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ABSTRACT

Future energy systems will be determined by the increasing relevance of renewable energy resources 
due to global warming, energy crisis, and pollution. Hydrogen is considered one of the promising alter-
native fuels to replace oil, but its storage remains a significant challenge. The main hydrogen storage 
technologies can be broadly classified as physical, chemical, and hybrid methods. The physical methods 
rely on compression and liquefaction of hydrogen, and currently, compressed hydrogen storage is the 
most mature technology that is commercially available. The chemical methods utilize materials to store 
hydrogen, and hydrogen can be extracted by on-board regenerable or off-board regenerable chemical 
reactions depending on the type of material. Hybrid methods take advantage of both physical and chemi-
cal storage methods. The most prominent hybrid method is the cryo-adsorption hydrogen storage which 
utilizes physisorption-based porous materials. The chapter describes these technologies and discusses 
alternative/novel hydrogen storage material technologies.
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I. INTRODUCTION

Due to emerging Economies, global energy demand is increasing continuously. Relic fuels supply nearly 
80% of energy demand worldwide; further, if reliance on Relic fuels is continued, the principal source 
of this energy may have foreseeable Imminent (Economics, 2018). Global Warming, Energy crisis and 
Pollution are the major problems facing by the current modern society due to the excessive utilization of 
Fossil Fuels. Finite production of fossil fuels possess Bell-shaped Curve with reference to the theory of 
Hubbert’s peak (Maggio & Cacciola, 2012; Houghton, 2005; Asif & Muneer 2007; Barbir et al.1990).

After Discovery of Certain reservoir for fossil fuel production it is leading to increase exponentially, 
then the rate of production decreases reaching peak point of depletion of fossil fuel and reduction in 
feasibility of extraction (Hubbert, 1956). So, it is understood that oil and other relic fuels, get exhausted 
in the near future. In the conveyance sector, oil is most important source of energy i.e., used excessively 
by mankind and according to the current estimates, the fuel that is likely to be depleted before end of 
twenty-first century is oil (Agrawal et al. 2007; Kerr, 2011).

A huge share in the world trade was contributed by oil economy, and any significant changes in it 
might take many years before it is completely comprehended; hence, it is domineering to act in present 
day towards finding cleaner replacements to oil. Even though the exhaustion of oil is vital concern which 
is required to be addressed at possible earliest, much more insistent issue requiring immediate attention is 
global warming. Increase in temperature of earth precisely due to anthropogenic emissions of CO2 which 
is caused by use of excessive fossil fuel is Global warming (Asif & Muneer 2007). Sea level rise and 
extreme weather are the impacts of global warming which in turn can cause worldwide environmental 
change and colossal community. Being time-sensitive problem an effective measure for prevention of 
irreversible changes in atmosphere needs to be designed and executed immediately (Yi,1996). Oil spills 
and air pollution caused by combustion are also a grave problems requiring attention. Particulates like 
NOx, COx (where X=1 or 2), SOz (where Z= 2 or 3) and benzene are emitted from mobile platforms 
are harmful to health. Densely populated areas are responsible for problematic air pollution. On the 
other hand, Aquatic life and Surrounding communities have long devastating effects due to large scale 
oil spills. Lastly, excessive utilization of fossil fuels threatens energy security. Oil reserves are usually 
present in unsteady areas of the world (Mendelssohn et al. 2012). The countries importing oil are facing 
the problems in meeting oil demands as a consequence of disrupted supply from the time to time. Due 
to this disruption failure in supply of oil, the countries will have grave economic, political and social 
impacts. Several countries have their individual natural reserves which are diminutive energy security 
and another long-term energy security policy to drive away from oil in near future (Asif & Muneer 2007).

From the preceding conversation, it is clearly evident that the alternative fuels are necessary to protect 
mother earth which also helps in reducing risks related with extreme oil use. Due to owing their unique 
property of high energy density, fuels derived from oil have extensively been used in transportable ap-
plications and becoming a formidable task to replace this oil (Asif & Muneer 2007).

Hydrogen is understood to be among the strongest contenders, that replaces the oil in transportable 
applications. Though hydrogen might not be an energy source similar to oil, it acts as an energy carrier, 
connotation hydrogen availability on earth is not direct, which requires its production through other 
sources. At present, a noteworthy share of hydrogen energy is produced from methane through the pro-
cess of “steam methane reforming (SMR)”. Amongst other processes for the production of hydrogen is 
through water electrolysis; as this process uses production of electricity from renewable energy technolo-
gies since there is a possibility of hydrogen production from renewable energy sources.
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After the production of hydrogen, transportation, distribution to end-user and storage for later use are 
some important stages that are needed to be addressed. The three stages of production, transportation 
and storage of hydrogen are called as hydrogen economy.

II. HYDROGEN ECONOMY

Hydrogen economy has been proposed as an alternative system to the oil economy in the early 1970s. 
The main motivation of hydrogen economy being non emittance of pollutants but only H2O when it 
is used in an internal combustion engine or in fuel cells as divergent to employing hydrogen carbons. 
In order to combat environmental issues along with global warming hydrogen must be produced from 
renewable energy sources as debated in the introduction.

The economy of hydrogen comprises of 3 parts as shown in the above Fig.1 (Crabtree et al. 2004). 
Production of hydrogen through the process of SMR is cost-effective and most efficient (83%) option 
available today (Abbas & Daud, 2010). While, other methods of production like photocatalytic water 
splitting have an efficiency of 10-14% H2 production and these are not yet competitive with SMR (Ger-
boni & Salvador,2009).

Issues with the production of hydrogen are:

• The process should be High energy-intensive
• The raw material should be renewable energy resource.

Extensive distribution systems are generally required for the transportation of hydrogen; it might be 
transported through tube trailers, pipelines and liquids (Felderhoff et al. 2007) by cryogenic tanks and 
as well as Cylinders in gaseous form.

Hydrogen has low energy density but has high energy capacity. Hydrogen energy density can be 
increased by liquefication and compression but these are cost-effective processes. For instance, to liq-
uefy the hydrogen one-third of hydrogen’s lower heating value is required. Therefore, on the basis of 
cost-effectiveness, end-use storage technology and safety, the medium of transportation is selected i.e., 
either gaseous or liquid (Lattin & Utgikar, 2007; Konni et al. 2020).

In some reports, it has been revealed that Hydrogen storage distribution cost is nearly 15 times much 
expensive than a liquefied hydrocarbon fuel. From the preceding conversation, it can be understood 
that elevated costs included in production and transportation are cause for deprived hydrogen economy. 
Nevertheless, the hydrogen storage step is the main obstacle in comprehending hydrogen economy (US 

Figure 1. Hydrogen Economy
(Redrawn with permission from Crabtree et al. 2004)
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DOE, 2009). Till date, none of hydrogen storage technology is available which can fulfil the targets of 
the Department of Energy (DOE) 2020 (US DOE, 2009). Due to its noteworthy energy losses in each 
step Figure.2 (Bossel et al. 2009), hydrogen economy is criticized. However recent research in this field 
is providing hope for the Hydrogen economy to overcome the disadvantages that are facing in the cur-
rent technology (Shinnar,2003; Høyer & Holden, 2007; Eberle, et al. 2009; Konni et al. 2020; Konni 
et al. 2019).

Hydrogen Storage Classification

See Figure 2.

III. HYDROGEN STORAGE

Hydrogen Storage Technologies Classification

Technologies for hydrogen storage can be sketchily classified under three main classes:

1.  Methods of physical nature
2.  Materials-based hydrogen storage (also called chemical methods), and
3.  Advanced or hybrid methods

Methods included under the class physical nature include liquefied hydrogen, compressed gaseous 
hydrogen and cryo-compressed hydrogen. Chemical methods include chemical storage and solid-state 
storage. Further, hybrid method of storage consists of cryo-adsorption which adopts both physical and 
chemical methods.

Figure 2. Classification of Hydrogen Storage Technologies.



143

On-Board and Off-Board Technologies for Hydrogen Storage
 

Hydrogen will not react with storage media in physical method, whereas in the chemical method, it 
will interact with storage media by the robust covalent/ionic bonds or by feeble Vander Waals forces. 
Hydrogen storage materials are included in chemical methods always to store the hydrogen. Since 2000s 
these methods drew attention, but due to they are in physical storage methods.

Further, chemical methods are classified into:

1.  Solid-state storage and
2.  Chemical storage

The key dissimilarity between the above two is that regeneration of solid-state materials can be done 
merely through charging with hydrogen, while chemical storage materials require to be regenerated in 
centralized facilities off-board (Eberle et al. 2009). Moreover, key elements for market of fuel cell ve-
hicles are on-board regenerable materials (Chalk & Miller, 2006). A hybrid process with combination 
of physical and chemical methods, Cryo-adsorption possess advantage of physisorption, compression 
and liquefied material-based technologies for hydrogen storage.

IV. DOE HYDROGEN STORAGE TARGETS

DOE targets aimed at hydrogen storage systems intended for light-duty vehicles is summarized in Table 
1 (Ganguly et al. 2019; Konni et al. 2017). Volumetric and gravimetric capacities are the present most 
stringent doe targets.

