Several hydrogen storage technologies for subsequent utilization have been examined with various criteria and these are based on a variety of physicochemical and other approaches. However, due to the chemical nature of hydrogen, chemical materials that reversibly adsorb hydrogen by means of chemical reactions usually receive much attention. Most of the research on hydrogen storage has focused on storing hydrogen in light weighted materials that can maintain hydrogen in a compact manner for mobile devices. Hydrogen storage and transport as compared to other hydrocarbons are difficult due to various reasons. Though hydrogen has a considerable energy density with respect to mass, its volumetric energy density is very low and hence, it requires larger (heavier) storage vessels in comparison to the smaller hydrocarbon storage tanks required to deliver the same amount of energy. Storage of hydrogen under pressure or as liquid (boiling temperature is 20.268 K) involves significant energy loss in the process. Secondly, 1 liter of pure liquid hydrogen contains (nearly 63%) less hydrogen as compared to 1liter of gasoline. It has been estimated by Chahine and Benard [1] that a 6.5 wt % hydrogen storage capacity is required to power a hydrogen-fueled car to achieve a range of 500 km.
[1]  ] R. Chahine, P. Benard, Hydrogen Energy Program 1998, 12, 979.
Commonly available methods, namely in high-pressure gas cylinders (up to 800 bar) and as liquid hydrogen in cryogenic tanks (at 21 K) are inefficient and also not safe for certain applications.   Hydrogen adsorption on materials with high specific surface area and chemically bonded in covalent and ionic compounds appears to be attractive [2]. Materials such as metal hydrides, alloys, complex hydrides and high surface porous materials are showing affinity for absorbing large amounts of hydrogen. However, each method suffers from some particular drawbacks.
[2] A. Züttel, Mater. Today 2003, 6 (9), 24.
In the solid-state hydrogen storage, hydrogen is bonded by either physical forces , e.g., MOF and carbon based materials, or chemical forces, e.g., hydrides, imides and nitrides. Physisorption has the advantages of higher energy efficiency and faster adsorption/desorption cycles, whereas chemisorption results in the adsorption of larger amounts of gas but in some cases, is not reversible and requires higher temperatures to release the adsorbed gas. In this chapter, we shall deal with only carbon materials and the scope of these materials for this application since there are a variety of these materials and nature has shown that this is one of the potential storage media for hydrogen (in the form of hydrocarbons) and also shown that storage can go up to 25 weight percent (as in methane). However, one must be aware these hydrocarbon molecules are covalent in nature and thus may not be readily released when required as in transport applications. These aspects will be dealt with subsequently.
The microporosity of carbon materials is not directly related to hydrogen storage application but a nearly linear relationship has been realized with respect to BET surface area, typical plots can be seen in the following references [3-7]. There have been many attempts to modify the surface of carbon materials so that the storage capacity can be increased. One such attempt deals with the presence of heteroatoms on the surface of carbon materials for various reasons like the possibility of dissociating molecular hydrogen or facilitating the spill-over process [8-11]. However, the current situation with respect to hydrogen storage in carbon materials with heteroatoms can be stated that typically N-doping is only apparent when considering the hydrogen uptake as a function of microporosity (rather than total porosity). This possibly leads to the conclusion that pores larger than micropore size range have a lesser role in hydrogen storage capacity.
The advanced design and testing of carbon materials for energy storage devices appear to be important. The main shortcomings of these materials are related to the irreversible capacity loss, big voltage crosstalk, and low density [12]. Novel composites containing multifunctional nanostructured-carbon and other dopants can synergistically take advantage of the combination of ordered building block units with other desired properties. Since mostly physisorption is involved in this process of hydrogen storage, only a small amount of hydrogen could be stored even at a pressure of 90 bar.  Obviously, temperature will have almost negligible effect on hydrogen storage capacity [13].
