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PREFACE

Energy conversion and distribution appear to be essential components of sus-
tainable society. Among the options available for energy sources, hydrogen,
the lightest element appears to occupy a unique position. In the past 50 years
or so, various research efforts are made to make this energy source available
for societal use and sustainable economy.. However, there are bottlenecks in
energy conversion,(especially in the production of hydrogen from the source
water), storage and also in distribution. The components of energy chain
have to be properly stitched together for the society to derive maximum
efficiency.

Energy storage is the middle component in the energy chain and it has
received considerable attention in recent times. This monograph is an at-
tempt to examine the possibility of storing the energy carrier, Hydrogen in
various kinds of solid state materials. This subject is a vast one, and the
available materials for selection is too many and covering all the aspects in
one volume is not feasible or it is not also desirable. Therefore, only a few
aspects of this problem are taken up for discussion and it must be remarked
that not only the selection but also coverage is not comprehensive.

The purpose of this compilation is to assimilate the exciting research that
is going on in this field, yet the desired goals are far from the reach, possibly
the direction that is followed by researchers is deviating from the correct one.
If this message is conveyed then the purpose may be fulfilled.

It is hoped that this attempt will be useful in a small measure for those
who are interested in this topic. Any suggestions and remarks will be grate-
fully received. Our grateful thanks are due to the members of National Center
for Catalysis Research (NCCR), Indian Institute of Technology,Madras for
their support. We are also grateful to MNRE (Ministry of Non-conventional
and Renewable Energy) and Department of Science and Technology, (DST)
Government of India for supporting NCCR’s programs on these topics and
also establishing the National Centre for Catalysis Research (NCCR).
We shall be ever grateful if any suggestions to improve this attempt so that
it will be useful for the development of society.

B. Viswanathan

June 2024

Vil
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Chapter 1

INTRODUCTION TO
HYDROGEN STORAGE BY
SOLID STATE MATERIALS

1.1 Emnergy Sources

Energy resources and energy conversions are the two factors that are essential
for a sustainable society. The search and identification of energy sources are
directed from the points of view of sustainable availability, affordable cost
and environmental acceptability. The possible energy conversion processes
that can be exploited must be such that it should yield maximum efficiency,
least polluting the atmosphere and also should be easily processable. Human
civilization has tried various forms of matter (solid, liquid and gas) to meet
their need for energy, and their predictions on the change over from one form
of matter to another during the evolution of human civilization. One such
projection taken from literature for the recent centuries is shown in Fig.1.
It is on the basis of the generalization of this observation, that it is be-
lieved the immediate future lies in the gaseous state for the possible fuel
sources. It is therefore natural to expect that natural gas (in the immediate
future) and hydrogen (sustainable source) can be the alternate fuel sources or
carriers in the future. There can be many other arguments for this expecta-
tion and these can be found vociferously expressed in many current literature.

First the essential features of hydrogen as a possible energy carrier in
the near future.

It is the lightest and most abundant element. (mostly in combined
state)

It can burn with oxygen to release (large amounts) of energy.

Hydrogen has a high energy content by weight.
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Figure 1.1: Evolution of state of fuel in the recent centuries |Figure repro-
duced from Dunn, S, International Journal of Hydrogen Energy, 27,235-264
(2002).

e [t has a low energy density by volume at standard temperature and
atmospheric pressure.

e Like any other gas, the volumetric density can be drastically lowered by
storing compressed hydrogen under pressure or converting it to liquid
hydrogen.

e Hydrogen burns when it makes up 4 to 75

e Many pollutants are formed when hydrogen is burnt in air because of
the high nitrogen content of the air.

Hydrogen is a good choice for a future energy source for many reasons.
Some of these reasons include:

e Hydrogen has the potential to provide energy to all parts of the econ-
omy namely industry, residences, transportation, and mobile applica-
tions.

e Hydrogen can be made from various sources, water, fossil fuels and
other sources as well

e It is completely renewable as of now.
e The most abundant and cleanest precursor for hydrogen is water.
e Hydrogen can be stored in many forms, from gas to liquid to solid.

e [t can be stored in various chemicals and substances such as methanol,
ethanol, and metal hydrides and in various solid state matrices
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It can be produced from, and converted to, electricity with (high)reasonable

efficiencies.

It can be transported and stored as safely at least as any other fuel.

It can eventually aid in the release of oil-based fuels used for automo-

biles. The change of economy base.

It is an attractive solution for remote communities that cannot access

electricity through the grid.

One of the fundamental attractions of hydrogen is its environmental

advantage over fossil fuels, however, hydrogen is only as clean as the

technologies used to produce it. The production of hydrogen can be

pollutant-free if it is produced by one of three methods:

Through electrolysis using electricity derived solely from renewable en-

ergy sources or nuclear power.

Through steam reforming of fossil fuels combined with new carbon

capture and storage technologies.

Through thermochemical or biological techniques based on renewable

biomass.

A major disadvantage of processing hydrocarbons is the pollution and

carbon dioxide, which eliminates one of the main reasons for using

hydrogen in the first place. The best low-pollution alternative for cre-

ating hydrogen is a process involving electrolysis of water by electricity.

This method creates no carbon dioxide or nitrous or sulfurous oxides

emission

Table 1.1: Comparison of Hydrogen with Other Fossil Fuels

Property Hydrogen | Methane | Methanol | Ethanol | Propane | Gasoline
Molecular 2.016 16.043 32.040 46.063 | 44.100 ~107.00
Weight (g/mol)
Density 0.08375 0.6682 791 789 1.865 751
(kg/m? at 293 K and 1 atm)
Normal Boiling -252.8 -161.5 64.5 78.5 -42.1 27 - 225
Point (°C)
Flash Point (°C) < —253 -188 11 13 -104 -43
Flammability 4.0-75.0 | 5.0-15.01]6.7-360 | 33-19 | 21-10.1 |1.0-7.6
Limits in Air (volume %)
COy production 0 1.00 1.50 N/A N/A 1.80
per Energy Unit
Auto Ignition 585 540 385 423 490 230-480
Temperature in Air (°C)
Higher Heating Value (MJ/kg) | 142.0 55.5 22.9 29.8 50.2 47.3
Lower Heating Value (MJ/kg) | 120.0 50.0 20.1 27.0 46.3 44.0
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Even though we have seen the properties of hydrogen as a fuel or energy
carrier in comparison to most other fossil fuel-based compounds, it is nec-
essary to compare hydrogen with other energy sources such as electricity as
well as LPG or CNG. These data have been assembled in literature and are
available at | www.afdc.energy.gov].

1.2 Sources of Hydrogen

For any substance to be considered as a fuel, its sources are important.
In the same way if hydrogen is to be considered as an energy carrier, one
must ensure the available sources of hydrogen. Even though we will not
deal with the technology and exploitation of sources of hydrogen in this
presentation, it is better at least to list the possible and available sources
of hydrogen. Hydrogen can be obtained from various sources and also by
various technologies. These possibilities (though not exhaustive) are given
in Table 1.2.

Table 1.2: Possible hydrogen production technologies
Technology or Method
Steam reforming of naphtha
Partial oxidation of hydrocarbons
Thermal decomposition of hydrocarbons
Thermochemical cycles Iron-Halogen, Sulphur-lIodine cycles
Electrolysis
Electrochemical method
Photolysis method
Photochemical process
Photoelectrochemical method
Biological Method
Biochemical method
Photobiological method

1.3 The Hydrogen based Economy

The use of hydrogen as an energy carrier may reduce in the coming years
the dependence of fossil fuels and other energy sources, one such scenario is
pictorially shown in Fig.1.2.]2]. Many similar predictions may be available
in literature

The basis for looking to hydrogen economy is that during the 19th cen-
tury, the characteristics and potential uses of hydrogen were considered by
clergymen, scientists, and writers of science fiction and possibly the common
men as well. In one of the sources, an engineer in Jules Verne’s 1874 novel
‘The Mysterious Island’ informs his colleagues, “Yes, my friends, I believe
that water will one day be employed as fuel, that hydrogen and oxygen which



1.3. THE HYDROGEN BASED ECONOMY

14

12 /_‘-
% 1 | total energy consumpton >‘//'
™~ no hydrogen
g ¢
S ol / ) ‘\\
g 06 A / \\\
E A historical data A
$ '—j—.] / \\ fossil fuels |

02 .z

4 \

0o
1950 1975 2000 2025 2050 2075 2100

Figure 1.2: Energy Consumption pattern over the years [Reproduced from
ref.2|.

constitute it, used singly or together, will furnish an inexhaustible source of
heat and light, of an intensity of which coal is not capable.... Water will be
the coal of the future” [3]. There are many attempts to turn to hydrogen
economy in selected areas. The tiny South Pacific island of Vanuatu has even
tried to prepare a feasibility study for developing a hydrogen-based renew-
able energy economy as early as 2000. Similar exercises were carried out in
Hawaii, Iceland. In addition, automobile manufacturing giants like Ford, and
others also formed a consortium to turn over to the hydrogen-based economy.

Hydrogen by itself cannot solve various aspects of the complex problems
of fuel supply, increase in population, explosion in transport vehicles use. But
hydrogen could provide a major hedge against these risks. By employing hy-
drogen in fuel cells and their use in vehicles can dramatically cut emissions
of particulates, carbon monoxide, sulfur and nitrogen oxides, and other lo-
cal air pollutants. By providing a secure and abundant domestic supply of
fuel, hydrogen would significantly reduce oil import requirements by various
nations and also the energy independence and security that many nations
crave for. One should not think that we turn to hydrogen-based economy
simply because our fossil fuel sources are depleting. There is a statement by
Don Huberts, CEO of Shell Hydrogen. He, has noted: “The Stone Age did
not end because we ran out of stones, and the oil age will not end because
we run out of oil.” It is only our anxiety to be ready with alternate energy
sources for the future of humanity.