In addition, fuel purity, reversibility (i.e., operational cycle life) and fast kinetics (i.e., system full 
time) are problematic for complex hydrides. Besides storage materials weight, balance plant elements 
like storage tank, the control system, tubing, valves are also required to be accounted for. Two times of 
gravimetric storage capacity with that of the targets of system level is given by DOE as the main thumb 
rule towards achieve the good targets. Recently, kg H2/kg are gravimetric hydrogen storage capacity 
units as given by DOE presented in table 1, previously gravimetric hydrogen capacity was expressed in 
wt.%. (Read et al. 2007; Konni et al. 2018).

If the system comprises hydrogen storage material, weight of the hydrogen storage material must be 
added to the weight of the system. Both the units of gravimetric hydrogen storage capacity (i.e., kg H2/
kg system and wt.%) are employed in the entire chapter.

V. RECENT STATUS OF HYDROGEN STORAGE

In table 2 the present status of storage technologies for Hydrogen is summarised. The capacity of different 
technologies spans is in the range of 1.9 to 6.8% (Gravimetric) and 13 - 39 g/L (Volumetric capacity). 
Chemical methods for hydrogen storage fall behind over the physical methods. Volumetric capacity tar-
gets are easier when compared to the gravimetric capacities and this can be observed in table 2. usually, 
lowest storage capacity is observed in solid storage materials. A weight percentage, of range 1.9 – 2.5% 
can only store by Complex hydrides and the physisorption materials like activated sorbents can store 
hydrogen up to 3wt%. Chemical hydrides can perform superior than solid-state store materials and store 
hydrogen up to 3.5 wt.%. 5.5 wt.% of hydrogen can store at 70Mpa in the compressed hydrogen storage 
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tank. Cryo compressed and Liquefied hydrogen technologies are the best technologies to store hydrogen 
in terms of gravimetric storage capacity.

1. Physical Methods Of Hydrogen Storage

a. Compressed Gaseous Hydrogen Storage

The compressed gaseous form of hydrogen storage is one of the convenient storage methods available 
today. At 15-20 Mpa; steel cylinder tank is used for hydrogen storage and volumetric density of 10-12 
kg/m3 and gravimetric density of 1.5 wt.% can be reached by these methods (Tarasov & Lototskii, 2007). 
The DOE targets for 2020 i.e., 5.2 wt.% and 40 kg/m3 (table 1) can be achieved but it requires High 
pressures. But increase in pressure will reduce the thickness of the Steel tank and this is not a solution 
for enhancing the storage capacity of hydrogen and it is also found that gravimetric hydrogen storage 

Table 1. US DOE hydrogen storage targets for on-board hydrogen storage systems for light-duty vehicles

Storage Parameter Units 2020 Ultimate

System gravimetric capacity Kg H2/kg system 0.055 0.075

System volumetric capacity Kg H2/L system 0.040 0.070

Operating ambient temperature OC -40/60 (sun) -40/60 (sun)

Min/max delivery temperature OC -40/85 -40/85

Operational cycle life Cycles 1500 1500

Well to power plant efficiency % 60 60

System fill time (5 kg H2) min 3.3 2.5

Fuel purity % H2 99.7% (dry basis)

Loss of useable H2 (g/h)/kg H2 stored 0.05 0.05

(Ganguly et al. 2019).

Table 2. Current status of hydrogen storage technologies

Hydrogen Storage Method Gravimetric Capacity 
(wt %) Volumetric Capacity (g/L)

Physical storage

Compressed (350 bar) 2.8-3.8 16-18

Compressed (750 bar) 2.6-4.4 19-25

Liquid 4.8-6.8 31-39

Chemical storage

Complex hydride 1.9-2.5 16-28

Carbon (porous) 2.9-3.1 13-15

Chemical hydride 2.6-3.5 22-29

Hybrid storage Cryo-compressed 5.0-5.8 28-38

Targets
2020 5.2 40

Ultimate 7.0 70

(Read et al. 2007, Baroutaji et al. 2019)
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capacity decrease with increasing pressure. Therefore, to achieve the targets of DOE, storage tank ma-
terials which are lighter are necessarily required. The carbon fibre reinforced composite tanks (figure 3) 
are developed to store the hydrogen at two different pressure levels of 35 and 70 Mpa. In order to reach 
the hopes of users on par with gasoline-powered vehicles hydrogen-fuelled vehicles should have a range 
of 300 miles and this requires storage of 4–7 kg of hydrogen, depending on the vehicle size (Tarasov & 
Lototskii, 2007; Hua et al. 2007).

The main components of storage tanks are as follows:

• Liner: Hydrogen can permeate through many materials due to its smaller size. Hydrogen perme-
ation from the tank can be prevented and eliminated by the liner. Polymeric materials are generally 
used as a liner when compared to the metallic liner materials due to its lightweight (Felderhoff et 
al.2007).

• Shell: These are the components of a storage tank loaded with bearing components (Hua et al. 
2011).

• Protection Layer: this the outer most protective layer of the tank and also useful to withstand the 
impacts,

• Temperature sensor vehicle electrical interface, pressure sensors, pressure relief device, pressure 
regulator, vent line ports, connector, refuelling port, stone shield and fill line check valve are the 
other essential components required to balance the plant.

• General considerations: 1 litre of liquid hydrogen occupies 780 L of gas at normal temperature 
and pressure. Boiling temperature of hydrogen is at 1 atm of 20.2 K. Therefore, the boiling rate 
and compressibility are the two important considerations while designing and implementing the 
Cryo-method.

Storage tanks of capacity 35 and 70 Mpa does not satisfy the targets given by the DOE while perform-
ing a technical assessment. It is to be noted that 5.5 wt.% (35Mpa) system possess higher gravimetric 
capacity that 5.2 wt.% (75Mpa). However, 17.6 kg/m3 of 70Mpa has high volumetric capacity than 26.3 
kg/m3 (35Mpa) System (Hua et al. 2011).

Figure 3. Quantum Technologies type IV compressed gaseous hydrogen storage tank
(Reprinted from Ref. (von Helmolt & Eberle, 2007) with permission from the Journal of Power Sources. Copyright Elsevier)
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An amount of compression work is the major drawback of the compressed gaseous hydrogen storage. 
Compression work is 12 to 15% lower than the heating values of hydrogen which is essential to reach 35 
and 70Mpa. With increasing pressure, the significance of compression work lowers as shown in figure 
3.To keep the temperatures and pressures at safe levels and to fill the hydrogen as much as possible 
during the compression of hydrogen, the hydrogen tank needs to be cooled. The energy penalty will be 
added during the cooling process. Estimates state that compression is greater than that of liquefaction 
cost for hydrogen (Zhou, 2005).

Storage technologies for gaseous hydrogen usually include storing at room temperature only (i.e., 300 
K). Cryo-compressed technologies like keep hydrogen at high pressures in cryogenic temperatures in 
order to attain greater storage capacity. Gaseous storage is considered as most practical option upon its 
shortcomings by automotive industry which is the only technology that has been adopted commercially 
(i.e., Toyota Mirai) thus far (Hamilton et al. 2009).

b. Liquefied Hydrogen Storage

Liquified hydrogen storage is another physical storage method. As shown in Table 2, high volumetric 
and gravimetric densities can be achieved by this method. Comparing to the compressed hydrogen 
storage, liquified hydrogen storage pressures are lower (<1 Mpa) and this helps in eliminating the load-
bearing (in terms of Cost) carbon fibre reinforced composite materials generally utilized in compressed 
hydrogen storage. Drawbacks of this storage system are boil-off losses and liquefaction energy penalty. 
Components of typical liquid hydrogen storage tank are presented in Fig. 4. The hydrogen storage tanks 
are insulated in between the double-walled vessels.

Figure 4. Hydrogen compression work as a function of pressure
(Reprinted with permission from Ref. (Felderhoff et al. 2007). Copyright Royal Society of Chemistry)



147

On-Board and Off-Board Technologies for Hydrogen Storage
 

The temperature between liquefied hydrogen (20K) and ambient (300K) are generally different, 
the inner vessels are insulated with the multilayers consists of altering metal foil layers (vacuum super 
insulation) and padding materials and this helps in minimizing ambient heat gain.

Multilayer insulation design is showed in Figure 5

The efficiency of insulation (Manoharan et al. 2019) will be enhanced by the space between vessels. 
Insulation acts as the most important component in the liquid hydrogen tank. While designing a tank 
for all heat transfer mode are necessary to be examined. Radiation heat transfer is efficient in between 
ambient and liquid hydrogen as conduction occurs through pipes, ports and mountings.

The shape of the tank is additional important aspect in the thermal design of a liquid hydrogen tank. 
Cylindrical tanks will minimize the heat flow and this results in minimization of surface to volume ratio. 
In the current vehicle designs cylindrical tanks will occupy more space. Conformable tanks are prefer-
able in case of cylindrical tanks in some cases, but these tanks show inferior thermal preferences when 
compared to cylindrical tanks. In addition, conformable tank manufacturing is more labour-intensive 
process and costly (von Helmolt & Eberle, 2007).

