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Overview of advances in the technology of solid state hydrogen storage methods applying different kinds of novel materials is
provided. Metallic and intermetallic hydrides, complex chemical hydride, nanostructured carbon materials, metal-doped carbon
nanotubes, metal-organic frameworks (MOFs), metal-dopedmetal organic frameworks, covalent organic frameworks (COFs), and
clathrates solid state hydrogen storage techniques are discussed. The studies on their hydrogen storage properties are in progress
towards positive direction. Nevertheless, it is believed that these novel materials will offer far-reaching solutions to the onboard
hydrogen storage problems in near future. The review begins with the deficiencies of current energy economy and discusses the
various aspects of implementation of hydrogen energy based economy.

1. Introduction

Currently mankind depends completely on nonrenewable
resources such as natural gas, coal, and petroleum to fulfill
energy needs. This exquisite dependence on nonrenew-
able energy sources has twofold consequences: the con-
tinuous depletion of energy sources at an alarming rate
and the adverse health and environmental impacts [1, 2].
These repercussions have compelled scientists, technologists,
economists, and policy-makers to search for alternate, sus-
tainable, and less-polluting energy sources [3–5]. Hydrogen
is considered as a clean and sustainable energy carrier, which
ultimately can replace nonrenewable fossil fuels and there-
fore can resolve the availability, environmental, and health
concerns of the latter [6, 7]. However, the implementation
of an energy economy based on this sustainable and clean
fuel is not straight forward but suffers severe hurdles in the
production, storage, delivery, and utilization of hydrogen
[8–10]. Amongst the various problems that exist in the
successful materialization of hydrogen fuel based economy,
the formulation of a safe, economical, and efficient hydrogen
storage method poses the most confronting challenge [11–
13]. This is particularly true, if the utilization of hydrogen

fuel in the transportation sector is considered [6, 14]. The
transportation sector presently relies exclusively on refined
petroleum products that are increasingly unaffordable [6].
This dependence can be eliminated by employing hydrogen
as the transportation fuel, which requires high-density hydro-
gen storage medium [6, 15]. Therefore, there is considerable
enthusiasm in devising novel hydrogenmedia that can be uti-
lized in the transportation sector. Carbon nanotubes (CNTs),
metal-doped carbon nanotubes (M/CNT), metal-organic
frameworks (MOFs), metal-doped metal-organic frame-
works (M/MOFs), covalent-organic frameworks (COFs),
zeolites, and clathrates are novel nanoporousmaterials which
can store large quantities of hydrogen [16–23]. Likewise,
complex chemical and metallic hydrides represent com-
pounds in which large quantities of hydrogen are stored via
chemical bonding [16, 22].Though studies on their hydrogen
storage and release properties of these materials are in the
rudimentary stages, they are envisaged to offer long-term
onboard hydrogen storage solutions.

The central focus of this review is the recent advances
in the solid state hydrogen storage techniques using afore-
mentioned materials. The review is organized as follows:
in the introductory section, we present the challenges and
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Figure 1: The global variation in the production and consumption
of fossil fuels. All fuels are converted into the units of million tons
of oil equivalent (Mtoe). The production and consumption between
2003 and 2040 are predicted based on past data [9].

problems of the present fossil-fuel based energy economy.
The fundamental reasons for adopting a hydrogen fuel
based economy are presented subsequently. In the second
section, the characteristics and benefits of hydrogen energy
economy are detailed. Further, various elements of hydrogen
energy infrastructure and requirements of these elements
are dealt in this section. The final section of the review
presents the problems specific to onboard hydrogen storage.
This is followed by the quantitative explanations of the
design targets for a successful hydrogen storage medium.The
hydrogen storage behavior of nanostructured carbon nan-
otubes (CNTs), metal-doped carbon nanotubes (M/CNT),
metal-organic frameworks (MOFs), metal-doped metal-
organic frameworks (M/MOFs), covalent-organic frame-
works (COFs), zeolites, complex chemical and metallic
hydrides, and clathrates is presented subsequently.

Challenges and Problems in the Present Energy Economy.
The present energy economy is based on fossil fuels which
comprise mainly three components: petroleum, natural gas,
and coal [24]. These nonrenewable forms of energy cannot
indefinitely serve as the principal energy sources owing to
their continuous depletion and the tremendous rise in their
demand. The disproportionate rate of the global production
and consumption of fossil fuels is shown in Figure 1 [9, 24].
In Figure 1, the projected trend between the years 2003 and
2040 is expected to cover the world energy needs only if
the population remains constant [9, 25, 26]. The massive
increase in the energy demand towards the middle of this
century is closely associated with the predicted drastic world
population growth, technological advances, and increased
living standards [9]. Further, on a global scale, the fuel supply
demand will be increasingly higher when highly populated
countries expand their economies and become more energy
intensive.

According to various energy specialists, the fossil-fuel
reserves that are presently available can support a maximum
of 40 years for petroleum, 60 years for natural gas, and 156
years for coal [9, 24]. It can be noted that less polluting
fossil fuels, such as natural gas and petroleum, are in higher
demand and have low reserves while fuels, such as coal, are
available for longer duration but pose severe environmental
threats [24, 27]. Due to the disparity in the utilization pattern
and future availability of these fuels, it is expected that they
are likely to become unaffordable and unavailable in the
near future. This predicted scarcity of fossil-fuel reserves
together with the foreseen increase in energy consumption
threatens the energy and economic security problems world-
wide. Thus, attaining a greater energy security by reducing
the dependence on depleting nonrenewable energy sources
serves as the primary motivation for the implementation of a
sustainable energy economy.

The second confronting problem associated with the
indiscriminate use of fossil fuels is the diminishing air quality
and subsequent air pollution, while utilizing the fossil fuels
[28]. The release of tar, dust, and harmful gases such as
CO
2
, SO
2
, and NO

2
volatile organic components (VOCs)

during the combustion of the fossil fuels results in local health
hazards [28, 29]. On the other hand, the increased presence
of greenhouse gases (GHGs), such as CO

2
, NO
2
, induces fast

changes in the global climate [30]. With the consumption
of nonrenewable fuels at a predicted pace of 1000 EJ (1 EJ =
1018 J), the increase in annual average temperature of earth
is predicted to be around 2∘C by 2050 [31, 32]. This increase
in temperature is sufficient enough to significantly affect the
various life forms across the whole world.