Without going into details, electrolysis and electrochemical processes may
lead to a clean hydrogen-based energy cycle. One such cycle is shown pic-
torially in Figl.3. There are various aspects of hydrogen-based economy on
which further knowledge is required. A complete tracing of the origin and
the development of hydrogen economy has been done by Seth Dunn in his
publication [1]. In this publication, he concludes that there are risks and
costs to a program of action as stated by President John F. Kennedy some
years before. “ But they are far less than the long-range risks and costs of
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Figure 1.3: A possible hydrogen cycle that will emerge in the near future

comfortable inaction” . Thus, there are risks and costs involved in build-
ing hydrogen-based economy but they are far less than the costs and risks
involved in continuing on hydrocarbon-based economy. In this publication
many other aspects of hydrogen-based economy have been considered. The
impression one gets from these arguments is that we cannot avoid turning
to hydrogen-based economy even though the transition may be slow. There
can be various reasons for this delay, among these, the possible feasible and
cost-effective storage of hydrogen is one of the stumbling blocks and that is
what is considered in this monograph. There has been many attempts to
store hydrogen in all the states of matter, but however, the storage capac-
ity required could not be achieved in solid state storage which is one of the
options for hydrogen to be used as fuel for transport sector. This being the
most important aspect of the future hydrogen economy and thus forms the
subject matter of this monograph.

1.4 Hydrogen Storage: Issues and Targets

Hydrogen is an ideal clean energy carrier since hydrogen is both carbon-free
and pollution-free and its only product of combustion is water. Hydrogen is
one of the most abundant natural resources in the universe. However, storing
H2 in an efficient, economical, and safe way is one of the main challenges.
In general, hydrogen can be stored either as liquid H2 via liquefaction, in
compressed gas cylinders, or in solid state as chemical hydrides or absorbed
in porous materials. Potential hydrogen storage materials can be classi-
fied according to the type of binding involved in the hydrogen sorption pro-
cess. Among the various approaches to Hydrogen storage, various materials
have been explored as the candidates namely, metal hydrides, metal-organic
frameworks, porous polymer, and porous carbon in consideration to the fast
kinetics, excellent cyclability, and high adsorption/storage capacity

The hindrance to utilizing hydrogen as the alternative fuel is the absence
of appropriate storage medium. The challenges and demands faced for the
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storage of hydrogen can be surmounted if the following aspects are adequately
addressed

e Investigation and development of new materials for the storage of hy-
drogen.

e Developing suitable and reproducible experimental techniques to iden-
tify the storage capacity.

e The existing storage medium can be improved considerably and the
cost and size of the storage medium can also be reduced.

For stationary systems, the weight and volume of the system used for hydro-
gen storage are not key factors. However, for mobile applications such as fuel
cell for electric vehicles or hydrogen-fueled (internal combustion) cars, a hy-
drogen storage system has to be compact, safe, and affordable. In 1996, the
International Energy Agency established the “Hydrogen Storage Task Force”
to search for innovative hydrogen storage methods and materials. The US
Department of Energy (DOE) hydrogen plan has set a standard for this dis-
cussion by providing a commercially significant benchmark for the amount of
reversible hydrogen absorption. The benchmark requires a system weight ef-
ficiency (the ratio of stored hydrogen weight to system weight) of 6.5 weight
% hydrogen and a volumetric density of 62 kg H2/m?. Because a vehicle
powered by a fuel cell would require more than 3.1 kg of hydrogen for a
500 km range. There are various storage options that meet long-term needs
like liquid or solid-state storage. Current high-pressure hydrogen tanks and
liquid hydrogen meet some although clearly not all near-term targets. The
hydrogen storage materials for 2007 targets were based on systems such as
solid-state (metal hydrides) or liquid systems. The focus of the DOE was on
materials technologies to meet 2010 targets and with potential eventually to
meet 2015 targets, as given in Table 1.3, although these have not yet been
realized. The targets include a 20% penalty for the assumption that hydro-
gen storage systems (unlike conventional gasoline tanks) are not conformable
and have limitations regarding how they may be packaged within the vehicle
[5]. The targets also assume a factor (2.5 to 3 times) in terms of efficiency
improvement in using a fuel cell power plant compared with a conventional
gasoline based internal combustion engine. If efficiency improvements are
not as high as projected, this would clearly dictate even more challenging
requirements for on-board hydrogen storage to achieve a comparable driving
range. The development of a high-capacity lightweight material that could
be used to store hydrogen reversibly under ambient conditions seems to be
attainable. A viable on-board automotive hydrogen storage system must
be compact, lightweight, low-cost, and safe. It must be capable of storing
enough hydrogen to provide a reasonable traveling range and good dormancy
(ability to retain hydrogen for long time without leakage) [6.7].

Hydrogen storage can be achieved in a number of ways. Among these pos-
sibilities, solid state hydrogen storage appears to be promising from various
points of view. Regarding solid state storage of hydrogen, many targets have
been fixed in the past but none of them could be achieved within the time
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scales prescribed by Department of Energy (DOE). One such expectation is
given in given in Table 1.3.

In the use of hydrogen as fuel, the differences in the volumetric and gravi-
metric densities contribute to the search for an appropriate storage medium.
From this point of view solid state hydrogen is preferred to other forms of hy-
drogen storage. The data given in Table 1.3 is one of the many targets fixed
by DOE and these are frequently changed depending on the progress made
on the research side on selection of solid-state material. Pictorial represen-
tation of the comparison of volumetric and gravimetric densities of hydrogen
on typical storage media is given in Fig.1.4. There are other forms of this
representation in literature and hence this figure should not be considered as
unique one. The most moderate level of storage namely 6.25 weight percent
is also denoted in the figure and it appears to be in the midst of the stor-
ages that are possible but only other considerations like cost, availability and
other factors have to be taken into account in the final selection of material
for hydrogen storage.

Table 1.3: Department of Energy (DOE) On-Board Hydrogen Storage Tar-
gets

Storage Parameter Units 2017 Ultimate
System Gravimetric Capacity Usable | kWh/kg 1/8 2.5
specific energy romH2 (net useful (kgH2 /kg.system | (0.055) | (0.075)
energy /max.system mass
System Volumetric Capacity.Usable | kWh/L 1.3 2.3
energy density from h2(net useful kgh2/L system (0.040) | (0.070)
energy /max.system Volume

Gravimetri Energy Density Wt% 5.5 7.5
Cycle life Cycles 1500 1500
Min /max.deliverable temperature 0C 40/85 | 40/85
Charge/discharge Rates min 3.3 2.5
System fill time (for 5 kg) kgH2min 1.5 2.0
Minimum fill flow rate (g/s)/kW 0.02 0.02
Start time to full flow (303 K) s 5 5
start time to full flow ((253 K)) S 15 15

It is seen that there are alternate possibilities exist in the production
and storage of hydrogen as seen from this figure. The method that can be
employed depends on various factors like cost and sustainability and these
factors will decide which method can be adopted for these two steps in hy-
drogen economy.

The transition to hydrogen-based economy depends on production, trans-
port, storage and utilization and a pictorial sequence is shown in Fig.1.5.

1.5 Fundamentals of Hydrogen Storage
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Figure 1.4: Hydrogen energy system a simple manifestation

1.5.1 Adsorption

Adsorption is the accumulation of atoms, or molecules from the gas, liquid,
or dissolved solid to a surface. This process creates a film of the adsorbate
on the surface of the adsorbent. This process differs from absorption, in
which a fluid (the absorbate) is dissolved by or permeates a liquid or solid
(the absorbent), respectively. Adsorption is a surface-based process while
absorption involves the whole volume of the material. The term sorption
encompasses both processes, while desorption is the reverse of it.

1.5.2 Chemisorption

Chemisorption (or chemical adsorption) is adsorption in which the forces
involved are the valence forces of the same kind as those operating in the
formation of chemical compounds. The problem of distinguishing between
chemisorption and physisorption is basically the same as that of distinguish-
ing between chemical and physical interaction in general. No absolutely sharp
distinction can be made and intermediate cases exist, for example, adsorption
involving strong hydrogen bonds or weak charge transfer.
Some features which are useful in recognizing chemisorption include:

e The phenomenon is characterized by chemical specificity.

e Changes in the electronic state may be detectable by suitable physical
methods.

e The chemical nature of the adsorptive (s) may be altered by surface
dissociation or reaction in such a way that on desorption the original
species cannot be recovered; that is mostly chemisorption may not be
reversible.

e The elementary step in chemisorption often involves an activation en-
ergy.
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e Since the adsorbed molecules are linked to the surface by valence bonds,
they will usually occupy certain adsorption sites on the surface and only
one layer of chemisorbed molecules is formed (monolayer adsorption),
in monolayer adsorption all the adsorbed molecules are in contact with
the surface layer of the adsorbent

In the case of hydrogen chemisorption (Figure.1.6.), the H2 molecule dissoci-
ates into individual atoms, migrates into the material, and binds chemically
with a binding energy. The bonding is strong, and desorption takes place at
higher temperatures. Thus, chemisorption may not useful for the practical
storage of hydrogen.

1.5.3 Physisorption

Physisorption (or physical adsorption) is adsorption in which the forces in-
volved are intermolecular forces (Van der Waals forces) of the same kind as
those responsible for the imperfection of real gases and the condensation of
vapors, and which do not involve a significant change in the electronic orbital.
The term van der Waals adsorption is synonymous with physical adsorption.

The adsorption of hydrogen in carbonaceous materials corresponds to the
amount of hydrogen adsorption which takes place near the carbon surface
only due to the physical forces.

Some features which are helpful in recognizing physisorption include

e The phenomenon is a general one and occurs in any solid /fluid system,
although certain specific molecular interactions may occur, arising from
particular geometrical or electronic properties of the adsorbent.

e Evidence for the perturbation of the electronic states of adsorbent and
adsorbate is minimal.

e The energy of interaction between the molecules of adsorbate and the
adsorbent is of the same order of magnitude as, but is usually greater
than, the energy of condensation of the adsorbate.

e Under appropriate conditions of pressure and temperature, molecules
from the gas phase can be adsorbed in excess of those in direct contact
with the surface (multilayer adsorption or filling of micropores, In mul-
tilayer adsorption, the adsorption space accommodates more than one
layer of molecules and not all adsorbed molecules are in contact with
the surface layer of the adsorbent).