Figure 5. (a) Liquid hydrogen tank design by Linde and (b) the vacuum super insulation
(Reprinted from Ref. (von Helmolt Eberle, 2007) with permission from Journal of Power Sources. Copyright Elsevier)
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Elimination of input heat to the current storage tank though with vacuum super insulation is impos-
sible; due to the heat input the hydrogen inside the tank evaporates continually resulting in increase of 
pressure inside the tank constantly. Excess of any hydrogen is required to be emitted to atmosphere, 
catalytically burned or captured (Felderhoff et al. 2007). If the pressure of the tank inside reaches around 
1Mpa. Hydrogen not utilized or excess hydrogen is called boil-off losses. “Dormancy” is time period 
between parking the vehicle to the venting process. Longer dormancy periods are favoured, owing to 
longer dwell times and lesser loss through adiabatic or isothermal processes.

Applying innovative cooling methods will enhance the dormancy and the normal state-of-the-art tank 
designs possess dormancy period of 3 days. In comparison with the other storage, methods liquefied 
hydrogen storage shows the best volumetric and gravimetric storage densities (Manoharan et al. 2019). 
The liquefaction cost of hydrogen is 30% lower having value of hydrogen as shown in Figure. 4.

Overall cost of liquid hydrogen storage effortlessly surpass cost of gaseous hydrogen storage when 
considered in combination with boil-off losses. At present, liquid hydrogen storage is the lone attractive 
method for short-term storage (i.e., space applications) due to the above-mentioned limitations.

c. Cryo-Compressed Hydrogen Storage

High pressures and Cryogenic temperatures (< 77k) are used to store hydrogen in this method. This 
method overcomes the drawbacks of other hydrogen storage methods. The major flaw of cryo-compressed 
Hydrogen Storage is low volumetric and low gravimetric densities (at high pressures even). Energy 
densities can be enhanced by cooling the hydrogen to cryogenic temperatures at immense pressures, 
by avoiding the penalty associated with Liquefaction. Maximum 1 MPa pressure (low pressure) can be 
stored by liquid hydrogen tanks and this leads to the shortfall of dormancy period. Dormancy period of 
these tanks can be increased by enhancing the pressures. In comparison with low-pressure tanks, vapo-
rised hydrogen can be stored in high-pressure tanks longer. The liquid hydrogen and cryo- compressed 
hydrogen helps in charging the cryo-compressed tank in a dual-phase region. Resilience of this nature 
makes storage system apt for diverse needs; for example, liquid hydrogen can be used when range of 
driving is more important than tariff (Sdanghi et al. 2019).

According to the assessments, this storage system can reach the DOE (Ahluwalia et al. 2010) targets 
i.e., volumetric, gravimetric densities and dormancy, but shortfalls in reaching the cost of manufacturing 
and well-to-Wheel efficiency. Amongst other technologies of hydrogen storage Cryo-Compression storage 
shows grater volumetric and gravimetric densities (see Table 1). In addition to that, it also eliminates and 
reduces the boil-off losses in comparison with liquified hydrogen Storage. Cryo-compression hydrogen 
storage have evolved to be a promising hydrogen technology in comparison with others.

2. Chemical Methods of Hydrogen Storage

Preceding discussion makes it evident that liquid hydrogen storage and compressed hydrogen storage 
(i.e., Physical Methods) have many drawbacks resulting in search for improved hydrogen storage meth-
ods. Till 2000s, researchers mostly focussed on metal hydrides and efforts on chemical storage methods 
were very limited. In the early 2000s, awareness of environmental problems was increased and research 
on hydrogen storage has gained more importance.

Material- based hydrogen storage is also called as chemical methods of hydrogen storage which are 
founded on interaction of hydrogen with hydrogen storage materials. The hydrogen interaction with hy-
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drogen storage materials in strength can be ionic and covalent bonds(strong), Kubas interaction(moderate) 
or van der Waals forces (weak) (Hoang & Antonelli, 2009). The operation condition like charging/dis-
charging, pressure, temperatures etc., can be dictated by the strength of the interactions in the hydrogen 
storage method. In comparison with compressed or liquified hydrogen storage, hydrogen can be stored 
more efficiently in firm materials like LiBH4, (complex hydride) can store 18.4 wt.% (gravimetric) and 
121 kg/m3 (volumetric), respectively (Züttel et al. 2003).

The plant components like a storage tank, safety features, cooling /heating equipment, does not take 
into consideration in materials-based storage capacity. Hydrogen storage capacity is half of the material 
storage capacity and it is a basic thumb rule (Read et al. 2007).

Chemical hydrogen storage methods can be categorized into

1.  on-board regenerable and
2.  off-board regenerable

The difference between these two storage materials has unfavourable thermodynamics or kinetics or 
both. Hydrogen on board vehicles can be recharged by the solid-state storage materials, whereas off-board 
can be regenerated. Off-board regeneration is more difficult in comparison with on-board regeneration. 
Off-board regeneration is costly and impractical. Charging of On-board regenerable materials can be 
done directly using hydrogen and doesn’t require any further intermediate steps. The overall cost and fuel 
cycles will be increased in off-board regeneration as it requires processed spent fuels in the central facility.

a. Solid-State Hydrogen Storage (On-board Regenerable Materials)

The on-board regenerable materials are classified into two types based on the interactions and strength 
between hydrogen and storage materials

Figure 6. Cryo-Compressed Hydrogen Storage.
Reprinted from Ref. (Barthelemy et al. 2017) with permission from the International Journal of Hydrogen Energy. Copyright 
Elsevier
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1.  reversible hydrides (based on strong interactions) and
2.  physisorption materials (based on weak interactions).

Reversible hydrides are further classified into metal hydrides and complex hydrides. Complex 
hydrides (Jain et al. 2010) and Porous materials (Thomas, 2007) consist of a significant portion of 
hydrogen storage materials and that can regenerate onboard hydrogen storage. The complex Hydrides 
have high gravimetric and Volumetric densities and these characteristics help in storing a high amount 
of hydrogen. Withal, they experience sluggish kinetics, high operating temperatures and reversibility. 
Contrarily, pours materials that are based on physisorption have complete reversibility and fast kinetics; 
nonetheless, at cryogenic temperatures they can store significant amount of hydrogen because the mate-
rial matrix of porous nature i.e., with less adsorption enthalpy have weak interaction with hydrogen at 
room temperatures (Felderhoff et al. 2007).

Reversible Hydrides

Metal Hydrides

The old class metal hydrides with reversible hydrides are AB5 (LaNi5) and AB2 (ZrMn2) – type alloys 
that date back to 1960s (Zaluska et al. 2001). The metal Hybrids that are broadly studied are listed in 
Table 3. Movement of hydrogen atoms into the crystal matrix and its interaction with metals by dissocia-
tion from Metal Hybrids. AB2 and AB5 are termed as intermetallic hybrids, as their interstitial crystal 
lattice (Chandra et al. 2006) contain hydrogen atoms. Prime disadvantages with these hybrids are low 
gravimetric densities (LaNi5H6); require high temperatures for operation (MgH2) and great price of rare 
earth metals (i.e., titanium and Lanthanum).

The metal hydrides consist of less gravimetric densities (1-2 wt.%) and not appropriate for a mobile 
application, but appropriate for the stationary application (Chandra et al. 2006); due to their favourable 
operating conditions and reversibility of hydrides. MgH2 hydride among other Metal Hydrides gained 
significant attention because of its high gravimetric capacity (7.6 wt.%). Magnesium hydrides show both 
covalent and ionic characters; and also has immense operating temperature (Table 3) (Noritake et al. 
2002). The studies on MgH2 focussed on reducing desorption temperatures and increasing kinetics by 
destabilization by various metal oxides and transition metals (Oelerich et al. 2001; Liang et al. 1999).

Complex Hydrides

Bogdanović & Schwickardi, 1997 doped the Ti with NaAlH4 and made a complex hydride and bought 
attention to the hydrogen storage community. They added 2 mol% of Ti to NaAlH4 and showed that add-
ing this small amount can regenerate the complex hydrides by applying high hydrogen pressure. High 
gravimetric capacity for storage of hydrogen can be attained only by doping the metals that are lighter 
than Mg (i.e., Li and Na). Thus, during the last decade researchers focussed on light metal complex 
hydrides. These hydrides show both covalent and ionic bonding characters. In LiNH2, Covalent charac-
ters are shown by N-H bonding in NH2 (anion), whereas Mixed characteristics i.e., covalent and ionic 
characters are shown by Li-N.

Theoretical gravimetric densities of complex hydrides: LiBH4(18.4 wt.%) (Orimo et al. 2005), 
Li3N (11.5 wt.%) (Chen et al. 2002), LiAlH4 (10.6 wt.%) (Chen et al. 2001) and NaAlH4 (7.5 wt.%) 
(Bogdanović & Schwickardi, 1997; Song & Guo, 2006) and their reversible capacities of gravimetric 
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are about 4-5 wt.% under experimental operating temperatures and pressures (Sakintuna et al. 2007). 
The most studied complex hydrides of their reversible capacities are LiBH4–LiNH2–MgH2 (4–8 wt.%, 
200–2800C) (Sudik, 2008), LiNH2–MgH2/LiH (4–6 wt.%, 200–2500C) (Luo, 2004; Nakamori & Orimo, 
2004), NaAlH4 (3–5 wt.%, 120–1500C) (Resan et al. 2005) and LiAlH4 (3–5 wt.%, 150–2000C) (Chen 
et al. 2001). Studies on these hydrides are mainly focussed on noxious toxic/poisonous gas emissions, 
sluggish kinetics, destabilization issues (Sakintuna et al. 2007; Borgschulte et al. 2011; Ichikawa et al. 
2004; Demirocak et al. 2013).

