molecule, where the hydrogen molecules approach the Ti
atom along the plane parallel to the nanotube axis. In the
final step, the fourth hydrogen molecule approaches the Ti
atom in the direction perpendicular to the nanotube axis lead-
ing to the configuration (c) [76].
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Fig. 17. Single crystal X-ray structure of MOF-5 (A) MOF-5, (B)
IRMOF-8 and (C) IRMOF-8 on each of the eight corners is a
cluster of tetrahedral [OZny(CO,)s]. The large center sphere
represents the largest sphere that would fitted into the cavi-
ties without touch the van der Waals of the frameworks [79].
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Fig. 18. Hydrogen adsorption isotherm of MOF-5 at room tempera-
ture fitted with a linear relation, and b) at 77 K, fitted with a
type I curve |72].
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Fig. 19. (a) Low pressure hydrogen storage capacity of MOF-5. (b)
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(a) (b)

Fig. 21. The structure of clathrate 11 hydrate. Unit cell of this struc-
ture consists of 16 dodecahedrons (magenta), 8 hexadecahe-
dron and is made up of 136 water molecules. (a) The dodecahedra
are arranged in a triad form while the hexadecahedra are
arranged tetrahedrally, (b) The assembly of 4 triads and one
tetrahedral results in the caged structure.
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Fig. 22. The effect of specific surface area on the hydrogen storage
capacity of various storage materials [87].
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