In the case of physisorption (Figure.1.6), hydrogen remains molecular and
binds on the surface with a binding energy in the meV range. Hence, it
desorbs even at low temperatures.

The physisorption of gases follows two basic rules: the monolayer ad-
sorption mechanism, and the decrease of the amount adsorption with the
increasing temperature. It follows that the adsorption capacity of hydrogen
on a material depends on the specific surface area of the material and that
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Figure 1.5: Adsorption of hydrogen on solids, (a) physisorption, (b)
chemisorption, and (c¢) quasi-molecular bonding. Reproduced from the ref-
erence number [13]

higher temperatures will lower the adsorption capacity. The total storage
capacity in a porous solid is, however, not only the adsorption capacity, but
also the sum of contributions due to adsorption on solid surface and that due
to compression in the void spaces [9.10].

The third form of binding is where the bond between H atoms in a |ceH2
molecule is weakened but not broken. The strength of binding is intermedi-
ate between physisorption and chemisorption (binding energy in the 0.1-0.8
eV range) and is ideal for hydrogen storage under ambient pressures and
temperatures. This form of quasi-molecular binding has two origins. Kubas
et al., has shown that charge donation from the H2 molecule to the unfilled
d orbitals of transition-metal atoms and back-donation of electrons from
the transition-metal atom to the antibonding orbital of the H2 molecule is
responsible for this quasi-molecular bonding [11]. This interaction is due to
donation of charge from the highest occupied orbital of the ligand (H2) to the
empty metal orbitals and a subsequent back-donation from filled d-orbitals
into the lowest unoccupied orbital of the ligand [12]. On the other hand, Niu
et al., have shown that the electric field produced by a positively charged
metal ion can polarize the H2 molecule, which can then bind to the metal
cation in quasi-molecular form. In both cases, multiple hydrogen atoms can
bind to a single metal atom [13].

Yet another method to store hydrogen is ‘Spillover’: Additives act as
a catalytic active center for the dissociation of hydrogen. The dissociated
hydrogen atoms then can spillover from the additive sites to the carbon
or other network and finally become bound to surface atoms. Besides the
high polarizability and the high surface areas, adsorption can be increased
by a curving of the structure. The curved surface leads to an overlap of the
potential fields of surface atoms and therefore to an increase of the adsorption
energy, up to 30 kJ mol™! [12].

11
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1.6 Hydrogen Storage

Current on-board hydrogen storage approaches involve compressed hydro-
gen gas tanks, liquid hydrogen tanks, cryogenic compressed hydrogen, metal
hydrides, high-surface-area adsorbents, and chemical hydrogen storage mate-
rials. Storage as a gas or liquid or storage in metal hydrides or high-surface-
area adsorbents constitutes "reversible" on-board hydrogen storage systems
because hydrogen regeneration or refill can take place on-board the vehicle.
For chemical hydrogen storage approaches (such as a chemical reaction on-
board the vehicle to produce hydrogen), hydrogen regeneration is not possible
on-board the vehicle; and thus, these spent materials must be removed from
the vehicle and regenerated off-board.

Although hydrogen appears to be a possible replacement for fossil fuels,
it does not occur in nature as fuel. Rather, it occurs in the form of chemical
compounds like water or hydrocarbons that must be transformed to yield
hydrogen. One of the basic elements of nature, hydrogen is the universe’s
simplest element, with each atom composed of just one proton and one elec-
tron. It is the most abundant element as well. More than 30 percent of the
mass of the Sun is atomic hydrogen. Considering the transport sector, to
achieve a comparable driving range and performance as with modern diesel
vehicles, a breakthrough in on-board vehicle hydrogen storage technology
may still be required. Conventional storage such as compressed gas cylinders
and liquid tanks can be further improved and strengthened, become lighter
and less expensive. Additional research and development work are required
to appropriately evaluate and further advance the performance of hydrides.
[14].

1.7 Ways of Hydrogen storage

Hydrogen in some form is all that is required for a fuel cell to run a hy-
drogen fueled car. In vehicles, hydrogen can be stored as a cryogenic liquid
or a pressurized gas. However, liquefying hydrogen is expensive and storing
this extremely cold fuel in a vehicle is a difficult engineering task. Storing
hydrogen requires significant energy expenditure for compression, stringent
safety precautions, and bulky, heavy storage tanks. Natural gas is used as
a hydrogen source in some fuel cell designs for large stationary electricity
generating stations. However, this also prevents many of the drawbacks of
cryogenic liquefaction or compression when considering mobile applications
with weight and space limitations. Metal hydride storage of hydrogen is pos-
sible. However, weight constraints currently limit the potential range of a
vehicle with this particular hydrogen storage technology. Carbon nanofibers
or tubes as hydrogen storage also have been proposed; however, this technol-
ogy is far from commercial development. Intermetallics, carbon materials,
porous solids, clathrates, organic amides and metal organic frameworks are
some of the options being considered for hydrogen storage purposes. This
is also another area of research which is at the crossroads without a proper
direction toward the desired goal. The desired goal is the weight percent
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Figure 1.6: Various options for hydrogen storage

storage capacity (taken to be around 6.5 weight % on the basis of various
considerations like the range of a vehicle with current fuel storage capacity).
This expected percentage of hydrogen storage capacity has not been achieved
in any of the solid-state storage materials under the desired temperature and
pressure conditions (namely near room temperature and atmospheric pres-
sure conditions). The various options that are currently considered are given
in Figure 1.7.

1.8 Solid State Hydrogen Storage

The gas and liquid states of storage of hydrogen have considerable energy
and weight penalty in addition to safety issues. However, these two forms of
storage have been in practice for a long time.. From various points of view,
solid-state hydrogen storage appears to be advantageous and may become a
viable option [15].

For solid-state hydrogen storage, the following characteristics are ex-
pected for the system.

e Favourable thermodynamics: that, is the storage and release should
take place without much heat requirement.

e The kinetics of adsorption and desorption should be fast enough to be
useful for applications on hand.

e The extent of storage should be sufficiently large enough so that it
can be adopted for mobile applications (volumetric and gravimetric
density).

13
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e The material employed should withstand a sufficient cycle number for
both adsorption and desorption.

e The material of choice should have sufficient mechanical strength and
durability.

e The system chosen should be capable of functioning as a good heat
transfer medium.

1.8.1 Metal Organic Framework (MOFs)

The metal-organic frameworks (MOFs) are a class of porous materials that
were discovered about 40 years ago by polymer scientists. In 1989 Hoskins
and Robson proposed a class of solid polymeric materials later known as
MOFs [16.17]. For example, the structure of MOF-5 is shown in Fig 1.8 (a).
These materials are crystalline, infinite networks assembled by linking metal
ions with various organic linkers through strong bonds [18]. In a basic level,
MOFs typify the gorgeousness of chemical structures and the authority for
the combination of organic and inorganic chemistry, two disciplines frequently
regarded as dissimilar [19]. These MOFs have emerged as an extensive class
of crystalline materials with low density unite both high surface areas ex-
tending ahead of 6000 m?/g and ultrahigh porosity (up to 90% free volume)
tunable pore size, and modifiable internal surface [20]. These properties,
make MOFs find application in clean energy storage for gases such as hydro-
gen and methane and also as adsorbents. Further applications in membranes,
catalysis, and biomedical imaging are gaining significance. More recently, it
was realized that a few of them can be shown as potential candidates for
hydrogen storage materials [21-23].

Interestingly, in particular, the MOF-177, a structure consisting of tetra-
hedral [Zng]®" clusters linked by the tritopic link BTB (1,3,5-benzenetribenzoate),
was shown to adsorb reversibly up to 7.5 wt % h2 at 77 K and 70 bar [24].
However, the majority studies of |ceH2 adsorption in MOFs were performed
at very low temperatures (mostly at 77 K). However, no significant hydrogen
uptake on the MOFs have been obtained at room temperature [25]. In ad-
dition, systematic studies on the effects of structural and surface properties,
e.g., metal oxides, organic linking units, surface areas, and pore volumes, on
the hydrogen storage capacities are insufficient, particularly at room temper-
ature |22, 26-30]. As a possible hydrogen storage material MOFs are still in
its infancy and the work is yet to be individually confirmed.

1.8.2 Covalent Organic Framework (COFs)

An addition to the family of crystalline microporous materials are the Cova-
lent organic frameworks (COFs). These are a class of crystalline materials
built from organic “linkers” which are made up of light elements (C, O, B, and
Si) and held together by strong covalent bonds. For example, COF was syn-
thesized by condensation of 1,3,5-tri(4-aminophenyl) benzene (TPB) and 2,5-
dimethoxyterephthalaldehyde (DMTP) under solvothermal conditions. The
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structure is shown in Fig. 1.8 (b) it’s called TPB-DMTP-COF |31|. Par-
ticularly, due to the absence of characteristically weaker metal-ligand bonds,
which is responsible for the metal-organic frameworks chemically and ther-
mally unstable, covalent organic frameworks generally demonstrate surpris-
ing thermal and chemical stability, in several ways resembling some high
melting-point amorphous polymers [32]. The covalent organic frameworks
(COFs) are different from other organic polymers, however, they are crys-
talline and have a well-organized macromolecular structure. They exhibit low
density high porosity and they contain high surface area making them at-
tractive candidates for hydrogen storage. Because of their significantly lower
density compared to MOFs, COFs have an advantage in the hydrogen gravi-
metric storage capacity [32-34]. Interestingly, Omar M. Yaghi and William
A. Goddard III et al. reported COFs as exceptional hydrogen storage ma-
terials. They predicted the highest excess hydrogen uptakes at 77 K as 10.0
wt % at 80 bar for COF-105, and 10.0 wt % at 100 bar for COF-108. This is
the highest value reported for associative hydrogen storage of any material

[35].