Figure 7. Schematic representation of current approaches to store hydrogen with materials.
Reprinted from Ref. (Sun et al. 2018) with permission from Energy Storage Materials. Copyright Elsevier

Table 3. Extensively studied metal Hydrides

Metals Hydrides Capacity (wt.%) Temperature for 1 Bar H2 (0C)

Mg MgH2 7.66 279

Mg2Ni Mg2NiH4 3.59 255

FeTi FeTiH2 1.89 -8

ZrMn2 ZrMn2H2 1.77 440

LaNi5 LaNi5H6 1.37 12

(Principi et al. 2009)
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Physisorption Based Materials

Porous Materials

Porous materials have large surface area and materials based on physisorption (Morris et al. 2019; Mohan 
et al. 2019), these materials include inorganic and organic ordered (Zeolites) and Amorphous (activated 
carbon) structures (Rowsell & Yaghi, 2004; Davis, 2002; Zhang & Cooper, 2005). These materials have 
various applications in ion exchange (Davis, 2002), gas storage (Morris et al. 2019), biomaterials (Kara-
georgiou & Kaplan, 2005) catalysis (Corma,1997), purification (Toyoda et al. 2003), and separation 
(Nakanishi & Tanaka, 2007; Horcajada et al. 2006). Based on the pore dimensions these materials are 
classified. Pores are separated into three categories on the basis of their measurements in accordance to 
International Union of Pure and Applied Chemistry; micropores (<2 nm), mesopores (2–50 nm), and 
macropores (>50 nm) (Ssing et al. 1985).

High surface area novel porous materials development like polymers of intrinsic porosity (PIMs) 
(McKeown & Budd, 2006), metal-organic frameworks (MOFs) (Rowsell & Yaghi, 2004), covalent 
organic frameworks (COFs) (Han et al. 2008), porous aromatic frameworks (PAFs) (Ben et al. 2009), 
templated carbons (Yang et al. 2007), conjugated microporous polymers (CMPs) (Jiang et al. 2008) and 
hyper crosslinked polymers (Germain et al. 2006), during the previous decade lead to extensive research 
attempts on storage materials (Morris et al., 2019). Owing to their reversibility, debauched sorption 
kinetics and capable gravimetric storage capacity these materials have been studied extensively.

Hydrogen storage in the above mentioned porous materials having large surface areas is comprehended 
by the interface of H2 on porous material surface via physisorption (i.e., adsorption) and mainly on the 
basis of weak van der Waals forces (Rzepka et al. 1998). At cryogenic temperatures, a good amount of 
hydrogen uptake can be achieved by physisorption method. The storage capacity of hydrogen at room 
temperatures are usually less than 1 wt.% at modest temperatures (100 atm) (Thomas, 2007; Kajiura 
et al. 2003). The adsorption enthalpy pore size, pore volume and surface area the key parameters for 
hydrogen storage capacity (Bhatia & Myers, 2006; Frost et al. 2006). The adsorption enthalpy is low in 
porous materials (<6 KJ/mol) (Schmitz et al. 2008) and for uptake of hydrogen at room temperatures 
need to be improved (20–40 kJ/mol) (Jhi & Ihm, 2011).

Multiple alteration procedures like optimizing pore size (Bhatia & Myers, 2006) increasing surface 
area and nobbling with impure atoms (B, N, alkali/transition metals (Chung et al. 2008; Goddard and 
Han, 2009; Li & Yang, 2006; Zhou et al. 2008) will tune the enthalpy or improve the hydrogen uptake 
capacity.

Therefore, many researchers focussed on improving the adsorption enthalpy (i.e., creating open metal 
sites in MOFs) (Zhou et al. 2008), increasing surface areas (Farha et al. 2012), and fine-tuning pore 
size-dimensions of these materials (Katoch et al. 2019).

Chemical Hydrogen Storage (Off-board Regenerable Materials)

The term Off-board Regenerable materials in this section are used to describe, the materials that cannot 
be redeveloped simply (as the thermodynamics and Kinetics for these applications are unfavourable). 
Chemical Hydrides is another term that is frequently used in the literature to describe the materials with 
the same class.

Examples of chemical Hydrides used for chemical hydrogen storage: Sodium borohydrides (NaBH4) 
and Aluminium hydrides (AlH3). (but there are not places under the reversible hydride group due to their 
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difficulty in reliability). Most studied hydrogen materials in the literature available are ammonia-borane 
(NH3 _ BH3 or simply AB) (Staubitz et al. 2010), NaBH4 (Netskina et al. 2019), AlH3 (Graetz et al. 2011) 
and Cyclohexane-benzene (liquid organic hydrogen carriers) (Crabtree, 2008; Teichmann et al. 2011). In 
detail about these materials are discussed below. Further, Methanol’s (alcohol), Hydrocarbons (Eberle et 
al. 2009) and ammonia (NH3) (Klerke et al. 2008) also reflected as chemical hydrogen storage materials. 
Main problem associated with such materials as energy carriers are, they will not provide solutions for 
sustainable development as these materials are based on relic fuels.

Borohydrides of Sodium

Hydrogen is released from sodium borohydride (NaBH4) through hydrolysis reaction as reported by 
subsequent reaction path where half of the hydrogen is produced from water:

NaBH4 + 2H2O → NaBO2 + 4H2 

These borohydrides have 10.8 wt.% storage capacity of hydrogen by theoretically; Withal, in operat-
ing conditions, 2.9 – 7.5 wt.% storage capacities were reported (Netskina et al. 2019). The major issues 
linked with these hydrides with water system (NaBH4–H2O system) are the solubility of NaBH4 and 
NaBO2 is low in Water and this requires more quantity of water that can be stowed on-board and slow 
rate of reaction for hydrogen generation necessitates a catalyst to enhance the speed of reaction. However, 
over a longer duration, the catalyst durability may be induced and performance of the reaction may be 
degraded. These are the reason DOE restricted the above hydrides (as aqueous solutions) not to be used 
for hydrogen storage (Netskina et al. 2019).

Hydrides of Aluminium

Hydrides of aluminium (AlH3- Aluminium hydride) has 148 kg/m3 Volumetric and 10.1 wt.% gravimetric 
storage capacities of hydrogen. Hydrogen is liberated from AlH3 with small amount of input heat (~7 
kJ/mol) in accordance with endothermic reaction (Graetz, 2009).

AlH3 → Al + 3
2

H2 

Hydrogen delivery can be fastened by manipulating the size of crystallite, as crystallite with smaller 
size will decompose the AlH3 faster and this will help in increasing the rate of reaction. Pressure (~700 
MPa) is nearly required for regeneration of AlH3 which is a major challenge at room temperatures. The 
Electrochemical hydrogenation and ethereal reactions (with LiAlH4 and AlCl3) are the other alternative 
ways for AlH3 Regeneration.

Ammonia-Borane (AB)

A gravimetric storage capacity (theoretical) of 19.6 wt.% was achieved with this Ammonia-Borane 
(white crystalline solid) which is a non-explosive and non-flammable substance (Staubitz et al. 2010). 
Extraction of Hydrogen from AB can be achieved by many ways such as thermolysis (with or without 
the presence of a catalyst), hydrolysis and decomposition (Huang & Autrey, 2012).
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Thermolysis and Hydrolysis were discussed briefly:

nNH3BH3 (s) → nNH3BH3 

nNH3BH3 (l) → [NHBH]n (s) + nH2 (g) 

[NHBH]n (s) → [NB]n (s) + nH2 (g) 

The thermal decomposition of Ammonium-Borane requires onset temperature of 700C and maximum 
is 1100C. (~1.1 mol H2 can be yielded by 1 mol of Ammonium-Borane) and this decomposition will 
release a by-product polyaminoborane ([NH2BH2] n) (Peng & Chen, 2008). Trace amounts of ammonia 
and borazine will be liberated by the decomposition of ammonium-borane and these are required for 
operating proton exchange membrane fuel cell and needs to be captured or eliminated (Demirocak et 
al. 2013).

Other concern of thermolysis of AB is induction duration before release of hydrogen; for example, 
AB starts to produce significant quantities of hydrogen just after 3 h at a temperature of 850C (Peng 
& Chen, 2008). The major concern with these substances (during thermolysis) is an induction period 
to release hydrogen a minimum 850C preheat for 3h is required. By mixing ionic liquids (Bluhm et al. 
2006) with ammonium-borane can overcome the induction period or by doping the ammonium-borane 
with porous materials also decrease this problem (Gutowska et al. 2005). The overall storage capacity 
of hydrogen will be retarded by the above methods as they add dead weight to the system.

Ammonium-borane Hydrolysis process is mainly depending on pH. The aqueous Ammonium-borane 
is highly stable in basic and neutral solutions. However; by the interaction of aqueous ammonium-borane 
with an acid solution, the rate of reaction is fastened and will be hydrolysed rapidly.

Hydrogen should be available on-demand in the current world; so, reacting acidic solution with aque-
ous Ammonia-borane will liberate more amount of hydrogen. Prime problem of producing hydrogen by 
a hydrolytic pathway through ammonium-borane is production of highly stable compounds i.e., borate 
(B-O). Due to this stable bond formation regenerating of Ammonia-borane needs extensive energy and 
requires high capital (Stephens et al. 2007).