There are three sectors that significantly contribute to
the emission of GHGs via fossil fuel consumption: trans-
portation, industry, and electric utilities [33, 34]. Their
contributions are graphically displayed in Figure 2 [35]. As
indicated in Figure 2, major part of GHG-emissions has
resulted from the fuel consumption in the transportation
sector. Further, within the transportation sector, the light
trucks and the cars that are used for private conveyance use
significant proportion of the fossil fuels as shown in Figure 3
[36]. Also, it is evident from Figure 3 that disparity in the fuel
consumption between private and heavy vehicles becomes
substantial by the first quarter of this millennium. These
data imply that considerable reduction of GHG-emission
can be achieved only if the present energy sources used
in the transportation sector are replaced by a cleaner and
sustainable energy source, initially focusing the medium-
sized vehicles.

A formal agreement to mitigate the GHG-emissions and
safeguard the environment and human health is reflected
in the Kyoto Protocol to the United Nations Framework
Convention on Climate Change (FCCC) [37–39]. Under this
agreement, the countries which ratify it are committed to
reduce their GHG-emission or engage in emissions trading
if they maintain or increase emissions of these gases. In
addition to the aforementioned limitations, nonrenewable
fuels have unfavorable energy efficiency when comparedwith
the renewable energy sources. For instance, a conventional
combustion-based power plant typically generates electricity
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at efficiencies up to 35–42%, while fuel plants that use
renewable energy sources can reach efficiencies up to 70–90%
[40]. Likewise, the gasoline powered fuel cells can convert less
than 30%of the energy into the power, while the fuel cells that
are powered by renewable fuels such as hydrogen ormethanol
can utilize up to 60% of the fuel’s energy [41, 42].

In short, considering the above three arguments, it can
be seen that the transition from the present fossil-fuel
based energy economy to a cleaner and sustainable energy
economy will be driven by both economical and environ-
mental reasons. The future of this implementation depends
crucially on the energy storage technologies in combination
with the generation of renewable energy sources. Hydrogen
represents a primary renewable energy source which cannot
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Figure 4:The primitive phase diagram of hydrogen. Figure adapted
from [16].

be used directly but require intermediate conversion steps
to maintain its improved attributes in terms of availability,
supply, and safety.The challenges pertinent to the implemen-
tation of a hydrogen fuel based economy, in particular those
associated with the high-density solid state hydrogen storage,
are discussed in the following sections.

2. Hydrogen Fuel Based Economy

Hydrogen is a colorless, odorless, tasteless, and nonpoisonous
gas. It is the most abundant element in the universe (75% by
mass), but it is not commonly found in the pure form,
owing to the high reactivity. At the room temperature and
atmospheric pressure, hydrogen exists as van der Waals gas
with very low-density of 0.08988 kg/m3 [43]. Hydrogen is a
liquid in a small zone between triple and the critical
points with a density 70.8 kg/m3 at −253∘C. At temperatures
below −262∘C, hydrogen exists as a solid with a density of
70.6 kg/m3. Various physical phases of hydrogen are depicted
in the primitive phase diagram in Figure 4 [16]. The energy
characteristics of hydrogen as renewable fuel depend crit-
ically on its physical state of existence. Two important
parameters that are extremely crucial for the transportation
applications of hydrogen are the specific energy and the
energy density. The former is the energy per unit mass of
the fuel and is the measure of the net energy content of
the fuel (measured in kWh/kg). This parameter decides the
minimum refueling distance between two stoppages. The
energy density of the fuel is the net usable energy/unit volume
of the fuel (measured in kWh/m3). The energy density of
hydrogen decides the net system volume of the fuel storage
system. At ambient pressure and temperature conditions, the
energy density of hydrogen is nearly ten times lower than
that of conventional fuels [44, 45]. This low-energy density
of hydrogen is a serious obstacle for the implementation of
hydrogen fuel for automotive applications. In order to use
hydrogen as a successful energy source in the transportation
applications, its physical state has to be altered to improve its
energy characteristics.
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2.1. Comparison of Energy Characteristics of Hydrogen with
Conventional Fuels. For automotive applications, hydrogen
has to meet and supercede the conventional fossil fuels
in its energy characteristics. As mentioned previously, two
most important parameters are the energy density and
specific energy of hydrogen, which are, respectively, known as
volume- and mass-based energy density [44, 45]. In Figures
5 and 6, a comparison of mass- and volume-based energy
density of hydrogen with that of conventional fuels is made.
It is evident from Figure 5 that even in its liquefied form
hydrogen has nearly two times lesser energy density when
compared with the gasoline.

A comparison of various properties of hydrogen and
other conventional fuels relevant in the transportation sector
is provided in Table 1 [46].

2.2. Benefits of Hydrogen Fuel Based Energy. A compilation of
the salient positive attributes of hydrogen is provided in the
following:

(a) Hydrogen is a nontoxic, clean energy carrier which
does not produce carbon dioxide (CO

2
), particulate,

or sulfur emissions. However, it can produce oxides
of nitrogen under some conditions. Its combinations

with oxygen produces water and energy both are
essential for the existence of life on earth.

(b) Hydrogen has a high specific energy on a mass basis
when compared with any conventional fuels. Quan-
titatively, this can be understood by considering that
the energy content of 9.5 kg of hydrogen is equivalent
to that of 25 kg of gasoline [44].

(c) The energy density of hydrogen under ambient
pressure and temperature conditions are lower as
compared to the conventional fuels [44]. However,
the volumetric energy density of hydrogen can be
increased by storing hydrogen at lower temperatures
or at higher pressures. Energy density of hydrogen can
be improved also by adsorbing it into highly porous
solid state materials.

(d) Hydrogen is highly inflammable. The energy that is
required to ignite and burn hydrogen is nearly 10
times lesser when compared with that of conven-
tional fossil fuels. Therefore, the automobiles that are
equipped with hydrogen fuel do not have ignition
problems even in most severe winter [47].

(e) Hydrogen has relatively high value for important
transport properties such as kinematic viscosity, ther-
mal conductivity, and diffusion coefficient, when
compared with the conventional fuels.These together
with its extremely low density and luminosity give it
unique diffusive and heat transfer characteristics [47].

(f) Hydrogen can be produced via a multitude of pro-
cesses. These include electrolysis of water, direct
and indirect thermochemical decompositions, and
processes driven directly by the sunlight. Additionally
hydrogen can be produced via sequestration of hydro-
carbon fossil fuels [48–50].