1.8.3 Metal Hydrides

Another means of hydrogen storage is that of metal hydride storage, hydrogen
can be combined with many metals to form hydrides that will release hydro-
gen upon heating. Many metals, intermetallics compounds and alloys react
with hydrogen and form mainly solid metal-hydrogen compounds. Hydrides
exist as ionic, polymeric covalent, volatile covalent and metallic hydrides. Fig
1.8(d) shows the structure of NaAlH4. The demarcation between the various
types of hydrides is not sharp, they merge into each other according to the
electro-negativities of the elements concerned. Hydrogen reacts at elevated
temperatures with many transition metals and their alloys to form hydrides.
Metal hydrides are composed of metal atoms that constitute a host lattice and
hydrogen atoms trapped in interstitial sites. The chemisorption accounts for
compounds containing hydrogen such as metal hydrides, chemical hydrides,
complex hydrides, nitrides and related compounds, from which H2 can be
released under specific conditions, usually via heating at high temperatures.
The basic principle is that certain metals alloys absorb hydrogen to form a
metal hydride. Therefore, chemisorption is basically an activation process
that requires additional energy to break the chemical bond between H and
other elements, which makes the recovery of H from those materials, energy-
inefficient and the recycling of such hydrides is problematic. For example,
magnesium hydride, one of the most extensively investigated, low cost and
natural abundant compounds, has a high hydrogen storage capacity of up
to 7.6%; but heating up to 300°C is needed to release the H2, which corre-
sponds to up to 2.4 wt% of stored H2 to be used to feed the high endothermic
reaction, leaving only 5.2 wt% H2 available for use. Therefore, the high ther-
modynamics, slow kinetics combined with poor cyclabilities have prevented
the widespread adoption of magnesium hydrides for practical application.
Metal hydrides are effective to store large amounts of hydrogen in a safe and
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compact way. All the reversible hydrides working around ambient temper-
ature and atmospheric pressure consist of transition metals; therefore, the
gravimetric hydrogen density is limited to less than 3 mass %. Thus, with
the promising results observed to date, metal hydrides clearly have potential
as hydrogen storage systems with the limits of this potential yet to be fully
defined.

1.8.4 Complex Hydrides

The first second and third group light elements, e.g. Li, Mg, B, Al, build a
large variety of metal-hydrogen complexes. They are especially interesting
because of their light weight. The main difference between complex hydrides
to metallic hydrides is the transition to an ionic or covalent nature of the
bond between the metal and hydrogen. The hydrogen in the complex hy-
drides is often located in the corners of a tetrahedron with boron or aluminum
in the center. The negative charge of the anion, [BH,|~ and [AlH4|~ is com-
pensated by a cation e.g. Li or Na. The hydride complexes of borane, the
tetrahydroborates M(BH,), and of alane the tetrahydroaluminate M(AIH,)
are interesting storage materials, however, they were known to be stable and
decompose only at elevated temperatures. The compound with the highest
gravimetric hydrogen storage density at room temperature known today is
LiBH4(18 mass%). Therefore, this complex hydride could be the ideal hy-
drogen storage material for mobile applications. LiBH, desorbs three of the
four hydrogen in the compound upon heating at 280°C and decomposes into
LiH and boron. The desorption process can be catalyzed by adding SiO5 and
significant thermal desorption was observed starting at 100°C [36].
Recently it has been shown, that the hydrogen desorption reaction is
reversible and the end products lithium hydride and boron absorb hydro-
gen at 690°C and 200 bar to form LiBH, [37]. The scientific understanding
of the mechanism of the thermal hydrogen desorption from LiBH, and the
process of absorption remain a challenge and more research work needs to
be carried out. A little is known about Al(BH44); a complex hydride with
a very high gravimetric hydrogen density of 17 weight % and the highest
known volumetric hydrogen density of 150 kg-m~3. Furthermore, Al(BH,);
has a melting point of — 65°C and is liquid at room temperature. Beside of
the covalent hydrocarbons, this is the only liquid hydride at room temper-
ature. However, the required temperatures and reaction rates for operation
of sodium alanates are inadequate for potential application. Some of the

common complex hydrides for their hydrogen storage capacity are given in
Table 1.4.

1.8.5 Zeolites

The crystal structure of zeolites is composed of channels and cavities which
form a pore system large enough for diffusion of molecules. Zeolites have
large micropore volumes and thus forms potential candidates for the storage
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Figure 1.7: Various solid-state possibilities of hydrogen storage (a) MOF-5,
(b) TPB-DMTP-COF, (c) Magnesium hydride, (d) NaAlHy, (e) Zeolite-Y
and (f) NaBH,

Table 1.4: Common Complex Hydrides for Hydrogen Storage Applications

Hydride | Hydrogen content (Wt %)
LiAIH, 10.5
NaAlH, 7.5
KAIH, 5.7
BG(A1H4)2 11.3
Mg(AIH, ), 9.3
C&(A1H4)2 7.7
Ti(AlH,), 9.3
LiBH, 18.0
NaBH, 104
Al(BH,), 17.0
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of hydrogen. An example of the pore structure of zeolite Y is shown in
Figure 1.8. (e). Zeolites are three-dimensional aluminosilicate structures
built of TO, tetrahedrons sharing all four corners, where T indicates Si**
and AI** ions. They are crystalline and their general formula can be written
as

M()x/z) [(AIOQ)Q; (SIO—Q)y] mHQO

where M is non framework exchangeable cation. This exchangeable cation
M is normally alkali or alkaline earth metal ions. Zeolites can have a very
open micro porous structure with different framework types depending on the
assembly of the tetrahedral building units. The adsorption characteristics
of zeolites make them attractive candidates for gas storage, and therefore,
taking this property into account; zeolites have been studied as potential
hydrogen storage materials.

Zeolites are being studied for hydrogen storage applications for last several
years. However, the gravimetric hydrogen storage capacity is quite less for
these materials. At room temperature less than 0.1wt% hydrogen uptake
capacity has been reported for different zeolites. Hydrogen uptake can be
increased by reducing the temperature from room temperature to 77 K. it
has been shown that for NaY zeolite maximum gravimetric hydrogen storage
capacity of 1.81 wt% can be obtained at pressure and temperature of 15 bar
and 77 K respectively A maximum of 2.19 wt% was obtained for CaX zeolite
at 15 bar pressure and 77 K temperature . Theoretical calculations show
that the maximum possible gravimetric hydrogen storage capacity of zeolite
is limited to 2.86 wt%.

The cation present in the zeolite framework plays an important role in the
interaction of hydrogen molecule with zeolite. Specific interaction between
hydrogen molecule and the cation takes place and the interaction increases
with the polarizing potential of the cation present in the framework. How-
ever, these strong binding sites saturate at low hydrogen concentration and
thus these cationic centres have meager effect on the hydrogen storage ca-
pacity at high pressures. Surface area is the only parameter influencing the
number of adsorption sites.

Zeolite although offer flexibility over the possible framework geometries,
their use as hydrogen storage materials is restricted by the theoretical upper
limit on the hydrogen storage capacity and the need of cryogenic temperature
for achieving high storage capacity. They offer the same advantage and
drawbacks as that of carbon structures.

Hydrogen storage in zeolites can be encapsulation and adsorption. The
process involves the diffusion of hydrogen molecules into channels and cages
(voids) of the structure. Fraenkel et al. reported zeolites as potential mate-
rials for the encapsulation of hydrogen [38,39]. In the following years, many
different ion-exchanged zeolites were tested as potential hydrogen storage
materials [40]. The uptake of hydrogen by adsorption is below 0.5 wt% at
ambient temperature conditions and below 2 wt% at 77K and at elevated
pressures. For all systems, at low hydrogen loadings, the cell volume of the
zeolites decreases due to attractive forces between adsorbent and adsorbates
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[41]. However, even though at first glance microporous zeolites seemed to be
promising materials for hydrogen storage, the capacities and experimental
requirements are unfavorable to make them real storage materials [42].

1.8.6 Glass Spheres

Glass spheres are small hollow glass micro balloons whose diameter varies
from about 25 to 500 mm and whose wall thickness is about 1 mm. The
microspheres are filled by heating in high-pressure hydrogen to temperatures
sufficient for rapid diffusion of hydrogen into the microspheres. Upon cool-
ing the low diffusivity of hydrogen at ambient temperature causes the gas to
be retained in the microspheres. Hydrogen is then released when needed by
reheating the microspheres. Because of the inherently poor thermal conduc-
tivity of inorganic glasses, a problem further exacerbated by the morphology
and size of hollow microspheres, poor hydrogen release rates have limited
further development and implementation of this hydrogen storage method.
A possible solution to the poor hydrogen release rates has been realized with
the discovery of photo-induced outgassing in which a high-intensity infrared
light is used to elicit hydrogen release in selectively doped glasses. This pro-
cess results in faster response times for the release of hydrogen in glasses
than can be obtained by normal heating and may provide a path to superior
performance for hydrogen storage in glass microspheres. However, high pres-
sures and high temperatures are stumbling blocks to the use of glass spheres
as a hydrogen storage medium for mobile applications. The storage capacity
of spheres is about 5—6 wt% at 200—490 bar in favorable cases.