Liquid Organic Hydrogen Carriers (LOHC)

LOHC carriers of energy and the hydrogen can be unloaded and loaded with LOHC in cyclic way 
(Teichmann et al. 2011). A significant manufacturing benefit is there in carrying liquid as a hydrogen 
carrier rather than solid. Initially, the end-users are easily benefited and can be transported easily with 
the existing infrastructure and required quantities can be pumped easily to reaction chamber where it is 
rehabilitated into heat. Heating of whole hydrogens storage materials is not required due to this reason 
(Crabtree, 2008). Extensive studies on LOHC like N-ethyl carbazole and cyclohexane-benzene was 
done according to the literature available (Crabtree, 2008; Teichmann et al. 2011). Comparing LOHC 
with Chemical hydrogen storage materials, LOHC has a 6-8 wt.% (theoretical) hydrogen storage which 
is relatively low. Works are ongoing on this type of carriers and in detail especially on regenerating 
methods of LOHC (Crabtree, 2008; Teichmann et al. 2011).
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Hybrid Methods of Hydrogen Storage

To overcome the shortcomings of different storages technologies, hybrid methods (use two or more 
different methods) are used and this will help in enhancing the storage. Cryo-adsorption is one of the 
main methods of the hybrid method. Physical-chemical process of hydrogen storage, Cryo-adsorption 
takes benefit of liquefied, compressed and physisorption materials based hydrogen storage technologies.

Cryo-Adsorption Hydrogen Storage

Hydrogen is stored at high pressures at cryogenic temperatures in physisorption based materials. The 
storage capacity of the system is mainly related to porous materials adsorption. To enhance the storage 
capacity pore size, pore-volume, surface area and heat are critical (Frost et al. 2006). Several researchers 
have investigated the performance of cryo-adsorption of different materials such as MOFs (Hirscher, 
2011), zeolite (Li et al. 2009) and Activated carbon (Ahluwalia & Peng, 2009). Instead of empty tank 
for storage of hydrogen, porous materials will enhance the storage capacity at same temperatures and 
pressures. Hydrogen storage capacities of high-pressure porous materials presented in literature are the 
difference between saturation and the zero pressure (Figure 8).

It needs to recognize that applied operating environments are different from the real storage capacities 
of hydrogen in the system. As an example, pressure inside tank is certainly not zero as the fuel cell always 
operates at a pressure between 0.2-0.3 MPa (Wang et al. 2003). So, always there is a small amount of 
hydrogen remains in the tank. Temperature swing is the only way to mitigate this problem. Temperature 

Figure 8. Schematic of on-board cryo-adsorption system.
Reprinted from Ref. (Ahluwalia & Peng,2009) with permission from the International Journal of Hydrogen storage. Copyright 
Elsevier
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swing means enhancing temperature of tank by means of heat to desorb as abundant hydrogen as prob-
able (Ahluwalia & Peng, 2009).

VI. CHALLENGES OF HYDROGEN STORAGE TECHNOLOGIES

Major challenges of hydrogen storage technologies are listed below:

1.  Compressed Hydrogen Storage: High energy Penalty. For compression, a Lower heating value 
(up to 15%) is required. Storage tanks for tolerating high pressures are made by Carbon nanofibres 
which are very expensive.

2.  Liquefied hydrogen storage: liquefaction requires quite great energy; lower heating values (up 
to 30%) are required. To minimise the heat gain from the surroundings the liquefaction tank must 
be super insulated. Frequent boils-off from the vent of the tank.

3.  Solid-state hydrogen storage: as discussed earlier there are two chief technologies available for 
solid-state storage i.e., reversible hydrides and physisorption materials. Physisorption materials can 
store hydrogen only at cryogenic temperatures, so while filling the tank it needs to cool. Reversible 
hydrides require high temperatures and suffer from degradation over cycles and also emits toxic 
gases while discharging (NH3).

4.  Chemical hydrogen storage: off-board regeneration is required due to unfavourable kinetic and 
it is a costly process.

SUMMARY

From the beginning of the industrial era, modern society is uninterruptedly getting advantages from the 
exploiting of relic fuels undoubtedly. Though, relic fuels are the principal energy source (easy to store, 
High density. etc.) is a limited energy source. It is imperative to note that extensive utilization of relic 
fuels causes various environmental problem, one of the major concerns in the present scenario is global 
warming and climate change due to undue man-made CO2 emissions. So, it is clearly evident that human 
community need to find an environmentally friendly alternative energy fuels alternative to relic fuel to 
move towards sustainable environment. Transportation sector majorly depends on oil that is anticipated to 
be extended before end of twenty-first century. CO2 emissions emitted from automobiles are considered 
as a main source of CO2 and there is no proven technology to capture the CO2 that is economically viable. 
In near future, to mitigate climate change and to stop the reduction of oil it is needed to substitute with 
energy carrier which is environmentally sustainable. Amongst many options available for sustainable 
energy carrier, hydrogen is considered to be a promising candidate. This will not emit any noxious gases 
and free from carbon; when it is burned in internal combustion engines. Similar to the oil economy, 
hydrogen economy is a system that includes storage, production and transportation. At present, steam 
reformation methods are utilizing for the production of hydrogen. Renewable energy sources like wind 
or photovoltaic (PV) powered water electrolysis is required to produce hydrogen. Major challenges are 
being faced by the transportation of hydrogen are it requires an extensive networking system for distri-
bution of energy which is so expensive.
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Hydrogen storage is the last step in hydrogen economy and bottleneck in this economy. Many automotive 
industries are setting targets for the storage of hydrogen for vehicular application and collaborating with 
different countries in the world. The greatest rigorous targets are volumetric and gravimetric hydrogen 
storage capacities, resulting in comparison of different hydrogen storage technologies often times compared 
only on the basis of energy density irrespective of operating temperature, cost and efficiency. Storage 
technologies for hydrogen are comprised of solid-state, liquefied, compressed and chemical hydrogen 
storage technologies. The physical storage methods include liquified hydrogen and compressed storage 
systems, whereas chemical methods include solid-state and chemical hydrogens storage technologies. 
The key difference between physical and chemical processes is that hydrogen does not interact with the 
storage media in physical methods, while hydrogen interacts with the storage media in chemical methods. 
The conventional methods of hydrogen storage are liquified and compressed storage systems and these 
technologies have been used for decades. To enhance the gaseous storage, carbon fibre manufacturing 
methods with low cost were developed to reduce the costs of the tank. To minimise the boil-off losses 
vacuum super insulations are used and novel cooling technologies also enhanced the dormancy period. 
Compressed gaseous storage systems are commercialized and most successful technology among all 
other so far. Due to the shortcomings of liquified systems, majority of the research efforts concentrated 
on on-board regenerable (solid-state) and off-board regenerable (off-board regenerable). In comparison 
to solid chemical storage, more attention was gained by solid-state storage as they are reducing the 
costs concerned with spent fuels. Reversible hydrides and physisorption (porous) materials are the two 
subclasses of Solid-State storages materials.

A high temperature is required for the operation of reversible hydrides as they have reversibility issues. 
Porous materials store important quantity of hydrogen at cryogenic temperature, but the major drawback 
with these systems is price related with cooling. The challenge associated with solid-state materials is it 
is too difficult to bring the operating temperatures to the closer room temperatures. Hydrolysis process or 
thermolysis process is utilized to synthesis hydrogen in chemical hydrogen storage materials. By-products 
released during these processes are more stable to be renewed on-board merely charging by hydrogen 
required. The drawbacks associated with this material are complexity in regeneration and its cost. In 
conclusion, in this chapter advantages and disadvantages of hydrogen storage technologies and materials 
used for storage are presented in detail. Expedition for discovery of a benign fuel substitute to oil is still 
in process revealing hydrogen to be one of the best choices available in the present scenario. Further 
research is essential to progress hydrogen storage field frontward. Market diffusion of hydrogen storage 
technologies in near future is closely knotted to development of enriched hydrogen storage materials.