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Graphene
The Hydrogen Adsorption/Desorption Isotherm The hydrogen adsorption/desorption isotherm of the nitrogen doped graphene, Graphitic Oxide and Graphite powder is shown in Figure. The hydrogen adsorption isotherm has been carried out 298 K and 90 bar pressure. The nitrogen doped graphene material showed nearly ~1.5 wt% hydrogen storage capacity at room temperature and 90 bar pressure. In this context the graphitic oxide (GO) showed ~0.21 wt% hydrogen storage capacity at room temperature and 90 bar. This value is less than that of nitrogen doped graphene material. However, nitrogen doping of graphene materials takes up substitution positions in the carbon lattice, there is transportation of hydrogen atoms on to the graphene surface. Furthermore, these results reveal that the nitrogen doping on graphene materials can extensively modify the catalytic effect of the graphene materials for hydrogen dissociative adsorption, foremost for the improvement of the dissociative hydrogen adsorption [14]. This observation suggests that the nitrogen atoms possibly take part in a role in the hydrogen adsorption capacity at room temperature. A previous study recommended that the presence of nitrogen atoms in graphene sheets increases the enthalpy of hydrogen adsorption [15] [16]. Potentially almost all the adsorbed amount can be desorbed which is an interesting characteristic expected for hydrogen storage materials. Various attempts have been made to modify or adopt different preparation procedures for graphene materials and it has been shown that N and P doping in graphene does not improve the materials’ hydrogen storage capacity [17,18].
 For conventional Activated carbon materials, the hydrogen uptake is proportional to the surface area and pore volume; and normally the data are fitted well with the Langmuir isotherm model (monolayer adsorption). High adsorption capacity is only obtained at extremely low cryogenic temperature and high pressure [19]. Hydrogen adsorption on various types of commercial and modified activated carbon products has been extensively studied [20]. Experimental results show that products with micropore volumes greater than 1 mL/g are able to store ca. 2.2 wt % of hydrogen due to physisorption and it is expected that optimization of the adsorbent and sorption conditions could lead to a storage capacity of 4.5–5.3 wt %. Agricultural waste materials such as coconut shell, coconut fibers, jute fibers, nut shells and oil seeds, etc. [21–28], are popular raw materials for producing activated carbon materials. Carbon materials and their activation have been extensively discussed in ref [29].  Jin et al. [30] prepared Activated carbons with different porosities using chemically activated coconut shell. They reported a maximum hydrogen adsorption capacity of 0.85 wt % at 100 bar and 298 K. Sharon et al. [22] produced activated carbon fibers (ACF) using soybean and bagasse. The authors measured hydrogen storage capacities of 1.09– 2.05 wt % at a pressure of 11 Pa and room temperature. Another form of AC, the advanced AC monoliths, with good mechanical strength (maximum compression strength of 22 MPa), high volume of micropores (up to 1.04 cm3 /g) and high density (up to 0.7 g/cm3 ) have been shown to adsorb 29.7 g/L of hydrogen at 77 K and 4 MPa [21].  Mechanically milled AC consists of some form of defective nanostructure, which increases the specific surface area. Research findings have revealed that after 10 h of milling, the hydrogen storage capacity increases from 0.90 wt % to ca. 1.7 wt % [31]. Studies have shown that loading of precious metals, e.g., Pt, on to AC increases the adsorption capacity [32]. The merging of the two adsorption phenomena, i.e. chemisorption (on the Pt surface) and physisorption (on the carbon surface) gives rise to a significant amount of spillover hydrogen.
Carbon Nanotubes
Ever since the discovery of carbon nanotubes was reported in 1991, there has been various attempts to use this new type of carbon materials for hydrogen storage. These studies have led to some unexpected levels of storage up to nearly 60 weight percent or even more. However, the consensus now is that these reports claiming over 60 weight percent are flawed by experimental aberrations.
Table 1 Selected data (for comparison) on the storage of hydrogen by Carbon nanotubes
	Sample
	Temp (K) 
	P (MPa)
	Hydrogen storage (Wt %)
	Ref