1.8.7 Chemical Storage

Chemical hydrogen storage may offer options with high-energy densities and
potential ease of use, particularly if systems involve liquids that may be easily
dispensed using infrastructure similar to today’s gasoline refueling stations.
Most of these reactions are irreversible. Therefore, the spent storage mate-
rial would have to be regenerated off-board the vehicle because they cannot
be reconstituted simply by applying an overpressure of hydrogen gas at a
modest temperature and pressure. A number of chemical systems using both
exothermic and endothermic hydrogen release are currently under investi-
gation. Chemical compounds containing hydrogen can also be considered a
kind of hydrogen storage. These include methanol, sodium, ammonia, and
methyl cyclohexane. For an example of the pore structure of NaBH4 is shown
in Figure 1.8. (f). Under STP conditions all of these compounds are in liquid
form and thus the infrastructure for gasoline could be used for transporta-
tion and storage of these compounds. There is a clear advantage compared
with gaseous hydrogen, which demands leak-proof, preferably seamless pip-
ing and vessels. The hydrogen storage capacity of these chemical compounds
is good: 8.9 w% for methanol, 15.1 wt % for ammonia, and 13.2 wt % for
methylcyclohexane. These figures do not include the containers in which
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the liquids are stored. Because the containers can be made of lightweight
composites or even plastic in some cases, the effect of the container is negli-
gible especially with larger systems. A number of processes have been tried
to release hydrogen from ammonia borane in the solid state and in solu-
tion. Catalysts, including a range of acids and transition metal complexes,
have been demonstrated and are being optimized to enhance the amount of
hydrogen released as well as the overall kinetics for hydrogen release. How-
ever, efficient and cost-effective regeneration of the spent fuel resulting from
the dehydrogenation of ammonia-borane is critical to the successful applica-
tion of ammonia-borane as an on-board hydrogen storage material [43,44].
The chemical storage of hydrogen also has some disadvantages. The storage
method is irreversible, the compounds cannot be charged reproducibly with
hydrogen. The compounds must be produced in a centralized plant and the
reaction products have to be recycled somehow. This is difficult especially
with ammonia, which produces highly environmentally unfavorable nitrogen
oxides. Other compounds produce carbon oxides, which are also unfavorable.

1.8.8 Organic Polymers

It is initially reported that hydrogen uptake capacities of Polyaniline (PAni)
and polypirrole (Ppy) at room temperature is of 6-8 weight t%. After further
research it is concluded that previous results are false and capacity is less than
0.5 wt% at room temperature and pressure up to 94 bar. The material is
attraction of study as they consists of very light atoms (C, H, N, and O)
and possess high specific surface area and controlled porosity. Budd et al.
showed that hydrogen uptake increases with higher concentration of ultra-
micropores at low pressure and temperature of 77 K. PIM stores up to 2.7
weight % at 77 K and 10 bar with subunit triptycene. Further modification
leads to enhancing their hydrogen storage capacity at cryogenic temperature..

1.8.9 Carbon Materials

The element carbon is present in nature in a variety of allotropes that can
be classified based on its hybridization (See Figure 1.9). Carbon allotropes
have been widely investigated for their unique features, like thermal and
electrical conductivity, optical and mechanical properties. For instance, sp3-
hybridization is responsible for the structure and properties of diamond, while
sp2-hybridization characterizes graphite, carbon nanotubes, and graphene,
which is a single layer of carbon atoms arranged in a 2D hexagonal lat-
tice. Depending on the atomic hybridization, the macroscopic properties
of carbon-based materials can dramatically vary for each allotropic form.
The sp-hybridization comes next in the series, and the corresponding car-
bon allotrope is known under the name of carbyne which has the feature
of extending in one dimension. Because of this property, carbynes are also
named carbon nanowires, representing at the nanoscale mono-dimensional
atomic chains. Carbon have these uniqueness for creating different types of
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Figure 1.8: Some of the possible allotropic forms of carbon

allotropic forms and hence can show a variety of applications.

1.8.10 Carbon Materials for Hydrogen Storage

Carbon materials are another set of candidates for hydrogen storage because
of their combined adsorption ability, high specific surface, pore microstruc-
ture, and low mass density. Hydrogen sorption by carbon materials has
assumed considerable importance especially in the context of these proper-
ties in recent times. Carbon clusters that can be formed can be varied with
the cluster size starting from 2 to 2000 carbon atoms. The three well-known
forms of carbon are diamond, graphite, and fullerenes. In diamond each car-
bon has four bonds to its neighbors and forms a three-dimensional lattice.
Graphite is built of two-dimensional hexagonal sheets of carbon atoms in
which the carbon-carbon distance in the plane is 1.42 A° and the distance
between the sheets is 3.35 A°.

Various morphologies are promoted by carbon, which form sheets in the
case of graphite, whereas a hard crystalline solid is found in diamond. Carbon
materials with different morphologies such as cone, onion, belt, and sphere
are also known.

Although a variety of morphologies are possible, the covalence of the car-
bon atoms is maintained. The strong covalent in-plane bonding and weak
Van der Waals interplane bonding result in anisotropic physical properties
that are useful for applications in lubrication and other processes requiring
“slippage” between layers. The in-plane carbon-carbon bonds are shorter
than those of diamond but the interlayer distance is larger. The existence
of variable hybridization states is possible in carbon from sp-sp3. Variable
valency states of fractional values are also possible. The classical example is
the difference between sp® and sp? bonding properties seen in diamond and
graphite. Variable valency states of fractional values are also possible. For di-
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amond the three-dimensional, fourfold coordinated sp? structure is rigid and
almost isotropic in its properties. In contrast, the sp? bonding in graphite is
planar and threefold coordinated in the planes with weak bonding between
planes. Besides the usual hybridization (sp®, sp?, and sp), structures involv-
ing more than a single type of hybridization (mixed forms) and intermediate
hybridization of the type sp™ (with 3 > n > 1, n s 2) are included.

The former cover mixed short-range order carbon species with more or
less randomly distributed C atoms, whereas the lattice describe a structure
in which curvature introduces strains responsible for the mixture of a dif-
ferent hybridization. For example, the structure of fullerene C60 facilitates
attribution of intermediate hybridization of sp2 and sp® to the carbon atoms.

Various geometric forms can be obtained, such as platelets, sheets, and
disks, flowers, cones and ball shapes. Carbon can form meta stable com-
pounds in which the most stable form is graphite. However, the hardest
substance with a crystalline nature (diamond) is a meta stable state.

Similarity to Biological Architecture: “Haeckelites” Biological structures
are formed by carbon materials such as the helical structure of DNA, and
an equal number of hexagons and heptagons can lead to the formation of
different morphologies.

The minimum storage capacity for economic commercial application has
been estimated to be 6.5 wt% as postulated by DOE. It is necessary to recall
that hydrogen storage up to 67 weight % has been reported in exotic carbon
materials, though the reliability of this result has been doubted at various
stages [45,46]. Since carbon material was first applied to hydrogen storage
in the 1980s, various carbon materials, including activated carbon, CNTs,
template carbon, carbon fiber, and even graphene have been extensively ex-
plored as hydrogen storage media. The introduction of these nanomaterials
may have manifold impacts: improved cyclability, better stability, ease of
fabrication and handling, higher electronic conductivity, higher power den-
sity and so on. Hydrogen sorption by carbon materials has been investigated
from a variety of points, like physisorption at low temperatures (77 K), the
relationship between surface area of carbon and adsorption capacity, the
methods of synthesis and activation of carbon to enhance the surface area
and sorption capacity, manipulative carbon materials in a variety of dimen-
sional architectures.

Activated carbon is a synthetic carbon containing small graphite crystal-
lites and amorphous carbon. It is a form of carbon that has been processed to
make it extremely porous and thus to have a very large surface area available
for adsorption or chemical reactions. The pore diameters are usually less than
1 nm and possess a specific surface area up to 3000 m?/g or even higher. Ac-
tivated carbon is produced from carbonaceous materials like nutshells, wood
and coal. It can be produced in one of the following processes: Advanced
carbon is prepared from carbon-rich organic precursors by a thermal method
(dry distillation) to form carbonized organic precursors, which can be acti-
vated to increase the pore volume either thermally or chemically. Chemically
activated carbon materials are synthesized via heat treatment of a mixture
of carbon samples and chemical activation agent at a distinctive temperature
between 450°C and 900°C. Numerous activating agents are proposed in the
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literatures. KOH, NaOH, H3POy, and ZnCl, are the most employed agents.
Strong bases like KOH and NaOH do not frequently supply as dehydrat-
ing agents, but as oxidants, where as ZnCl, and H3PO,4 act as dehydrating
agents. Although KOH chemical activation is proven to be a universal way to
develop the pore structure in carbons, the mechanism of chemical activation
has not been fully understood due to the process complexity and variable
process parameters such as the ratio of KOH/C, activation time, and activa-
tion temperature. The properties enable the activated carbon materials to
be useful in a variety of fields such as gas storage (H2, (CHy), or COy and
power storage i.e., battery or supercapacitor. In the early 1980s the first work
was started to investigate the potential of hydrogen storage in the capillar-
ies of activated carbon at low temperatures. The gravimetric measurements
resulted in less than 2 wt% adsorption at 77 K or room temperature with
a specific surface area of 2600 m?/g. Experimental results on activated car-
bon show a linear dependence of the excess hydrogen absorption capacity
on the specific surface area of the activated carbons. Those values not suf-
ficient for DOE desired hydrogen storage capacity. Fullerene is a spheroidal
or polyhedral-shaped carbon molecule. It can be described as a sphere and
is composed of 20 triangular equilateral faces with 12 apices, each at the
junction of 5 triangles. Fullerene was discovered in 1984 by Harry Kroto and
Richard Smalley at Rice University [47, 48]. The fullerene molecule closely
resembles a soccer ball. It has 20 hexagons and 12 pentagons. Structural
studies of Cgy have shown it to possess a face-centered cubic lattice. The
lattice parameter is a = 14.17 + 0.001 A, with a Vander Waals space of 2.9
A°. Because of the high symmetry of the molecule, the *C-nuclear magnetic
resonance spectrum and the infrared absorption spectrum are particularly
simple [49]. Cgp has been the most thoroughly studied member of fullerenes
since it is produced abundantly in the carbon soot by the arc discharge of
graphite electrodes, has high symmetry, less expensive, somewhat inert under
mild conditions, and it shows negligible toxicity. Fullerenes have been inves-
tigated as a potential hydrogen storage material based on their capability
to react with hydrogen [50,51|. According to theory a maximum of 60 hy-
drogen atoms can be attached both to the inside (endohedrally) and outside
(exohedrally) of the fullerene spherical surface and a stable CgoHgp isomer
can be formed, which accounts for a storage capacity of 7.7 wt% hydrogen.
Although the storage capacity of fullerenes is high, the hydrogenation of
fullerene currently requires high pressures and temperatures for the reaction
to take place by overcoming the reaction barrier. To overcome this potential
barrier, high temperatures (>673 K) and pressures (>60 MPa) are required
[52].