(g) Hydrogen can be safely transported in pipelines due
to its high utilization safety.

(h) Hydrogen can also be used as a chemical feedstock
in the petrochemical, food, microelectronics, ferrous
and nonferrous metal, chemical and polymer synthe-
sis, and metallurgical process industries.

(i) Compared to electricity, hydrogen can be stored over
relatively long periods of time.

2.3. Transition of Present Energy Economy to a Hydrogen
Fuel Based Economy. The cost of transition in the any
energy delivering infrastructure involves investment of huge
amounts of money [51]. Such a transition is considered
irreversible and permanent step. It is estimated that the
investment of the complete transition from the conventional
petroleum based economy to the hydrogen based economy in
USA alone will be millions of dollars [52].The complete tran-
sition of the present day energy economy to a hydrogen-based
energy economy implies the use of hydrogen as the main
chemical energy carrier and the electricity as the main
nonchemical form of energy. This transition is being made
gradually and is likely to continue to the middle or the end of
the 21st century.
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Table 1: Properties of hydrogen compared to other fuels. Data adapted from [46].

Property Units Hydrogen Methane Propane Methanol Ethanol Gasoline
Chemical formula H

2
CH
4

C
3
H
8

CH
3
OH C

2
H
5
OH C

𝑥
H
𝑦
(𝑥 = 4–12)

Molecular weight (a, b) 2.02 16.04 44.1 32.04 46.07 100–105

Density, NTP (3, a, c) kg/m3 0.0838 0.668 1.87 791 789 751
lb/ft3 0.00523 0.0417 0.116 49.4 49.3 46.9

Viscosity, NTP (3, a, b) g/cm-sec 8.81E − 5 1.10E − 4 8.012E − 5 9.18E − 3 0.0119 0.0037–0.0044
lb/ft-sec 5.92E − 6 7.41E − 6 5.384E − 6 6.17E − 4 7.99E − 4 2.486E − 4–2.957E − 4

Normal boiling point (a, b)
∘C −253 −162 −42.1 64.5 78.5 27–225
∘F −423 −259 −43.8 148 173.3 80–437

Vapor specific gravity, NTP (3, a, d) Air = 1 0.0696 0.555 1.55 N/A N/A 3.66

Flash point (b, d)
∘C <−253 −188 −104 11 13 −43
∘F <−423 −306 −155 52 55 −45

Flammability range in air (c, b, d) vol% 4.0–75.0 5.0–15.0 2.1–10.1 6.7–36.0 4.3–19.0 1.4–7.6

Autoignition temperature (b, d)
∘C 585 540 490 385 423 230–480
∘F 1085 1003 914 723 793 450–900

Maximum flame velocity in air (2, c) m/s 2.83 0.45 0.46 N/A N/A N/A
ft/s 9.28 1.48 1.52

Apragmatic and quantitative assessment of this transition
can be made by following the production trend of hydrogen.
The current world production of hydrogen is nearly 50
million tons/year, which is equivalent to approximately 2%
of the world energy demand [53, 54]. In order to expand
the role of hydrogen in the near future, several approaches
are being proposed. One of them is to use hydrogen for
transportation by mixing it with the natural gas as fuel for
internal combustion engines (ICEs).This increases the engine
performance and decreases the pollution [55, 56]. Another
approach involves producing hydrogen at central locations
and distributing it to refilling stations, where it can be used in
the liquid form in the fuel cell powered light motor vehicles.
The gradual takeover of the hydrogen fuel based economywill
involve several phases and is likely to be introduced over a
long period of time.The following time-bound phases can be
identified in the process of this takeover [57]:

(a) In the near term, the hydrogen will be produced
primarily via the advanced steam reforming of natural
gas. This process is a well-understood one and cost of
the process depends mainly on the feedstock invest-
ment [48]. Steam reforming can be performed at the
central locations or at the distributed facilities. The
steam reforming of natural gas decreases the amount
of CO

2
released into the atmosphere, since the by-

product of steam reforming is high-purity CO
2
which

can be collected and used in many ways.

(b) In the medium term, the restructuring of the elec-
tric utility industry can be performed. This will
give opportunities for the distribution generation of
hydrogen fuel. In this term, the on-site generation
of electricity will be carried out by hydrogen pow-
ered fuel cells. In addition to electricity, the fuel
cells also produce thermal energy for hot water and

space heating. In this phase, hydrogen required can
be increasingly produced from coal and from the
gasification of dedicated biomass.

(c) In the final phase of establishing the hydrogen fuel
based economy, strong hydrogen markets and grow-
ing hydrogen infrastructure can establish opportuni-
ties for complete renewable hydrogen systems. The
hydrogen required for the fuel cells can be pro-
duced via the electrolysis of water using intermittent
energy technologies such as wind turbines and pho-
tovoltaic systems [57]. Fuel cells will use hydrogen
to generate electricity during high-demand periods
or to supplement the intermittent energy sources.
The emergence and growth of advance technologies
that produce hydrogen from water and sunlight and
the technologies that store hydrogen in high-energy
density systems will likely to take place during this
phase. Commercialization and market penetration
of advanced technologies to produce, store, and use
hydrogen in the final phase will mark the establish-
ment of hydrogen energy economy.

The establishment of hydrogen based economy, however,
suffers from some uncertainties, mostly associated with
the technologies that deal with its infrastructure [57]. For
instance, the hydrogen economy is envisaged as the end
state based on hydrogen produced from renewable power
sources such as solar energy or wind energy. However, it
is not yet economic to produce hydrogen in these ways.
Secondly, hydrogen powered fuels provide clean and efficient
energy for future vehicles and stationary power generation
which is meaningful only if the hydrogen is produced cleanly.
Further, the cost and technical hurdles associated with mass
adoption of fuel cells need to be addressed. Also, there are
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uncertainties associated with the fuel cell cost and viability
that can challenge its market penetration [58].

2.4. Elements of a Hydrogen Energy Infrastructure. In spite of
various compelling benefits of hydrogen fuel based economy,
its realization faces multiple challenges. This is because,
unlike the conventional fuels, hydrogen has no existing large-
scale supporting infrastructures. Consequently, implement-
ing an economy completely based on hydrogen requires
development of various hydrogen energy infrastructures.
Further, it is necessary to establish close coordination and
integration of these elements. The main elements of a
hydrogen energy infrastructure are the ones related to its
production, delivery, storage, conversion, and applications.
A schematic representation of these elements and their
interrelationship is provided in Figure 7 [57].