	Herring Bone GNFs
Platelet GNFs
Graphitic Nano Fibers
Graphitic Nano Fibers
SWNTs (low purity)
SWNT (high Purity)
SWNT (high purity + Ti Alloy)
Li-MWNTs
Li-MWNTs(K-MWNTs)
MWNTs
CNF
SWNTs
Various CNM
SWNTs (+Ti Alloy)
SWCNT
SWCNT
SWCNT
SWCNT
SWCNT
MWCNT
MWCNT
MWCNT
MWCNT
MWCNT
MWCNT
MWCNT


	RT
RT
RT
RT
273
80
300-600
473-673
473-673
RT
RT
300-520
RT
RT
RT
295
RT
323
-
-
77
298
425
143
RT
-



	11.35
11.35
101
8-120
0.4
70-80
0.7
1
1
Ele.Chem
1-100
1
35
0.8
10
0.1
4.8
-
3
0.005
0.1
10
3
7.5
--
-

	67.6
53.68
10
10
5-10
8.25
3.5-4.5
20
2.5(1.8)
<1
0.1-0.7
0.1
<0.1
0
4.5
0.93
1.2
4.77
0.8
2
0.54
0.2
3.8
3.5
1.5-2.1
2.7-3.8
	35
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
68
69


 Only limited data are given in Table 1. For more extensive compilations, one is directed to references [58-66]. Various nanotubes like carbon nanotubes, boron nitride nanotubes, silicon carbide nanotubes, carbon nano-scrolls, pillared Graphene and porous nanotube network materials have been extensively investigated and the final suggestion is that one should design novel materials with the following key parameters namely high accessible surface area, large free pore volume and strong interactions [67]. 
[image: Recent advances in hydrogen storage technologies based on nanoporous carbon  materials - ScienceDirect]
Fig Reported hydrogen storage capacities of CNTs as function of the year of publication {reproduced from reference [62]]
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In a recent review, Jinzhe lyu et al [70] propose  that “a detailed study of the optimum number of metal atoms without aggregation on CNT should be performed, at the same time suitable preparation methods for realizing controllable doping site and doped configurations should be devised; (2) The material synthesis, purification, and activation methods have to be optimized; (3) Active sites, molecular configurations, effectively accessible surface area, pore size, surface topology, chemical composition of the surface, applied pressure and temperature, defects and dopant, which are some of the important factors that strongly affect the hydrogen absorption in carbon nanotubes” should be elucidated. In contrast, Rui Lobo et al [71], propose carbon nanostructures are promising materials for hydrogen storage applications. They emphasize that hydrogen can be physisorbed in carbon nanotube bundles on various sites such as external wall surface, grooves, and interstitial channels. Therefore, it can have a large energy density (as required for mobile applications). It is also known that by tuning the adsorption conditions, hydrogen can be either chemisorbed or physisorbed in carbon nanotubes. In a review, Seul-Yi Lee et al [72] and others [73] propose that more detailed understanding of the interfacial interactions between adsorbent and adsorbate should be evolved and the phenomenon of spill-over can contribute on adsorbent surfaces to achieve the desired levels of hydrogen storage.
[73] Kean Long Lim, Hossein Kazemian, Zahira Yaakob and Wan Ramli Wan Daud, n Chemical Engineering & Technology, 2010, 33, No. 2, 213–226. 

Perspectives
First, let us try to specify the standards that one wishes to achieve in storage of hydrogen [74-76].
· Gravimetric H density in the range 5–10 wt % H2,
·  Corresponding to an energy density of 1.6–3.2 kWh/kg. 
· Volumetric H density > 50 kg H2 m-3 ,
·  Corresponding to an energy density > 1.6 kWh/L.
· Thermodynamics: T 0 < 85 ◦C (transport applications) or < 200 ◦C (stationary applications).
·   Kinetics (tank level): fill time 3–5 min; H2 release flow 1.6 g/s. 
·  Durability: 1500 cycles (1/4 tank to full)
It is obvious that the current level of achievement in this exercise is far from satisfactory. This is the reason that the DOE has been periodically altering their specifications for hydrogen storage. One of the recent specifications and the time period to achieve them are assembled in Table 2.
Table 2 Technical system targets for on-board hydrogen storage for light duty fuel cell vehicles [extracted Data from ref. 77]
	
	2020
	2025
	Ultimate

	Usable specific energy from H2 [kWh/kg]
Net usable energy/mass system mass [kg H2/kg system]
Usable energy density from H2 [kWh/L]
Net usable energy/max system volume [kgH2/L system]
System cost [USD/kWh net]
	1.5
0.045
1.0
0.030

10
	1.8
0.055
1.3
0.040

9
	2.2
0.065
1.7
0.050

8



Of all the available hydrogen storage materials, why carbon materials are preferred option? What is the maximum hydrogen storage capacity that can be expected and what will be the limit that can be practically achieved? It may be remembered that nature mostly provide hydrogen source in combined form with carbon and oxygen though other elemental compositions are also possible. So it is natural to expect that carbon materials can be one of the options for solid state hydrogen storage.  If the carbon materials can be obtained in atomic state, then the maximum storage capacity can be expected to be around 25 weight percentage. However, since it is not possible to get atomic materials, the carbon materials can be obtained at the limit with one vacant valency in carbon two-dimensional material and hence the maximum storage one can expect to be 6.25 wt %. This limit is arrived at assuming that hydrogen is held by the solid by valence forces. If hydrogen is stored or retained by other forces, this limit may not hold good.
If the stored hydrogen were to occupy the interstitial sites in carbon materials, then the energetics of storing and releasing should also be considered for any practical application.
Since normally carbon materials are microporous in nature, hydrogen may be held in these pores by condensation forces and hence one can hope for higher storage capacity, however, the experimental variables for this process namely Temperature and Pressure have to be different from normal ambient conditions. 
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