Nanostructured carbon materials synthesized via simple processes and
which use readily available and low-cost precursors are now considered as
key materials for the generation and storage of sustainable energy and for
environmental remediation [53|. In this regard biomass and biomass wastes
are potential precursors for a large variety of carbon materials with different
morphology, highly porous and high specific surface area. However, carbon
nanogel derived from polymeric resin and also the polymeric precursor based
porous materials have been widely studied as potential sorbents for hydro-
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gen due to their high surface area, large pore volume, light weight, good
chemical stability, and the ease with which their porosity can be tailored. In
general, the Hy storage capacity of porous carbon material is proportional to
the specific surface area and micro-pore volume [54]. Moreover, the size and
the shape of the pores play a crucial role in hydrogen uptake. Sevilla et.al.
reported porous carbide derived carbon material with KOH activation. In-
terestingly after the KOH activation process the hydrogen storage property
is increased simultaneously. In this regard, the activated carbons exhibit an
enhancement of up to 63% in hydrogen uptake from 3.8 wt% for the carbide
derived carbon to 6.2 wt% at 77K and 20 bar. At 1 bar the super activated
carbide derived carbon (CDC) store 2.7 wt% hydrogen, which is amongst
the highest values for activated carbon [55|. High surface area carbon (3500
m?/g) materials have been obtained via chemical activation of polypyrrole
with KOH. The carbons show hydrogen storage capacity of up to 7.03 wt%
at 77K and 20 bar [56]. Tian et al. prepared KOH-activated carbon ma-
terial derived from resorcinol and furfural, displaying a hydrogen uptake of
5.2 wt% at 77K [57]. More recently, Robertson and Mokaya et al. prepared
activated carbon from resorcinol and formaldehyde through KOH activation
process. The obtained activated carbon materials exhibit approximately 4
weight percent hydrogen storage at77 K and 20 bar[58].

1.8.11 Hydrogen storage in pure (undoped) carbon ma-
terials

Several reports both experimental and theoretical attribute the uptake of
hydrogen to physisorption on carbon. The mechanism of hydrogen storage
on carbon nanomaterials still remains unclear (For typical data of hydrogen
uptake by carbon materials See Table. 1.5).

MWNT -Multiwall nanotube; SWNT- Single wall nano tube; CNT- car-
bon nano tube; ACF activated carbon fiber

Enormous efforts to achieve the desired levels of storage of hydrogen in
solid-state materials have not yielded expected results. Possibly this has
given rise to some frustration regarding the possibility of achieving the re-
quired levels of storage. Nature has shown that in carbon materials hydrogen
storage can vary from low values to 25 wt% in methane. However, this level
of storage involves covalent bonding and hence requires sufficient energy to
release the hydrogen back. To achieve the desired levels of hydrogen storage
capacity in carbon materials or in any other solid-state material, one has to
resort to a configuration and morphology of solid state materials in such a
way that each constituting atom should be capable of generating more than
one void volume in the solid, and this may be possible only if architecting
solids becomes possible. Among the solid-state materials, lightweight metals
and carbon appear to be the appropriate choice if both the thermodynamics
and kinetics of hydrogen absorption and desorption considered. To date, this
seems to be a far cry from reality.
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Table 1.5: Typical data of hydrogen uptake by carbon materials

Adsorbent Temp (K) | Pressure (MPa) | Weight % of Hydrogen | Ref

MWNT 300 12 0.3 59,60
7 8 2.27

SWNT 7 0.1 0.8 61

SWNT (acid treated) 7 3.1 1.8 82

ACF 303 11.5 0.26

CNT 393 9.2

wood based carbon 393 9.3 63

CAS800 7 2 3.9 64

CB850 7 2 5.5

Amorphous Carbon 299 1 0.5

FishboneCNF 299 1 0.3 65

Platelet CNF 299 1 0.03

RibbonCNF 299 0.02

Nanofibers 0.1to010 ).04t00.33 66

AC 77-202 2-10 0.85-5.5 67

CNF 303 10 0.30

A=CNF 303 3-10 0.33-1.03

ZIF templated Carbon | 77 2 2.6-3.1 68

1.8.12 Clathrate Hydrates [135]

One of the recent materials that is being examined for hydrogen storage
is clathrate hydrates. A clathrate is a material consisting of lattice of one
type of molecule trapping and containing a second type of molecule. It is
water based crystalline solids, physically resembling ice, in which small non-
polar molecules are trapped inside cages of hydrogen bonded water molecules.
These types of materials were discovered in 1810 by Sir Humphery Davy.
Clathrate hydrates have been found to occur naturally in large quantities.
Gas hydrates usually form two crystallographic structures- structure type I
and structure type-II and the rarely observed third structure type-H. Dyadin
et al. discovered that hydrogen can form clathrate hydrates at high pres-
sure up to 1.5 GPa. Mao et al. show multiple occupancy within cavities of
Structure-II hydrate at high pressure up to 300 MPa at 350 K using high
pressure Raman, infrared, X-Ray and neutron studies. Mao and Mao sug-
gested that pure hydrogen hydrate is stabilized with double and quadruple
occupancy of hydrogen molecules in the small and large cages of sII hydrate
with 5.3 mass% hydrogen storage capacities within the hydrate structure.
Recently Lokshin et al. reported that D2 molecules only singly occupy the
small cages of D2 hydrate. These studies indicate the possibilities of hydro-
gen storage in hydrates, the high pressure required for stable structures seem
to limit such applications from an economic point of view.

For stabilizing hydrogen in clathrate framework tetrahydrofuran (THF)
is used as second guest molecule which results in increasing storage capacity
of hydrogen in sII hydrates up to 4 mass% . Rovetto et al. experimentally
determined that hydrate structure has the lowest storage capacity for hydro-
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gen when molecular concentration of THF is around 5.6 mol% for pressure
range 2.5-14.5 M Pa.

The molecular occupancy and the capacity for storing hydrogen in clathrate
hydrates are two important issues in using the material for hydrogen storage.
Another extremely important issue for large scale applications for hydrogen
storage and transportation concerns the kinetics of formation and decompo-
sition of has hydrates.

1.8.13 Amides, Imides and Mixtures [135]

Chen et al. claimed that Li-N-H system can store high amount of hydrogen
up to 10.4 mass% reversibly . Hydrogenation and dehydrogenation of Li33N
were performed by following two-step reversible reactions.

LisN + 2H, < LigNH3;+ LiH + Hy< LiNH, + 2LiH

But the second step in the above reaction is reversible under practical
conditions of temperature and pressure and this enable to release only 5.2
mass% under practical conditions. Thermodynamic properties of the Li-N-
H system are unsuitable for practical applications as very high temperature
is required to release hydrogen at usable pressure. Thus, new Li-Mg-N-H
system is investigated and developed but reports deal the desorption , ab-
sorption and both absorption and desorption reactions. However, the kinetic
properties are significantly adverse even around 2000 C than for conventional
hydrogen storage alloys. Study of different combinations of amide and hy-

Compound Molecular Weight | Melting Point | Start of Hydrogen
(g/mol) (°C decomposition | content
(°0) (mass%)

LiAl(NH3) and 4LiH | 130 More than 5 | - -

LiNH, 22.96 390 120 8.7
Li,NH 28.897 - 600 3.5
NaNH, 39.01 419 400-500 3.1
Mg(NHyz), 56.35 633 - 7.2
Ca(NH3), 72.12 - - 5.5

Table 1.6: Properties of alkali and alkaline earth hydrides

dride shows that Li-Mg-N-H system could be most promising with hydrogen
storage capacity of up to 5.5 mass% and 4 kg /100 L at temperature range 150
to 200°C and absorption pressure less than 10 MPa and desorption pressure
more than 1 MPa.

1.9 Alternatives to store hydrogen for DOE de-
sired level

The work related to hydrogen storage in nanostructured carbon materials
and particularly heteroatom (N, B and P) containing carbon materials have
been pursued [69-72|. The introduction of heteroatoms like nitrogen, boron
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and phosphorus in carbon materials has been shown to produce activation
centres for dissociation of molecular hydrogen and thus possibly increase
in hydrogen storage by virtue of the possibility of dissociative activation of
hydrogen at heteroatom centres. Heteroatom substituted carbon materials
have been proposed as alternate option for hydrogen storage application.
Even though reversible nature of the hydrogen absorption/ desorption pro-
cess on/in carbon-based materials and high surface area sorbents has been
realized, they suffer from lower hydrogen storage capacity, especially under
desirable operating conditions. However, irrespective of their high surface
area, the presence of heteroatom on the surface of carbon materials has been
regarded as an attractive feature to increase the hydrogen storage capacity
[73-80]. It is necessary to examine how the hetero atom substituted car-
bon materials appear to be suitable for hydrogen storage applications. The
essential points in relation to this question are:

e Heteroatom substitution provides appropriate centres for the dissoci-
ation of molecular hydrogen. Since hetero-atoms take up substitution
positions in the lattice, there is facile transport of hydrogen atoms on
to the carbon surface.

e The possibility of generating layered configuration in carbon materi-
als (graphene) offers additional advantage in terms of appropriate sites
in layered configurations. This configuration possibly not only gener-
ated residual valency required for hydrogen migration but also provides
enough active centres for hydrogen storage.

e The heteroatoms may segregate and thus generate a core shell configu-
ration which may be providing sites which are both geometrically and
electronically suitable for the hydrogen activation and transport. This
type of modified surfaces may not be generated in other materials. In
fact, that a surface is formed means automatically there is shell around
the core bulk and hence surface atoms behave differently with respect
to the atoms in the bulk. This configuration may be one of the reasons
for the surface atoms to behave differently with respect to the atoms
in the bulk.

e The substituted heteroatoms in a carbon layer provide nearly equipo-
tential sites facilitating the free transport of hydrogen over the layers.

e The possibility of dimensionality in carbon materials especially possi-
bility of generating one or two-dimensional architectures may be ap-
propriate for hydrogen sorption behavior.