In the following, these elements, their present status, and
the technical challenges are discussed.

(a) Production of Hydrogen. For the establishment of hydro-
gen as the primary source of energy, it needs to be produced
centrally in large refineries, energy complexes, or renewable
or nuclear power stations. It can also be produced locally in
power plants, fueling stations, communities, rural areas, and
on-site customer’s premises. Bulk of the present hydrogen
production is performed via the catalyzed steam reformation
of natural gas. Though this process is considered to be
the cheapest option presently available, the cost factors are
not favorable for large-scale commercialization for onboard
hydrogen supply [59, 60]. This is particularly true when the
costs of hydrogen production technologies are compared
with that of conventional fuels [14]. Another factor that hin-
ders the advancement of hydrogen production technologies is
the low demand for the hydrogen. Also, present sequestration
techniques produce large quantities of greenhouse gases and

the processes are not optimized for the reduction or envi-
ronmentally sound carbon capture [61]. Three other major
technologies for the hydrogen production currently under
consideration are the electrolytic hydrogen production from
alkaline, polymer membrane, and ceramic oxide electrolytes
[62]. The key challenges associated with the production of
hydrogen are the alternative low-cost production techniques
for hydrogen from renewable fuels, dedicated biomass and
nuclear sources, and environmentally sound carbon capture
techniques for existing sequestration methods [63].

(b) Delivery. The second component of the hydrogen energy
infrastructure is the delivery of hydrogen, which involves
the transport of hydrogen from its productions site to the
end-user device. Most of the hydrogen produced is currently
transported by road via cylinders or cryogenic tankers.
Delivery via pipelines is also a prevailingmethod of hydrogen
delivery [64, 65]. In high-demand areas, pipelines can be used
to distribute hydrogen. To distribute hydrogen to rural and
other lower-demand areas, trucks and other transportation
means need to be used.This hydrogen can be gaseous, liquid,
or solid hydrogen carriers. In order to advance the delivery
of hydrogen, low-cost hydrogen transport technology must
be identified and developed. Further, an advanced supply
network should accommodate both centralized and decen-
tralized hydrogen production facilities.

(c) Storage of Hydrogen. One of themost important challenges
in the implementation of hydrogen based energy is finding an
appropriate storage medium for hydrogen [11]. This is partic-
ularly true for mobile applications of hydrogen fuel. This can
be illustrated by considering the large volume occupied by
hydrogen at room temperature and moderate pressures.
For realistic driving distances, typically 4 kg of hydrogen is
required, which occupies nearly 50m3 at ambient pressures
and temperature conditions [11]. This large container size
adversely affects the vehicle size. Thus, to store hydrogen in
any useful form, it must be altered to achieve a higher energy
density. The energy density target for a successful hydrogen
storage medium, specified by the partnership between US
DOE and FreedomCAR, is 1.2 kWh/L [66]. The energy den-
sity of hydrogen in its various forms is depicted in Figure 8
[36]. It is evident from the figure that only liquefied hydrogen
has the above energy density 1.2 kWh/L, which presently
qualifies as a motor fuel [67]. However, it is not economical
to store hydrogen in the liquid form because it is an energy
intensive process [68]. In addition, liquid hydrogen storage
suffers from fuel-loss due to the boil-off [69, 70]. Due to
extremely high kinematic transport parameters and low igni-
tion threshold, minor leakage of hydrogen can be huge safety
threats [71]. Additionally, this form of storage suffers problem
related to safety [47, 71]. The problems in the onboard
hydrogen storage can be circumvented only if relatively
lightweight, low-cost solid state hydrogen storage devices are
identified and developed. Additionally, they should have high
storage density as required by the FreedomCAR targets.
Ongoing research to identify novel materials for hydrogen
storage suggests that nanoporous materials, such as carbon
nanotubes, metal-doped carbon nanotubes, metal-organic
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frameworks (MOFs), covalent-organic frameworks (COFs),
complex chemical hydrides, clathrates, and intermetallic
alloys, are the most promising materials for future hydrogen
storage [16–19].

(d) Conversion. The conversion of hydrogen fuel into energy
can be accomplished in either an internal combustion engine
or fuel cells. The former produces energy by burning hydro-
gen in the presence of oxygen, while the latter use the chem-
ical energy of hydrogen molecules. Combustion method
comprises two technologies: gas turbines and reciprocating
engines [57]. At present, the hydrogen fuel based gas turbines
are exclusively used in aviation industry [72, 73]. The latter
techniques, that is, the use of fuel cells to generate energy
from hydrogen, are envisaged as attractive alternative to
combustion-based engines due to formers higher efficiency
[74]. Consequently, the maturing of hydrogen based energy
system depends on cost-competitive mass production of fuel
cells [58, 75]. This is hindered as none of the present fuel cell
technology has met all criteria for performance, durability,
and cost [58]. Additionally, standalone conversion devices
such as combustion turbines and reciprocating engines need
to be developed to off-board applications.

(e) Applications. In the application sector, hydrogen should be
available for every end-user energy need in the economy.This
includes the onboard applications, such as transportation and
mobile utility systems, and stationary applications, such as

central and distributed electric power and combined heat
and power for buildings and industrial processes. For short
terms, the most important sector that will be using hydrogen
will be the transportation sector. For mobile applications
hydrogen-based fuel cell is the most appealing option. Most
of the major automobile makers presently have hydrogen-
fueled vehicle programs [76].The acceptance of the hydrogen
fueled vehicles for end-user applications can be enhanced by
performing successful field tests and demonstrations. Addi-
tionally, supportive public policies should be developed to
stimulate the acceptance of infrastructure and market readi-
ness. For stationary applications, combustion-based process,
such as gas turbines and reciprocating engines, can be
designed to use hydrogen.

(f) Codes, Standards, and Education. The final element in
the implementation of hydrogen energy infrastructure is the
codes and standards. Families ofmodel building codes should
be available for adoption. These deal with comprehensive
references to equipment standards for both hydrogen and fuel
cell technologies for the commercial and residential applica-
tions. In addition, published safety standard for the certifica-
tion of fuel cell vehicles and published fuel gas code should
be available. Increased public awareness on the benefits and
merits of hydrogen economy can be highlighted by education
and outreach programs. It is also important to establish
regional, local, and national networks that commit resources
for long-term education of students at all levels. Such training
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and certification program finally intensify the acceptance of
the hydrogen based storage and application devices.