REFERENCES

Abbas, H. F., & Daud, W. W. (2010). Hydrogen production by methane decomposition: A review. Inter-
national Journal of Hydrogen Energy, 35(3), 1160–1190. doi:10.1016/j.ijhydene.2009.11.036

Agrawal, R., Singh, N. R., Ribeiro, F. H., & Delgass, W. N. (2007). Sustainable fuel for the transporta-
tion sector. Proceedings of the National Academy of Sciences of the United States of America, 104(12), 
4828–4833. doi:10.1073/pnas.0609921104 PMID:17360377



158

On-Board and Off-Board Technologies for Hydrogen Storage
 

Ahluwalia, R. K., Hua, T. Q., Peng, J. K., Lasher, S., McKenney, K., Sinha, J., & Gardiner, M. (2010). 
Technical assessment of cryo-compressed hydrogen storage tank systems for automotive applications. 
International Journal of Hydrogen Energy, 35(9), 4171–4184. doi:10.1016/j.ijhydene.2010.02.074

Ahluwalia, R. K., & Peng, J. K. (2009). Automotive hydrogen storage system using cryo-adsorption 
on activated carbon. International Journal of Hydrogen Energy, 34(13), 5476–5487. doi:10.1016/j.
ijhydene.2009.05.023

Asif, M., & Muneer, T. (2007). Energy supply, its demand and security issues for developed and emerging 
economies. Renewable & Sustainable Energy Reviews, 11(7), 1388–1413. doi:10.1016/j.rser.2005.12.004

Barbir, F., Veziroǧlu, T. N., & Plass, H. J. Jr. (1990). Environmental damage due to fossil fuels use. 
International Journal of Hydrogen Energy, 15(10), 739–749. doi:10.1016/0360-3199(90)90005-J

Baroutaji, A., Wilberforce, T., Ramadan, M., & Olabi, A. G. (2019). Comprehensive investigation on 
hydrogen and fuel cell technology in the aviation and aerospace sectors. Renewable & Sustainable Energy 
Reviews, 106, 31–40. doi:10.1016/j.rser.2019.02.022

Barthelemy, H., Weber, M., & Barbier, F. (2017). Hydrogen storage: Recent improvements and in-
dustrial perspectives. International Journal of Hydrogen Energy, 42(11), 7254–7262. doi:10.1016/j.
ijhydene.2016.03.178

Ben, T., Ren, H., Ma, S., Cao, D., Lan, J., Jing, X., ... Qiu, S. (2009). Targeted synthesis of a porous 
aromatic framework with high stability and exceptionally high surface area. Angewandte Chemie Inter-
national Edition, 48(50), 9457–9460. doi:10.1002/anie.200904637 PMID:19921728

Bhatia, S. K., & Myers, A. L. (2006). Optimum conditions for adsorptive storage. Langmuir, 22(4), 
1688–1700. doi:10.1021/la0523816 PMID:16460092

Bluhm, M. E., Bradley, M. G., Butterick, R., Kusari, U., & Sneddon, L. G. (2006). Amineborane-based 
chemical hydrogen storage: Enhanced ammonia borane dehydrogenation in ionic liquids. Journal of the 
American Chemical Society, 128(24), 7748–7749. doi:10.1021/ja062085v PMID:16771483

Bogdanović, B., & Schwickardi, M. (1997). Ti-doped alkali metal aluminium hydrides as potential 
novel reversible hydrogen storage materials. Journal of Alloys and Compounds, 253, 1–9. doi:10.1016/
S0925-8388(96)03049-6

Borgschulte, A., Callini, E., Probst, B., Jain, A., Kato, S., Friedrichs, O., Remhof, A., Bielmann, M., 
Ramirez-Cuesta, A. J., & Züttel, A. (2011). Impurity gas analysis of the decomposition of complex 
hydrides. The Journal of Physical Chemistry C, 115(34), 17220–17226. doi:10.1021/jp205566q

Bossel, U., Eliasson, B., & Taylor, G. (2003). The future of the hydrogen economy: Bright or bleak? 
Cogeneration and Distributed Generation Journal, 18(3), 29–70. doi:10.1080/15453660309509023

Chalk, S. G., & Miller, J. F. (2006). Key challenges and recent progress in batteries, fuel cells, and 
hydrogen storage for clean energy systems. Journal of Power Sources, 159(1), 73–80. doi:10.1016/j.
jpowsour.2006.04.058

Chandra, D., Reilly, J. J., & Chellappa, R. (2006). Metal hydrides for vehicular applications: The state 
of the art. JOM, 58(2), 26–32. doi:10.100711837-006-0005-0



159

On-Board and Off-Board Technologies for Hydrogen Storage
 

Chen, J., Kuriyama, N., Xu, Q., Takeshita, H. T., & Sakai, T. (2001). Reversible hydrogen storage via 
titanium-catalyzed LiAlH4 and Li3AlH6. The Journal of Physical Chemistry B, 105(45), 11214–11220. 
doi:10.1021/jp012127w

Chen, P., Xiong, Z., Luo, J., Lin, J., & Tan, K. L. (2002). Interaction of hydrogen with metal nitrides 
and imides. Nature, 420(6913), 302–304. doi:10.1038/nature01210 PMID:12447436

Chung, T. M., Jeong, Y., Chen, Q., Kleinhammes, A., & Wu, Y. (2008). Synthesis of microporous boron-
substituted carbon (B/C) materials using polymeric precursors for hydrogen physisorption. Journal of 
the American Chemical Society, 130(21), 6668–6669. doi:10.1021/ja800071y PMID:18454522

Corma, A. (1997). From microporous to mesoporous molecular sieve materials and their use in catalysis. 
Chemical Reviews, 97(6), 2373–2420. doi:10.1021/cr960406n PMID:11848903

Crabtree, G. W., Dresselhaus, M. S., & Buchanan, M. V. (2004). The hydrogen economy. Physics Today, 
57(12), 39–44. doi:10.1063/1.1878333

Crabtree, R. H. (2008). Hydrogen storage in liquid organic heterocycles. Energy & Environmental Sci-
ence, 1(1), 134–138. doi:10.1039/b805644g

Davis, M. E. (2002). Ordered porous materials for emerging applications. Nature, 417(6891), 813–821. 
doi:10.1038/nature00785 PMID:12075343

Demirocak, D. E., Srinivasan, S. S., Ram, M. K., Kuhn, J. N., Muralidharan, R., Li, X., Goswami, D. 
Y., & Stefanakos, E. K. (2013). Reversible hydrogen storage in the Li–Mg–N–H system–The effects 
of Ru doped single walled carbon nanotubes on NH3 emission and kinetics. International Journal of 
Hydrogen Energy, 38(24), 10039–10049. doi:10.1016/j.ijhydene.2013.05.176

Eberle, U., Felderhoff, M., & Schueth, F. (2009). Chemical and physical solutions for hydrogen stor-
age. Angewandte Chemie International Edition, 48(36), 6608–6630. doi:10.1002/anie.200806293 
PMID:19598190

Economics, B. E. (2018). BP Energy Outlook. Academic Press.

Farha, O. K., Eryazici, I., Jeong, N. C., Hauser, B. G., Wilmer, C. E., Sarjeant, A. A., Snurr, R. Q., Nguyen, 
S. B. T., Yazaydın, A. Ö., & Hupp, J. T. (2012). Metal–organic framework materials with ultrahigh 
surface areas: Is the sky the limit? Journal of the American Chemical Society, 134(36), 15016–15021. 
doi:10.1021/ja3055639 PMID:22906112

Felderhoff, M., Weidenthaler, C., von Helmolt, R., & Eberle, U. (2007). Hydrogen storage: The remain-
ing scientific and technological challenges. Physical Chemistry Chemical Physics, 9(21), 2643–2653. 
doi:10.1039/b701563c PMID:17627309

Frost, H., Düren, T., & Snurr, R. Q. (2006). Effects of surface area, free volume, and heat of adsorption 
on hydrogen uptake in metal− organic frameworks. The Journal of Physical Chemistry B, 110(19), 
9565–9570. doi:10.1021/jp060433+ PMID:16686503



160

On-Board and Off-Board Technologies for Hydrogen Storage
 

Ganguly, G., Halder, D., Banerjee, A., Basu, S., & Paul, A. (2019). Exploring the Crucial Role of Sol-
vation on the Viability of Sustainable Hydrogen Storage in BN-fullerene: A Combined DFT and Ab 
initio Molecular Dynamics investigation. ACS Sustainable Chemistry & Engineering, 7(11), 9808–9821. 
doi:10.1021/acssuschemeng.9b00211

Gerboni, R., & Salvador, E. (2009). Hydrogen transportation systems: Elements of risk analysis. Energy, 
34(12), 2223–2229. doi:10.1016/j.energy.2008.12.018

Germain, J., Hradil, J., Fréchet, J. M., & Svec, F. (2006). High surface area nanoporous polymers for 
reversible hydrogen storage. Chemistry of Materials, 18(18), 4430–4435. doi:10.1021/cm061186p

Goddard, W. A., & Han, S. S. (2009). U.S. Patent Application No. 12/150,046. US Patent Office.

Graetz, J. (2009). New approaches to hydrogen storage. Chemical Society Reviews, 38(1), 73–82. 
doi:10.1039/B718842K PMID:19088966

Graetz, J., Reilly, J. J., Yartys, V. A., Maehlen, J. P., Bulychev, B. M., Antonov, V. E., Tarasov, B. P., 
& Gabis, I. E. (2011). Aluminum hydride as a hydrogen and energy storage material: Past, present and 
future. Journal of Alloys and Compounds, 509, S517–S528. doi:10.1016/j.jallcom.2010.11.115

Gutowska, A., Li, L., Shin, Y., Wang, C. M., Li, X. S., Linehan, J. C., ... Gutowski, M. (2005). Nanoscaf-
fold mediates hydrogen release and the reactivity of ammonia borane. Angewandte Chemie International 
Edition, 44(23), 3578–3582. doi:10.1002/anie.200462602 PMID:15880751

Hamilton, C. W., Baker, R. T., Staubitz, A., & Manners, I. (2009). B–N compounds for chemical hy-
drogen storage. Chemical Society Reviews, 38(1), 279–293. doi:10.1039/B800312M PMID:19088978

Han, S. S., Furukawa, H., Yaghi, O. M., & Goddard Iii, W. A. (2008). Covalent organic frameworks as 
exceptional hydrogen storage materials. Journal of the American Chemical Society, 130(35), 11580–11581. 
doi:10.1021/ja803247y PMID:18683924

Hirscher, M. (2011). Hydrogen storage by cryoadsorption in ultrahigh‐porosity metal–organic frameworks. 
Angewandte Chemie International Edition, 50(3), 581–582. doi:10.1002/anie.201006913 PMID:21226135

Hoang, T. K., & Antonelli, D. M. (2009). Exploiting the Kubas interaction in the design of hydrogen 
storage materials. Advanced Materials, 21(18), 1787–1800. doi:10.1002/adma.200802832

Horcajada, P., Serre, C., Vallet‐Regí, M., Sebban, M., Taulelle, F., & Férey, G. (2006). Metal–organic 
frameworks as efficient materials for drug delivery. Angewandte Chemie International Edition, 45(36), 
5974–5978. doi:10.1002/anie.200601878 PMID:16897793

Houghton, J. (2005). Reports on Progress in Physics. Global Warming, 68, 1343-1403.