It is hoped that the scene will soon change and that reproducible, reliable
storage capacity will be achieved.

1.10 Heteroatom-Doped Carbon Materials for
Hydrogen Storage
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1.10.1 Heteroatoms doped Graphene

The fascinating properties of pristine graphene (single atom-thick layer of sp2
bonded carbon atoms tightly packed into a 2D honeycomb lattice) are now
largely understood and well-recognized through extensive research in the past
years. Although the lack of intrinsic bandgap and catalytic abilities seem to
greatly limit the practical applications of pristine graphene, the interest on
this 2D material is going to continue owing to its structural transformabil-
ity and highly tunable properties. A large variety of methods have already
been developed for the synthesis of graphene materials, from which various
doping strategies can be derived. The methods for heteroatom insertion can
be categorized into in situ approaches and post treatment approaches. In
situ approaches, which simultaneously achieve graphene synthesis and het-
eroatom doping, include chemical vapor deposition (CVD), Hydrothermal,
ball milling, and bottom-up synthesis. Post-treatment methods include wet
chemical methods, thermal annealing of graphene oxides (GO) with het-
eroatom precursors, plasma and arc-discharge approaches.

Modifying the graphene surface has been considered as one of the tech-
niques for accomplishing higher hydrogen storage capacity. As discussed in
this section, heteroatom doping can endow graphene with various new elec-
tromagnetic, physicochemical, optical, and structural properties, depending
on the dopants and doping configurations. Different approaches have been
developed for heteroatom doping. Doping type, level and configurations are
critically determined by the chosen precursors, starting graphene material,
reaction time, temperature, etc. Even though the remarkable progress has
been made thus far, it is, however, still a current challenge to precisely con-
trol heteroatom doping. Based on both experimental and theoretical studies,
we have discussed the distinct effects induced by particular dopant, differ-
ent bonding configurations of a given dopant, and synergistic action between
co-dopants. However, the current understanding on the properties of doped
graphene materials is still far from complete and sometimes even contradic-
tory because of the large and uncontrolled heterogeneity of the materials
obtained from the synthesis approaches adopted [81].

In addition, the physicochemical and electronic properties of graphene can
be drastically altered by molecular and atomic doping. Because boron (B)
and nitrogen (N) have similar sizes and valence electron numbers as carbon
(C), it is reasonably easier to incorporate them into graphene. However, V.
Tozzini et al [82] reported modifying graphene materials with metal nanopar-
ticles can improve the gravimetric storage capacity via the polarization-
induced interaction between metal and hydrogen atoms. But, decorated
nanoparticles suffer from aggregation and poor stability. Parambhath et al
[83]. reported the heteroatom doping can help nanoparticle dispersion and
high coverage on graphene material, as well as hydrogen adsorption. It shows
the hydrogen capacity around 7 at% at 25°C and 2 MPa. Therefore, it is
desirable that the adsorbed H atoms bonded with the C atoms near the
doped N atom can diffuse to the other C atomic sites, and subsequently the
adsorbed H atoms can be easily desorbed to form H2 molecules once the
electric field is removed.

Interestingly, nitrogen-doping is nowadays an extensively applied concept
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in graphene materials. The chemical nature of the other heteroatoms might
not be as absolutely appropriate for incorporation into a carbonaceous back-
bone, as is the case for nitrogen. In the following discussion an overview
of highly advanced graphene materials, doped with boron or phosphorus is
given.

At the same time, Miwa et al discussed B-doping-induced graphene po-
larization and electron deficiency is also favorable for hydrogen adsorption,
which is even more effective than graphitic-N doping [84]. E. Beheshti et al.
reported theoretical calculations show a high H2 storage capacity (8.38 wt%)
of Ca-decorated B-doped (12 at%) graphene. Further, the desirable interac-
tion between H2 and B, Ca-decorated graphene makes H2 storage possible
even at room temperature and ambient pressure [85]. For instance, the pres-
ence of substitutional boron atoms on graphene improves the hydrogen ad-
sorption on the carbon atoms neighboring the boron substitutional sites [84].
Furthermore, only limited reports are available for the synthesis of phos-
phorous substituted graphene and used as hydrogen storage material [86].
However, some reports has been found so far on whether or not the P-doping
can improve the activity and the hydrogen storage capacity of graphene ma-
terial [87]. Theoretical studies have predicted the influence of P-doping on
the band gap of graphene, and also the incorporation of phosphorus should
be energetically more favorable. Furthermore, calculations have also shown
that P-doping improves the electron-donor properties of a graphene material
which is beneficial to enhance the hydrogen storage capacity.

1.10.2 Heteroatoms doped Carbon Nanotubes (CNTs)

Carbon nanotubes were thought to have been discovered in 1991 by Sumio
lijima [88]. New findings reveal, however, that two Soviet scientists were
the first to observe a hollow nanometer carbon tube in 1952 [89]. The first
specimens observed would later come to be known as single walled nanotubes
(SWNTs) because they are simply one layer of graphite. After Iijima the dis-
covery of multi-walled nanotubes (MWNT5) followed. MWNTs are simply
several layers of graphite which are then rolled into a cylinder. The layers
of graphite form concentric circles if the tube were to be viewed from either
end. Carbon nanotubes are long cylinders of 3-coordinated carbon, slightly
pyramidalized by curvature from the pure sp2 hybridization of graphene,
toward the diamond-like sp3. Infinitely long in principle, a perfect tube is
capped at both ends by hemi-fullerenes, leaving no dangling bonds. A sin-
gle walled carbon nanotube (SWNT) is one such cylinder, while multiwall
tubes (MWNT) consist of many nested cylinders whose successive radii dif-
fer by roughly the interlayer spacing of graphite (see SWNT is limited by
curvature-induced strain to 0.4 nm [90]. MWNT may have outer shells >30
nm in diameter, with varying numbers of shells, affording a range of empty
core diameters. Lengths up to 3 mm have been reported [91]. Nanotubes
are distinguished from less-perfect quasi-one-dimensional carbon materials
by their well-developed parallel wall structure [92]. Nowadays carbon nan-
otubes are prepared using CVD, laser ablation, arc discharge and pyrolysis of
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hydrocarbons [93]. Among nanostructures, tubular materials are particularly
attractive that their morphology is assisted by an inherent multifunctionality
that arises from four different contact regions: a tube opening, outer surface,
inner surface, and interstitial region. These properties show potential for the
realization of highly functional, effective and resource saving nano-devices
such as sensors, capacitors, or storage and release systems. Surprisingly, de-
spite their relatively small surface area and pore volume, CNTs and carbon
nanofibers may have a high hydrogen storage capacity [94,95].

For decades, CNTs have been examined with a particular attention at
the level of their potentiality to adsorb hydrogen in their regular nanometric
microstructure. A number of publications are devoted to the experimental
and theoretical study of gas adsorption on different adsorbent structures.
In 1997, Dillon et al. found that single wall carbon nanotube (SWNTs)
soot could absorb about 5 to 10 wt% of hydrogen at 133 K and 300 torr
[96]. Chambers et al. observed that at 120 atm and room temperature,
graphite nanofibers (GNFs) with herringbone structure could store 67 wt%
of hydrogen [97]. These relatively promising results lead to the development
of many studies on adsorption of hydrogen in carbon nanotubes by molecular
simulations and by experiments.

Subsequently there have been a variety of reports in the literature to sub-
stantiate these observations and none could achieve the expected 6.5 wt%
or even repeat the original adsorption capacity reported. Inelastic neutron
scattering experiments have shown that pure carbon surface cannot activate
hydrogen. It has been proposed by us that hetero-atoms may be the alternate
centers for hydrogen activation and this activated hydrogen may migrate to
the carbon surface. The selection of heteroatoms has been made on the basis
of a variety of parameters like the redox behavior of the hetero atom and the
possibility of incorporating the hetero atom in the carbon nanotube frame-
work [98,99]. Even among the various heteroatoms like N, P, and B there
exists differences in their behavior. Chen L. et al reported the nitrogen-doped
carbon nanotubes with bamboo-like structured materials exhibit maximum
hydrogen storage capacity of 1.21 wt% at 77 K and 7 bar and 0.17 wt% at
298 K and 19 bar [100]. Sankaran et al. reported the boron substituted car-
bon nanotube (BCNT) prepared by using polymer as the carbon precursor
showed different chemical environments for boron. The maximum of 2 wt%
of hydrogen storage capacity has been achieved by the BCNT at 80 bar and
300 K. The microporous B/C material with B content > 7% and surface area
> 700 m? /g has been prepared, which shows a reversible hydrogen physisorp-
tion capacity of 0.6 and 3.2 wt % at 293 K and 77 K, respectively, under 40
bar of hydrogen pressure. Alternately by choosing appropriate heteroatom
containing polymers the substitution of the heteroatom can be achieved in
the carbon nanotube structure. This configuration has a bearing in hydrogen
sorption characteristics of heteroatom doped carbon nanostructured materi-
als.
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1.10.3 Nitrogen doping in Carbon Materials

Nitrogen is the most abundant (approximately 80%) element in the terrestrial
atmosphere. Molecular nitrogen is stable and has a minor role in the lower
atmosphere. In contrast, minor constituents such as N,O, NO, NO,, nitric
acid and ammonia are chemically active. N-doped carbon materials currently
present the much-studied area in energy storage materials. Nitrogen is a
neighbor of carbon and it is comparatively simple to chemically combine
both the atoms together, which makes N-doped carbon. It is quite stable and
popular for a variety of applications. Depending on the type of N bonding
within the carbon matrix, nitrogen can share one to two m-electrons with the
m-electron system of the carbon. This sharing of electron causes an n-type
doping if N atoms directly substitute the C atoms in the graphitic lattice.
N-doping in carbon generally manifests itself in three different forms namely,
pyrrolic-N, pyridinic-N, and quaternary-N, and each form varies the carbon
electronic band gap differently. The band gaps of pyrrolic-N, pyridinic-N,
and quaternary-N-doped carbons are reported to be 1.20, 1.40, and 1.39 eV,
respectively [101-103]. On the other hand, a number of synthesis methods as
well as chemical vapor deposition, ball milling, and bottom-up synthesis and
thermal annealing have been developed for the synthesis of nitrogen doped
carbon nanomaterials [104-107].