A schematic relation of the various hydrogen energy
infrastructures is envisaged by the Department of Energy,
USA (Figure 8). This incorporates the present status and the
expected matured technology by the year 2040 [36].

3. Hydrogen Storage: Targets and
Opportunities

The establishment of a hydrogen fuel in the transportation
applications depends largely on the availability of novel
hydrogen storagemedia that satisfies a set of selection criteria.
This includes parameters, such as high hydrogen content
per unit mass and unit volume, limited energy loss during
operation, fast kinetics during charging, low self-discharge
during stoppage, high stability with cycling, cost of recycling
and charging infrastructures, and safety concerns in regular
service or accidents.The technical limits of above parameters
depend on the region of operation and are proposed by
agencies, such as Department of Energy (DOEs, US) [DOE],
world energy network (WE-NET, Japan) [WENET], and
International Energy Agency (IEA) [IEA].

3.1. Targets to Be Met and Their Explanations. The tech-
nical targets of a hydrogen storage medium that can be
successfully used for mobile applications are time-bound and
the upper limit in the energy characteristics of a storage
medium is proposed by the partnership betweenUSDOEand
FreedomCAR [36]. Amongst several parameters mentioned
above, the most significant ones are the gravimetric storage
capacity and the volumetric storage capacity. The respective
DOE target for the year 2015 is 5.5 wt% and 40 g/L at 233–
358K and 3–100 bars. The ultimate target set by the DOE
is 7.5 wt% and 70 g/L [77–80]. The targets are designed so
as to enable a refueling distance of 500 km for light motor
vehicles. Another important factor in selecting a storage
medium is the safety associated with the system during its
regular use and accidents. The storage techniques such as the
liquefied hydrogen and compressed gas which are presently
being used are high risk methods of hydrogen storage [81].
Another factor of central importance is the cost of the
storage system. The proposed target for the cost of storage
system is about 4 $/kWh [82, 83]. Also, there are stringent
requirements regarding the response time andmaximum and
minimum operating temperature at which hydrogen storage
and release can be performed. The former (response time)
controls the vehicle performance and proposed technical
limit is 0.75 s [36]. In order to gain a complete acceptance
for the transportation use, the storage system must track
the needs of the fuel cell closely to provide the adequate
power and a suitable driving experience. This asymmetric
parameter affects the system performance, fuel cell durability,
and vehicle stability.The acceptablemaximumandminimum
temperature conditions for the storage system are −40 and
85∘C, respectively.The temperature limit depends also on the
working conditions of the fuel cells, which is presently 85∘C
[70, 80].

As mentioned previously, the most important challenge
in storing hydrogen is achieving the specific energy density
target of FreedomCAR. In order to do this, hydrogen needed
to be compressed into a smaller volume. This can be accom-
plished using few methods. One method is to mechanically
change the pressure and temperature so that the energy
per unit volume of hydrogen increases [11]. This method
currently being used in all hydrogen powered vehicles uses
either compressed gaseous hydrogen or liquefied hydrogen
[67]. Liquid hydrogen storage at low pressures and cryogenic
temperature is light and compact. Also, it has high hydrogen
content that satisfies both energy characteristics (Figure 6).
However, it suffers a very high disadvantage that nearly
33% of overall energy content is lost during the liquefaction
process [84]. Further, the evaporation during off-periods can
only be partially reduced by recooling systems [76]. Both
the compressed gaseous and the liquid hydrogen storage are
considered as huge security risks due to potential explo-
sions in case of accidents [77–80]. Other promising solid
state materials for high-density hydrogen storage are metallic
or intermetallic hydrides and complex chemical hydrides
[85, 86]. Additionally, the state-of-the-art methods of storing
hydrogen in nanostructured materials such as carbon nan-
otubes, metal-doped carbon nanotubes, metal and covalent-
organic frameworks (MOFs) and (COFs), and clathrate
hydrates have gained increased attention. The latter two
options will prove to be of larger importance to the portable
fuel cell industry because energy density is a much more
important consideration for portable systems when com-
pared to the off-board applications. Next subsections of this
review are dedicated to these novel solid state hydrogen
storage techniques. Only if these methods obtain extremely
high efficiency will they become realistic candidate for off-
board scale energy storage.

In Figure 6, the specific energy (gravimetric capacity)
and the energy density (volumetric capacity) of hydrogen in
various physical states are provided [43]. From Figure 6, it
is clear that only liquefied hydrogen exceeds the aforemen-
tioned criteria at present. As evident from Figure 6, any
other forms of its storage, hydrogen possesses low volumetric
energy density. This suggests that to store hydrogen in any
useful form, even in the stationary context where the size
of the storage is of smaller importance, it must be altered
to achieve a higher energy density. This constitutes one of
the big challenges in implementing the hydrogen fuel based
economy.

3.2. Metals and Intermetallic Hydrides. Hydrogen reacts with
many transition metals and metallic alloys at elevated tem-
peratures to form hydrides [87, 88]. Lanthanide, actinides,
and the members of Ti and V groups are the most reactive
transition elements that readily form the hydrides. The
binary hydrides of transition metals are metallic in character
and are commonly referred to as metallic hydrides. Their
compositions are generally expressed as MHx, where x can
vary from ideal stoichiometry and forms multiphase systems
depending on the pressure and temperature [89]. Most inter-
estingmetallic hydrides belong to intermetallic hydrides with
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Figure 9: Molecular structure of NaBH
4
(a). Sodium, boron, and hydrogen are represented by green, blue, and red spheres. (b) Showing the

crystal structure of the same.

Table 2: The families of hydride forming intermetallic compounds,
their prototypes, and structure, adapted from [16].