Høyer, K. G., & Holden, E. (2007). Alternative fuels and sustainable mobility: Is the future road paved 
by biofuels, electricity or hydrogen. International Journal of Alternative Propulsion, 1(4), 352–369. 
doi:10.1504/IJAP.2007.013329

Hua, T. Q., Ahluwalia, R. K., Peng, J. K., Kromer, M., Lasher, S., McKenney, K., Law, K., & Sinha, J. 
(2011). Technical assessment of compressed hydrogen storage tank systems for automotive applications. 
International Journal of Hydrogen Energy, 36(4), 3037–3049. doi:10.1016/j.ijhydene.2010.11.090



161

On-Board and Off-Board Technologies for Hydrogen Storage
 

Huang, Z., & Autrey, T. (2012). Boron–nitrogen–hydrogen (BNH) compounds: Recent developments in 
hydrogen storage, applications in hydrogenation and catalysis, and new syntheses. Energy & Environ-
mental Science, 5(11), 9257–9268. doi:10.1039/c2ee23039a

Hubbert, M. K. (1956, January). Nuclear energy and the fossil fuel. In Drilling and production practice. 
American Petroleum Institute.

Ichikawa, T., Hanada, N., Isobe, S., Leng, H., & Fujii, H. (2004). Mechanism of novel reaction from 
LiNH2 and LiH to Li2NH and H2 as a promising hydrogen storage system. The Journal of Physical 
Chemistry B, 108(23), 7887–7892. doi:10.1021/jp049968y

Jain, I. P., Jain, P., & Jain, A. (2010). Novel hydrogen storage materials: A review of lightweight com-
plex hydrides. Journal of Alloys and Compounds, 503(2), 303–339. doi:10.1016/j.jallcom.2010.04.250

Jhi, S. H., & Ihm, J. (2011). Developing high-capacity hydrogen storage materials via quantum simula-
tions. MRS Bulletin, 36(3), 198–204. doi:10.1557/mrs.2011.32

Jiang, J. X., Su, F., Trewin, A., Wood, C. D., Niu, H., Jones, J. T., Khimyak, Y. Z., & Cooper, A. I. 
(2008). Synthetic control of the pore dimension and surface area in conjugated microporous polymer 
and copolymer networks. Journal of the American Chemical Society, 130(24), 7710–7720. doi:10.1021/
ja8010176 PMID:18500800

Kajiura, H., Tsutsui, S., Kadono, K., Kakuta, M., Ata, M., & Murakami, Y. (2003). Hydrogen storage 
capacity of commercially available carbon materials at room temperature. Applied Physics Letters, 82(7), 
1105–1107. doi:10.1063/1.1555262

Karageorgiou, V., & Kaplan, D. (2005). Porosity of 3D biomaterial scaffolds and osteogenesis. Bioma-
terials, 26(27), 5474–5491. doi:10.1016/j.biomaterials.2005.02.002 PMID:15860204

Katoch, A., Goyal, N., & Gautam, S. (2019). Applications and advances in coordination cages: Metal-
Organic Frameworks. Vacuum, 167, 287–300. doi:10.1016/j.vacuum.2019.03.038

Kerr, R. A. (2011). Peak oil production may already be here. Academic Press.

Klerke, A., Christensen, C. H., Nørskov, J. K., & Vegge, T. (2008). Ammonia for hydrogen storage: Chal-
lenges and opportunities. Journal of Materials Chemistry, 18(20), 2304–2310. doi:10.1039/b720020j

Konni, M., Dadhich, A. S., & Mukkamala, S. B. (2017). Impact of surface modifications on hydrogen 
uptake by Fe@ f-MWCNTs and Cu@ f-MWCNTs at non-cryogenic temperatures. International Journal 
of Hydrogen Energy, 42(2), 953–959. doi:10.1016/j.ijhydene.2016.09.085

Konni, M., Dadhich, A. S., & Mukkamala, S. B. (2019). Evaluation of surface changes at the interface 
between TiO2 nanoparticles and COOH-MWCNTs on hydrogen adsorption capability. Nano-Structures 
& Nano-Objects, 18, 100304. doi:10.1016/j.nanoso.2019.100304

Konni, M., Karnena, M. K., & Mukkamala, S. B. (2020). Hydrogen Storage Capacity in Ni/Pd@ f-
MWCNTS Decorated Graphene Oxide/Cu-BTC Composites at Room Temperatures: A Sustainable 
Cleaner Energy Production. International Journal of Surface Engineering and Interdisciplinary Materials 
Science, 8(1), 1–12. doi:10.4018/IJSEIMS.2020010101



162

On-Board and Off-Board Technologies for Hydrogen Storage
 

Konni, M., Kumar Karnena, M., & Babu Mukkamala, S. (2020). Enhanced Room‐Temperature Syn-
thesis of Li@ f‐MWCNTs for Hydrogen Storage Application. ChemistrySelect, 5(14), 4292–4296. 
doi:10.1002lct.202000489

Konni, M., & Mukkamala, S. B. (2018). Hydrogen uptake behavior of Cr 2 O 3 nanoparticle decorated 
f-MWCNTs at non-cryogenic temperatures. Journal of the Indian Chemical Society, 95, 393–397.

Lattin, W. C., & Utgikar, V. P. (2007). Transition to hydrogen economy in the United States: A 2006 status 
report. International Journal of Hydrogen Energy, 32(15), 3230–3237. doi:10.1016/j.ijhydene.2007.02.004

Li, J., Wu, E., Song, J., Xiao, F., & Geng, C. (2009). Cryoadsorption of hydrogen on divalent cation-
exchanged X-zeolites. International Journal of Hydrogen Energy, 34(13), 5458-5465.

Li, Y., & Yang, R. T. (2006). Significantly enhanced hydrogen storage in metal− organic frameworks 
via spillover. Journal of the American Chemical Society, 128(3), 726–727. doi:10.1021/ja056831s 
PMID:16417355

Liang, G., Huot, J., Boily, S., Van Neste, A., & Schulz, R. (1999). Catalytic effect of transition metals 
on hydrogen sorption in nanocrystalline ball milled MgH2–Tm (Tm= Ti, V, Mn, Fe and Ni) systems. 
Journal of Alloys and Compounds, 292(1-2), 247–252. doi:10.1016/S0925-8388(99)00442-9

Luo, W. (2004). (LiNH2–MgH2): A viable hydrogen storage system. Journal of Alloys and Compounds, 
381(1-2), 284–287. doi:10.1016/j.jallcom.2004.03.119

Maggio, G., & Cacciola, G. (2012). When will oil, natural gas, and coal peak? Fuel, 98, 111–123. 
doi:10.1016/j.fuel.2012.03.021

Manoharan, Y., Hosseini, S. E., Butler, B., Alzhahrani, H., Senior, B. T. F., Ashuri, T., & Krohn, J. 
(2019). Hydrogen Fuel Cell Vehicles; Current Status and Future Prospect. Applied Sciences (Basel, 
Switzerland), 9(11), 2296. doi:10.3390/app9112296

McKeown, N. B., & Budd, P. M. (2006). Polymers of intrinsic microporosity (PIMs): Organic materials 
for membrane separations, heterogeneous catalysis and hydrogen storage. Chemical Society Reviews, 
35(8), 675–683. doi:10.1039/b600349d PMID:16862268

Mendelssohn, I. A., Andersen, G. L., Baltz, D. M., Caffey, R. H., Carman, K. R., Fleeger, J. W., Joye, 
S. B., Lin, Q., Maltby, E., Overton, E. B., & Rozas, L. P. (2012). Oil impacts on coastal wetlands: Im-
plications for the Mississippi River Delta ecosystem after the Deepwater Horizon oil spill. Bioscience, 
62(6), 562–574. doi:10.1525/bio.2012.62.6.7

Mohan, M., Sharma, V. K., Kumar, E. A., & Gayathri, V. (2019). Hydrogen storage in carbon materials—
A review. Energy Storage, e35.

Morris, R. E., Wheatley, P. S., Warrender, S., & Duncan, M. (2019). U.S. Patent No. 10,357,037. Wash-
ington, DC: U.S. Patent and Trademark Office.