Intermetallic
compound Prototype Structure

AB
5

LaNi
5

Haucke phase, hexagonal
AB
2

ZrMn
2

Laves phase, hexagonal, cubic
AB
3

CeNi
3

Hexagonal
A
2
B
7

Y
2
Ni
7

Hexagonal
A
6
B
23

Y
6
Fe
23

Cubic
AB TiFe Cubic
A
2
B Mg

2
Ni Cubic

general composition ofABnHx. Here, elementA is a rare earth
or an alkaline earth metal and B is a transition metal. Since
the hydriding and dehydriding properties of intermetallic
hydride depend on the ratio of A and B, it is possible to
tailor these properties by appropriate selection of metals
and their combinations. A typical example of intermetallic
ternary system is LaNiH

6
, where A is the lanthanum and B

is nickel. One of most attractive features of metallic hydrides
is the extremely high volumetric density of hydrogen. LaNi

5
,

for instance, can reach a volumetric hydrogen density of
115 kg/m3 [16, 86]. In Table 2, most important families of
hydride form intermetallic alloys and their prototype and
respective structure are provided.

Metal hydrides are very effective in storing large amount
of hydrogen in a safe and compact way. However, transition
metal hydrides, those working reversibly at room tempera-
ture and moderate pressure, store a maximum of only 3wt%
of hydrogen (gravimetric storage capacity) [16, 86].Therefore,
the possibilities of lightweight metal hydrides which can
reversibly store more than 5wt% of hydrogen are needed to
be explored.

3.3. Complex Chemical Hydrides. Lighter elements of groups
1, 2, and 3, such as Li, Mg, and B, have been found to form
a series of complex hydrides which can be used a chemical

method to store hydrogen [85, 90–92]. They are particu-
larly interesting for the mobile hydrogen storage application
because of their low density and high hydrogen-to-metal
ratio [90–92]. Unlike metallic hydrides the complex hydrides
are ionic or covalent in character. Sodium borohydride
(NaBH

4
) is typical example of complex metal hydride. Most

of complex metal hydrides have tetrahedral structure as
seen in Figure 9(a) with hydrogen occupying the corners
of the tetrahedron [91, 92]. Also these materials are stable
compounds decomposing only above their melting points.

Complex chemical hydrides usually possess enormous
gravimetric storage capacities [91, 92].The complete release of
hydrogen from LiBH

4
is equivalent to 45.5 wt% of hydrogen

[91, 92]. At room temperature, the amount of hydrogen
released from LiBH

4
, for instance, is equivalent to 18.5 wt%

[91, 92]. The challenge in utilizing these materials includes
reducing their decomposition temperature.This high decom-
position temperature is related to their stability which in turn
is related to the percentage ionic character and steric effects.
Therefore, to use thesematerials formobile hydrogen storage,
it is essential to find out the conditions under which their
decomposition temperature can be reduced. In Figure 10, a
comparison of the gravimetric and volumetric storage capac-
ities of metal hydrides with the proposed 2010 and 2015
FreedomCAR target is provided [93]. A new set of 2020
and ultimate target of gravimetric and volumetric capacity
for onboard fuel cell vehicles is 1.8 kWh/kg, 1.3 kWh/L and
2.5 kWh/kg, 2.3 kWh/L [94].

3.4. Nanostructured Carbon Materials. Amongst all emerg-
ing materials for the solid state hydrogen storage, nanostruc-
ture carbon materials, especially carbon nanotubes (CNTs)
and carbon nanofibers (CNFs), received the most attention.
Also, the hydrogen storage in carbon nanotubes is probably
the single most controversial topic as far as the solid state
hydrogen storage is concerned [95]. Single-wall carbon nan-
otubes (SWCNTs) can be assumed to form by rolling a single
graphene sheet [96]. Owing to several unique properties of
CNTs, they are envisaged as a very good medium for solid
state hydrogen storage. For instance, they are typically inert to
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Figure 10: A comparison of hydrogen volumetric and gravimetric
densities of complex metal hydrides with that of proposed 2010 and
2015 FreedomCAR targets [93].

surface contaminants and therefore less severe activation
conditions are only required. Also, in SWCNTs, all carbon
atoms are exposed to the surface. This makes them the mate-
rial with highest surface-to-bulk atom ratio and therefore
highly surface active. The densities of CNTs are considerably
lower than that of metals, intermetallic alloys, COFs, and
MOFs. Also, these nanomaterials are known to possess large
amount of void spaces in the form of pores which can
accommodate large quantities of hydrogen. Hydrogen can
be physisorbed in SWCNT bundles on various sites such as
external wall surface, grooves, and interstitial channels [97].
Therefore, it can also have large energy density as required
for the mobile applications. It is also found that by tuning the
adsorption conditions hydrogen can be either chemisorbed
or physisorbed on carbon nanotubes.

The studies on the hydrogen storage properties of carbon
nanotubes were triggered after the pioneering work by Dillon
et al. [98]. They reported a gravimetric storage capacity
between 10 and 20wt%. The experiments on hydrogen
adsorption in CNTs can be broadly divided into two, depend-
ing on themethod of storage: gas-phase hydrogen storage and
electrochemical hydrogen storage [95]. In gas-phase hydro-
gen storage techniques, a macroscopic sample of nanotubes,
typically weighing less than 1 g, is exposed to pure hydrogen
gas under various temperature and equilibrium pressure
conditions. The amount of hydrogen adsorbed by nanotubes
is then measured gravimetrically using microbalance [99]. A
more popular method of determining the amount of stored
hydrogen is by volumetrically using Sieverts type volumetric
apparatus [100].The latter technique involves the exposure of
carbon nanotubes to hydrogen gas in a known volume and
determining the storage capacity from the change in the free
volume of the system upon exposure.With smaller quantities
of sample, the gravimetric storage capacities can also be deter-
mined using temperature programmed desorption (TPD) or
thermogravimetric analysis (TGA) [101].The secondmethod
of storing hydrogen in carbon nanotubes is electrochemical.
To do this, an electrochemical cell is constructed with CNTs
as the working electrode, Pt as the counter electrode, and an
appropriate electrolyte [102]. In such a system, hydrogen is

stored in the CNT electrode by the reduction of water at a
suitable potential [102].

The earliest experiments on hydrogen storage capacity
of CNTs performed by Dillon’s group obtained 10–20wt%
of capacity. In their study, they assumed that only CNTs
contribute to the gas adsorption. Due to a very dilute CNT
mixture they used the large mass correction (99.8% of mass)
of the material introduced considerable error into their
storage capacity [98]. The volumetric measurement of the
CNT-hydrogen storage capacity was initially performed by
Ye et al. in 1999 [100]. The experiment performed using a
Sieverts type volumetric instrument suggested that, at cryo-
genic temperatures and an equilibrium pressure of 120 bars,
SWCNTs store nearly 8.5 wt%. Hydrogen was stored in CNT
electrochemically for the first time by Nützenadel et al.
[103]. They found that storage equivalent of a discharge
capacity of 110mAh/g can be obtained when hydrogen is
stored electrochemically. Though pristine-carbon nanotubes
exhibit remarkable hydrogen storage capacity at cryogenic
temperatures, its storage capacity diminishes to less than
1.0 wt% at room temperature [95].

It is worth noticing that, quite recently, there have been
some efforts to tailor the surface characteristics of pristine
nanotubes so as to increase their hydrogen storage capacities
[104, 105]. These surface modifications include high-energy
atomic bombardment, reactive ballmilling, high temperature
annealing, and doping with transitionmetals [104–108]. Both
high-energy atomic bombardment and reactive ball billing
result in partial destruction of carbon nanotube structure by
creating high density of defects [106–108]. These defect sites
serve as additional hydrogen binding sites and up toXwt% of
hydrogen can be stored in defect enriched carbon nan-
otubes [107]. However, here hydrogen binds irreversibly via
chemisorption and therefore, to release the stored hydrogen,
the samples are required to heat over 500∘C [109].

3.5. Metal-Doped Nanostructured Carbon Materials. The
enhanced hydrogen storage properties of transition metal-
doped carbon nanotubes have gained wide attention recently
[19, 110–113]. The transition metals that are typically used for
doping CNTs are the ones which form hydride at ambient
conditions including palladium, platinum, and vanadium
[110] and are doped by incipient wetness or electron-beam
evaporation technique [113–116].The transition metal doping
is found to increase the hydrogen storage capacity of CNTs by
around 30% without adversely affecting the fast desorption
kinetics [19, 110]. The enhanced hydrogen storage capacities
of doped nanotubes are explained using the spillover phe-
nomenon, where hydrogenmolecules were initially adsorbed
by the transition metal particles and were subsequently
spilled onto different adsorption sites of carbon nanotubes
(see the schematic of spillover phenomenon in Figure 11)
[111, 112, 116]. Readsorption data of Pd- and V-doped CNTs
have indicated thatmore than 70% of hydrogen is spilled onto
the low-energy binding sites such as external wall or groove
sites of nanotubes [19, 110]. These sites are associated with
considerable low desorption barrier (∼kBT) and therefore
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Figure 12: The configurations of hydrogen on Ti-doped carbon nanotubes [117].

explain why the doping does not affect the observed kinetics
of desorption.

Hydrogen storage behavior of Ti-doped CNTs was pre-
dicted using first principle calculations [117]. Each Ti atom
in the doped CNT can bind up to four hydrogen molecules
which is equivalent to a gravimetric storage capacity of
8.0 wt% (Figure 12).

The bonding of hydrogen molecules in Ti-doped CNTs
occurs via stepwise processes as indicated in Figure 12. In
the first step, a hydrogen molecule undergoes dissocia-
tive chemisorption and binds to a single titanium atom
(Figure 12(a)). Remarkably, this occurs without an energy
barrier. In the second step, two hydrogen molecules are
physisorbed as shown in Figure 12(b). In the final configu-
ration, the fourth hydrogen molecule is physisorbed to Ti
atom in a direction parallel to C-Ti plane (Figure 12(c)). This
unexpected bonding is explained using unique hybridization
between Ti-d, hydrogen 𝜎∗ antibonding, and SWCNT C-p
orbitals [117]. The experimental studies of the hydrogen stor-
age remain as a controversial topic due to the large disparity
in the storage capacities measured in various experiments
[118]. This is primarily associated with the uncertainties in
the sample purity used in various experiments. It is generally

understood that CNTs contain some amount of metallic
impurities, which are incorporated during their synthesis
[119]. These metallic impurities adsorb hydrogen; therefore
the unknown hydrogen storage contributions of metals are
sometimes wrongly assigned to the storage capacity of nan-
otubes.

Other complications arise due to erroneous measure-
ments, typically observed, in the case of volumetric deter-
mination of storage capacity [120]. The samples are exposed
to hydrogen gas in a constant volume setup. For this type
of study, the accurate dead volume of the instruments
should be known. Though the precise volume of each of the
components is known prior to the experiments, there will be
some uncertainty in the total volume of the system when
the components are fixed together. This uncertainty is not
accounted for in many volumetric studies and constitutes
some error in the measured capacity. Another factor that
leads to erroneous measurement is the change in the storage
capacity due to the change in the ambient temperature,
during the experiment [95]. For an adsorption experiment
performed at room temperature and 10MPa pressure, each
degree change in the ambient temperature results in 33 kPa
of pressure which is equivalent to a storage capacity of
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Figure 13: Single crystal X-ray structure of MOF-5 (a), IRMOF-6 (b), and IRMOF-8 (c) on each of the eight corners is a cluster of tetrahedral
[OZn

4
(CO
2
)
6
].The large yellow sphere represents the largest sphere that would fit into the cavities without touching the van derWaals atoms

of the frameworks [17].

2.6 wt% [95].This becomes very crucial for themeasurements
involving very small amount of nanotubes. Thus, it is vital to
keep the experimental setup strictly in isothermal conditions.
Additionally errors due to temperature fluctuation due to the
expansion of the hydrogen gas and leaks in system affect the
reliable measurement of gravimetric storage capacity [95].
Therefore, accurate, consistent, and reliable hydrogen storage
data are obtained only if necessary precautions are taken
during the storage experiments.

3.6. Metal-Organic Frameworks (MOFs). Metal-organic
frameworks (MOFs) also known as porous crystalline coor-
dination polymers formed by metallic polyhedra and organic
molecules [121–123]. Inorganic building units, metal ions
or clusters, and organic units carboxylates or other organic
anions such as phosphonate, sulfonate, and heterocyclic
compounds are linked together to form MOFs. Structure of
MOFs is dependent on connectivity and geometry of organic
linkers [124]. These frameworks have large cubic cavities
of uniform sizes. Different structures of cavities formed in
MOFs make them highly porous material. BET surface
area of MOFs is quite high as compared to CNT, hydrides,
zeolites, and clathrates and PCN-521 is considered as themost
porous MOF among all the MOFs formed from tetrahedral
linkers [124]. Some typical examples of MOFs are MOF-5,
IRMOF-6, IRMOF-8, and so forth shown in Figure 13. The
synthesis method for MOFs is simple, inexpensive, and
straight forward. For instance, theMOF-5 can be synthesized
from an alkaline zinc solution and 1,4-benzene dicarboxylic
acid [125]. Different routes of synthesis method such as
conventional heating, electrochemistry, microwave-assisted
heating, mechanochemistry, and sonochemistry are used to
prepare variety of MOFs [17, 126].