Nakamori, Y., & Orimo, S. I. (2004). Destabilization of Li-based complex hydrides. Journal of Alloys 
and Compounds, 370(1-2), 271–275. doi:10.1016/j.jallcom.2003.08.089



163

On-Board and Off-Board Technologies for Hydrogen Storage
 

Nakanishi, K., & Tanaka, N. (2007). Sol–gel with phase separation. Hierarchically porous materials 
optimized for high-performance liquid chromatography separations. Accounts of Chemical Research, 
40(9), 863–873. doi:10.1021/ar600034p PMID:17650924

Netskina, O. V., Tayban, E. S., Ozerova, A. M., Komova, O. V., & Simagina, V. I. (2019). Solid-State 
NaBH4/Co Composite as Hydrogen Storage Material: Effect of the Pressing Pressure on Hydrogen 
Generation Rate. Energies, 12(7), 1184. doi:10.3390/en12071184

Noritake, T., Aoki, M., Towata, S., Seno, Y., Hirose, Y., Nishibori, E., Takata, M., & Sakata, M. 
(2002). Chemical bonding of hydrogen in MgH 2. Applied Physics Letters, 81(11), 2008–2010. 
doi:10.1063/1.1506007

Oelerich, W., Klassen, T., & Bormann, R. (2001). Metal oxides as catalysts for improved hydrogen 
sorption in nanocrystalline Mg-based materials. Journal of Alloys and Compounds, 315(1-2), 237–242. 
doi:10.1016/S0925-8388(00)01284-6

Orimo, S. I., Nakamori, Y., Kitahara, G., Miwa, K., Ohba, N., Towata, S. I., & Züttel, A. (2005). 
Dehydriding and rehydriding reactions of LiBH4. Journal of Alloys and Compounds, 404, 427–430. 
doi:10.1016/j.jallcom.2004.10.091

Peng, B., & Chen, J. (2008). Ammonia borane as an efficient and lightweight hydrogen storage medium. 
Energy & Environmental Science, 1(4), 479–483. doi:10.1039/b809243p

Principi, G., Agresti, F., Maddalena, A., & Russo, S. L. (2009). The problem of solid state hydrogen 
storage. Energy, 34(12), 2087–2091. doi:10.1016/j.energy.2008.08.027

Read, C., Thomas, G., Ordaz, C., & Satyapal, S. (2007). US Department of Energy’s system targets for 
on-board vehicular hydrogen storage. Material Matters, 2(2), 3.

Resan, M., Hampton, M. D., Lomness, J. K., & Slattery, D. K. (2005). Effects of various catalysts on 
hydrogen release and uptake characteristics of LiAlH4. International Journal of Hydrogen Energy, 
30(13-14), 1413–1416. doi:10.1016/j.ijhydene.2004.12.009

Rowsell, J. L., & Yaghi, O. M. (2004). Metal–organic frameworks: A new class of porous materials. 
Microporous and Mesoporous Materials, 73(1-2), 3–14. doi:10.1016/j.micromeso.2004.03.034

Rzepka, M., Lamp, P., & De la Casa-Lillo, M. A. (1998). Physisorption of hydrogen on microporous 
carbon and carbon nanotubes. The Journal of Physical Chemistry B, 102(52), 10894–10898. doi:10.1021/
jp9829602

Sakintuna, B., Lamari-Darkrim, F., & Hirscher, M. (2007). Metal hydride materials for solid hydro-
gen storage: A review. International Journal of Hydrogen Energy, 32(9), 1121–1140. doi:10.1016/j.
ijhydene.2006.11.022

Schmitz, B., Müller, U., Trukhan, N., Schubert, M., Férey, G., & Hirscher, M. (2008). Heat of Adsorp-
tion for Hydrogen in Microporous High‐Surface‐Area Materials. ChemPhysChem, 9(15), 2181–2184. 
doi:10.1002/cphc.200800463 PMID:18821561



164

On-Board and Off-Board Technologies for Hydrogen Storage
 

Sdanghi, G., Maranzana, G., Celzard, A., & Fierro, V. (2019). Review of the current technologies and 
performances of hydrogen compression for stationary and automotive applications. Renewable & Sus-
tainable Energy Reviews, 102, 150–170. doi:10.1016/j.rser.2018.11.028

Shinnar, R. (2003). The hydrogen economy, fuel cells, and electric cars. Technology in Society, 25(4), 
455–476. doi:10.1016/j.techsoc.2003.09.024

Song, Y., & Guo, Z. X. (2006). Electronic structure, stability and bonding of the Li-NH hydrogen storage 
system. Physical Review. B, 74(19), 195120. doi:10.1103/PhysRevB.74.195120

Ssing, K., Everett, D., Haul, R., Moscou, L., Pierotti, R., Rouquerol, J., & Siemieniewsks, T. (1985). 
Reporting physisorption data for gas/solid system. Pure and Applied Chemistry, 57(4), 603–619.

Staubitz, A., Robertson, A. P., & Manners, I. (2010). Ammonia-borane and related compounds as 
dihydrogen sources. Chemical Reviews, 110(7), 4079–4124. doi:10.1021/cr100088b PMID:20672860

Stephens, F. H., Pons, V., & Baker, R. T. (2007). Ammonia–borane: The hydrogen source par excellence? 
Dalton Transactions (Cambridge, England), (25), 2613–2626. doi:10.1039/B703053C PMID:17576485

Sudik, A., Yang, J., Halliday, D., & Wolverton, C. (2008). Hydrogen Storage Properties in (LiNH2) 2− 
LiBH4−(MgH2) X Mixtures (x= 0.0− 1.0). The Journal of Physical Chemistry C, 112(11), 4384–4390. 
doi:10.1021/jp711393k

Sun, Y., Shen, C., Lai, Q., Liu, W., Wang, D. W., & Aguey-Zinsou, K. F. (2018). Tailoring magnesium-
based materials for hydrogen storage through synthesis: Current state of the art. Energy Storage Materi-
als, 10, 168–198. doi:10.1016/j.ensm.2017.01.010

Tarasov, B. P., Lototskii, M. V., & Yartys’, V. A. (2007). Problem of hydrogen storage and prospective 
uses of hydrides for hydrogen accumulation. Russian Journal of General Chemistry, 77(4), 694–711. 
doi:10.1134/S1070363207040329

Teichmann, D., Arlt, W., Wasserscheid, P., & Freymann, R. (2011). A future energy supply based 
on Liquid Organic Hydrogen Carriers (LOHC). Energy & Environmental Science, 4(8), 2767–2773. 
doi:10.1039/c1ee01454d

Thomas, K. M. (2007). Hydrogen adsorption and storage on porous materials. Catalysis Today, 120(3-
4), 389–398. doi:10.1016/j.cattod.2006.09.015

Toyoda, M., Nanbu, Y., Kito, T., Hiranob, M., & Inagaki, M. (2003). Preparation and performance of 
anatase-loaded porous carbons for water purification. Desalination, 159(3), 273–282. doi:10.1016/
S0011-9164(03)90079-8

US DOE. (2009). Technical System Targets: Onboard Hydrogen Storage for Light‐Duty Fuel Cell Ve-
hicles. Author.

von Helmolt, R., & Eberle, U. (2007). Fuel cell vehicles: Status 2007. Journal of Power Sources, 165(2), 
833–843. doi:10.1016/j.jpowsour.2006.12.073

Wang, L., Husar, A., Zhou, T., & Liu, H. (2003). A parametric study of PEM fuel cell performances. 
International Journal of Hydrogen Energy, 28(11), 1263–1272. doi:10.1016/S0360-3199(02)00284-7



165

On-Board and Off-Board Technologies for Hydrogen Storage
 

Yang, Z., Xia, Y., & Mokaya, R. (2007). Enhanced hydrogen storage capacity of high surface area zeolite-
like carbon materials. Journal of the American Chemical Society, 129(6), 1673–1679. doi:10.1021/
ja067149g PMID:17243684

Yi, H. S. (1996). Climate change 1995: Economic and social dimensions of climate change: Contribu-
tion of Working Group III to the second assessment report of the Intergovernmental Panel on Climate 
Change (Vol. 2). Cambridge University Press.

Zaluska, A., Zaluski, L., & Ström-Olsen, J. O. (2001). Structure, catalysis and atomic reactions on the 
nano-scale: A systematic approach to metal hydrides for hydrogen storage. Applied Physics. A, Materials 
Science & Processing, 72(2), 157–165. doi:10.1007003390100783

Zhang, H., & Cooper, A. I. (2005). Synthesis and applications of emulsion-templated porous materials. 
Soft Matter, 1(2), 107–113. doi:10.1039/b502551f PMID:32646082

Zhou, L. (2005). Progress and problems in hydrogen storage methods. Renewable & Sustainable Energy 
Reviews, 9(4), 395–408. doi:10.1016/j.rser.2004.05.005

Zhou, W., Wu, H., & Yildirim, T. (2008). Enhanced H2 adsorption in isostructural metal− organic 
frameworks with open metal sites: Strong dependence of the binding strength on metal ions. Journal 
of the American Chemical Society, 130(46), 15268–15269. doi:10.1021/ja807023q PMID:18950163

Züttel, A., Rentsch, S., Fischer, P., Wenger, P. M. C. E. P., Sudan, P. H., Mauron, P., & Emmenegger, 
C. (2003). Hydrogen storage properties of LiBH4. Journal of Alloys and Compounds, 356, 515–520. 
doi:10.1016/S0925-8388(02)01253-7