Microporous, open metal sites, high surface area, chem-
ically tunable structures, and different types of cavities
of MOFs labelled them as most promising candidate for
hydrogen storage material [127, 128]. Hydrogen sorption
behavior of MOFs indicates that they reversibly store hydro-
gen at ambient temperature and moderate pressures [129].

The typical storage capacity of MOF-5 under aforementioned
conditions is 1.0 wt%. The storage capacity of the MOFs can
easily be increased by introducing larger organic moieties
into the frameworks. Maximum hydrogen storage capacity at
room temperature of different kinds ofmicroporousMOFs by
varying organic linkers andmetal sites reaches up to 1.65 wt%
and hydrogen pressure 48 bars [17]. Hydrogen binding sites
ofMOFs are obtained from the neutron diffraction data [130].
The superimposition of the scattering intensity with molecu-
lar structure indicates the cup sites (green-yellow-red regions
in the left panel of Figure 14), where hydrogen molecules
are attached. Covalent-organic frameworks (COFs) are crys-
talline, highly porous, and large surface area. COFs possess
the same properties like MOFs such as structure rigidity,
surface area, pore volume, and different kinds of cavities but
have low density due to the presence of C, Si, B, andO asmain
clusters with organic unit carboxylates. Recently COFs are
also emerging as the promising candidate for the hydrogen
storage material due to the above-mentioned properties [131–
133].

3.7. Metal-Doped Metal-Organic Frameworks (MOFs). Hy-
drogen storage capacity in pristine MOFs at room tempera-
ture is nowhere near the ultimate target (7.5 wt% and 70 g/L)
set by the Department of Energy (DOE) for onboard
hydrogen storage systems [128]. However, at 77 K, MOFs
show very high hydrogen storage capacity which reaches
close to the ultimate US DOE hydrogen storage target for
vehicular applications; but for practical onboard hydrogen
storage purposes, 77 K is not feasible. Recently different
kinds of routes were implemented to enhance hydrogen
storage capacity in MOFs at room temperature and one
of the methods is doping. Different kinds of metals with
and without support (carbon materials) were doped into
microporous MOFs [134–137]. Different techniques of metal
doping into MOFs were used; the most common is incipient
wetness and ball milling method [135, 137, 138]. Liu et al.
reported that hydrogen uptake capacity of microporous
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Figure 14: The super position of scattering intensity from neutron diffraction data with molecular structure of MOF-5 suggests the binding
sites [130].
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Figure 15: Hydrogen storage capacity of MIL-101, Pt/C-MIL-101,
and MIL-101-bridges-Pt/C at 298K [139].

CuBTC was increased 3.5-fold at 298K and 20 bars by addi-
tion of Pt/C catalyst [135]. Furthermore, structural integrity
was maintained upon mixing catalyst with CuBTC. Spillover
mechanism in metal-doped MOFs is a promising method to
increase the hydrogen storage capacity at RT. In addition, by
introducing carbon with the metal intoMOFs, carbon acts as
a bridge between the source and receptor. Building bridging
by carbonwithmetal inMOFs enhances the hydrogen storage
capacity remarkably [139–141]. Comparison of hydrogen
uptake capacity of pure MIL-101 with doped MIL-101 via
spillovermechanism and bridging is shown in Figure 15 [139].

3.8. Clathrate Hydrates. Clathrates are crystalline molecular
complexes formed from the mixtures of host molecules and
suitably sized gas molecules [142]. They are known also as
caged compounds, since in these systems guest molecules are
occluded in the cages formed by the host molecules. When
the cages are formed by the water molecules, clathrates are
known clathrate hydrate. The structure II consists of two
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Figure 16: The comparison of gravimetric and volumetric storage
capacities of clathrate hydrates and other fuels [143].

types of polyhedra, dodecahedra and hexadecahedra, which
are, respectively, termed as S (small) and L (large). In general,
clathrates are stable only under extremely high pressure
conditions, typically of the order of 120 bars. The hydrogen
storage properties of clathrate hydrate have gained attention
recently, when Lee et al. found that it is possible to stabilize
clathrate hydrate at lower pressures by cooccluding large
organic molecules, such as tetrahydrofuran (THF) in these
caged materials [21]. Complete occupation of all large and
small cages of the structure II clathrate hydrate corresponds
to 5wt% of gravimetric storage capacity (Figure 16) [143].

It can be seen from Figure 16 that the storage capaci-
ties of clathrate hydrates presently do not satisfy the 2010
R&D targets of FreedomCAR. However, if suitable pressure
conditions are obtained to stabilize the hydrogen inside the
cages, they can offer intermediate solution for the hydrogen
storage problem. One of biggest merits of clathrates is that all
chemicals required for their formation are inexpensive and
easily available.
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4. Conclusion

In this review we have presented an overview of the imple-
mentation of the hydrogen fuel based energy economy. In the
first part we exclusively dealt with the trends of current fossil-
fuel based energy economy. It was clear that the transition
from the present energy economy to a sustainable and cleaner
energy such as hydrogen energy is motivated by both eco-
nomical and environmental factors. Amongst various forms
of alternate energies, hydrogen occupies a distinct status,
owing to its universal abundance and the highest specific
energy. However, the energy density of hydrogen at ambient
pressure and temperature conditions is nearly three times
lower than that of the conventional fuels. Therefore, to use
hydrogen as a fuel, especially in the mobile context, it is vital
to improve this storage attribute by several manifolds.

In the second part of the review, we presented the novel
solid state hydrogen storage techniques employing carbon
nanotubes, metal-doped carbon nanotubes, intermetallic
hydrides, metal-organic frameworks, metal-doped metal-
organic frameworks, and clathrates. Carbon nanotubes and
metal-organic frameworks, in particular the ones doped with
transitionmetal particles, are considered to offer far-reaching
solution as a hydrogen storage medium for transportation
applications. Other materials discussed in the review are
mostly in their preliminary phase and much intensive works
are required, for their applications in the mobile hydrogen
storage sector.
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