Particularly, all materials obtained by these techniques have a nitrogen
content lower than 10 at % because of the high temperature environment that
were used in carbonization. In this context, an alternate synthesis method
needs to be developed that enables the preparation of carbon material with
high nitrogen content and at the same time they should be stable at high
temperatures. It will be beneficial if one can adopt a polymerization and low
temperature growth process to create nitrogen doped carbon materials [108,
109].

Nitrogen is essentially introduced into the carbon matrix in two ways, ei-
ther by the carbonization of N-containing precursors or by post-modification
methods. The common nitrogen containing precursors are urea, melamine,
cyanide, polyacrylonitrile and particularly ammonia [110-113|. Another re-
sourceful approach has been reported for the synthesis of N-doped carbon
materials based on naturally (and sustainable) nitrogen containing precur-
sors such as amino-carbohydrates or other N-enriched polymers, amino acids,
proteins, N-ionic liquids, waste crab shells|114-116]. An additional possible
way is to pyrolyze the nitrogen and carbon-containing precursors, such as
heterocycles or melamine, by which a direct incorporation of the nitrogen
atoms into the forming of carbon backbone becomes possible [117-119]. One
of the established procedure for deriving N-doped carbon is hydrothermal
treatment of carbohydrate-rich biomass [120, 121|. Using nitrogen-containing
biomass-related precursors and hydrothermally treating them yield nitrogen-
containing carbonaceous materials that offer tremendous possibilities for fur-
ther treatments and energy applications [122,123]. The application of nitro-
gen doped carbon materials has been extensively investigated as material for
hydrogen storage at room temperature and ambient pressure [124|. Yang et
al. reported nitrogen-enriched graphitic carbon material exhibits a hydro-
gen storage capacity of 0.34 wt% at room temperature under 100 bar [125].
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Cai et al. reported addition of N-species in mesoporous carbons showed hy-
drogen adsorption capacity of 1.1 wt% at room temperature and 100 bar
pressure [126]. Badzian et al., reported microwave plasma CVD process en-
ables the growth of specific nanostructured nitrogen doped carbons. Nitrogen
incorporation into these forms of carbon is approximately 1 at.%. It shows
gravimetric hydrogen storage capacity of 0.7-0.8 wt.% under 300 K and 0.1-7
MPa [127]. Hydrogen adsorption on nitrogen-doped carbon xerogels showed
maximum hydrogen uptake of 0.28 wt% at 35°C [128].

1.10.4 Phosphorus-doping in Carbon Materials

The changes in the physical properties of sp2 carbon motifs after the addition
of phosphorous into their lattice are considered in this section. However, it
has a larger atomic radius and higher electron-donating ability, which makes
it an option as a dopant to carbon materials. Phosphorus is not a commonly
encountered element in carbons, although it is present in carbons obtained
using phosphoric acid activation. Due to the addition of P in the carbon
matrix, the density of states near Fermi level is also found to increase, which
increases with the increase in P-doping level[129]. In these reactions, the
formation of phosphate and polyphosphate bridges provokes the expansion
and cross linking of the carbon matrix, driving to an accessible pore struc-
ture after the removal of the acid . The chemical state of phosphorus in
carbons is a rather controversial issue. Some experimental evidences using
different analytical techniques (FTIR and XPS) have shown that the most
abundant P species introduced in carbons by phosphoric acid activation are
~C—P— or -C-O-P bonds in phosphate and phosphonate-like structures. The
XPS analysis further allowed for an insight into the binding states, proving
the true incorporation of the phosphorus atoms into the graphite sheets,
besides some P-O binding sites, most likely on the surface of the mate-
rial. The existence of pentavalent phosphorus and elemental phosphorus is
very infrequently detected, except when high temperatures are applied. Re-
cent studies have reported that P-containing groups might be significant for
the progress of graphitic crystallites which contrasts with so far reported
role of P as inhibitor of carbon graphitization. Yang et al[130| reported
that phosphorous-doped ordered mesoporous carbon were synthesized by co-
pyrolyzing a phosphorus-containing source and a carbon source collectively
using ordered mesoporous silica (SBA-15) as a template without the use of
any metal components. More recent approaches have recognized dissimilar
synthetic pathways in the direction of phosphorus-doped carbon materials,
proving themselves as promising candidates for energy storage applications.
It has been shown in the previous section that carbon materials with sub-
stitution by heteroatoms like N, S, and B, show hydrogen sorption capacity.
However, the effect of substitution of phosphorus in carbon materials has not
been investigated to the same extent.
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1.10.5 Boron-Doping in Carbon materials

Boron is an element with unique properties within the periodic table. It is
thus an interesting candidate for the doping of carbon materials, modifying
the properties of pure carbons. Several researchers have started focusing not
only on basic studies on B-doping, but also on applying the obtained mate-
rials and exploiting their favorable properties in energy-related applications.
Due to its three valence electrons, B is well thought-out as a good dopant.
Substitutional boron enhances the graphitization of carbon. It has been
found that boron atoms are favored to be substituted in the graphite lattice.
The existence of B-C bonds in the carbon framework can lower the Fermi
level of the structure and then tune the properties of oxygen chemisorption
and electrochemical redox reactions. The synthetic procedure, in which el-
emental B and graphite powder served as precursors, yielding a mixture of
different B-containing carbon nanostructures, such as thin graphitic sheets,
tubes, and filaments. The substitutional doping of carbon atoms in sp2 and
sp3 configuration with boron can modify the electronic and structural prop-
erties of the resulting carbon. Over the years boron-doped carbons have been
synthesized by standard CVD process using BCI3. Substituted boron atoms
in the carbon lattice accelerate the graphitization and suppress the oxida-
tion of carbon materials, which seems promising for their use as reinforce-
ment materials in aerospace applications. The positive effect of boron-doping
on diamond and carbon electrodes and in the field of hydrogen storage has
also been reported [131], although further optimization of the boron doping
environment seems yet to be needed. The storage of hydrogen in carbon
nanomaterials requires appropriate chemical activators in suitable geometry.
Sankaran et.al. reported a different types of carbon materials employed for
the hydrogen sorption capacity. The storage capacity of 2 wt% at 298K
and 80 bar pressure is obtained for boron substituted carbon nanotube. Its
higher compared to different types undoped carbon materials.[69]. However,
a maximum storage capacity of 2 wt% is attained at 80 bar and 300 K for
boron containing carbon nanotubes (BCNT') whereas pure carbon nanotubes
(CNT) show only 0.6 wt% at 300 K and 80 bar|69]. In addition, they com-
pared this storage capacity for B-doped bulk carbon material (PBC) it shows
only 0.2 wt% [69]. Mike Chung et al. reported the microporous boron sub-
stituted carbon (B/C) materials that show a significantly higher hydrogen
binding energy and reversible hydrogen physisorption capacity of 0.6 and 3.2
wt % at 293 and 77 K, respectively, under 40 bar of hydrogen pressure|[132].
B-containing polymeric precursors and pyrolysis were employed to synthesize
microporous B/C materials with a high B content (7.2%) and high surface
area (780 m?/g). The substitutional B elements in B/C material serve as
internal p-type dopants and polarize the Csurface, which exhibit a signifi-
cantly higher hydrogen binding energy[133]. For efficient hydrogenation and
hydrogen storage, these boron atoms should be incorporated geometrically
and chemically into the carbon network. Wang et al. reported that B- and
N-doped microporous carbon had a hydrogen storage capacity of 0.55 wt %
at 298 K and 10 MPa. By doping 6.0 wt % Ru metal on the B- and N-doped
microporous carbon, the hydrogen uptake at 10 MPa was increased to 1.2
wt %, i.e. The improvement of hydrogen storage was due to the spillover of
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atomic hydrogen from the Ru metal particles to the B-and N-doped microp-
orous carbon [134].

1.11 Hydrogen Storage in Organic Conducting
Polymer Nanofibers

It was reported that polyaniline could store as much as 6 to 8 weight percent
of hydrogen,|137] which was later refuted by Panella et al.[138] Though many
controversial results were reported in terms of hydrogenup take in polymer
nanocomposites, there are still anumber of parameters, tailor-made proper-
ties, surface mor-phologies and their correlation with hydrogen sorption be-
havior to be investigated. Similarly, nanotubes, nanofibers and nanospheres
have attracted more attention because of their novel properties and wide
potential application for nanometer-scale engineering applications. In a pub-
lication, Niemann and others [136] investigated the hydrogen sorption kinet-
ics in polyaniline nanofibers and found the rate of hydrogen sorption during
the initial cycle showed rapid (95% hydrogen storage capacity (3-4 wt%)
absorbed in less than 10 minutes).Moreover, these PANI nanofibers demon-
strate excellent reversibility (up to 25 cycles measured) at room temperature..
Other conducting polymer nanofibers have also been evaluated for hydrogen
storage [139-140].
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Chapter 2

HYDROGEN STORAGE IN
INTERMETALLIC SYSTEMS

2.1 Introduction

The interaction of hydrogen molecules with metals, alloys and intermetallics
have several points to consider. When hydrogen molecule comes in contact
with the reactive surface of a solid, the hydrogen molecules are bound to
the surface of the the solid possibly as atoms on the material associatively.
Catalytic interaction between the metal atoms on the surface of metals, alloys
or intermetallics and the hydrogen molecule results in breaking of the covalent
H-H bonds to produce two hydrogen atoms bound to the surface metal sites of
the solid material. This process is usually called the nucleartion, which grows
to form a uniform layer. After completion of the uniform layer, hydrogen
atoms are introduced into the lattice either by chemisorption or absorption by
the solid state diffusion. This incorporation into the lattice or accomodation
in the interstitial sites decided the composition of the hydride that is formed.
However, the choice bewtween the hydrogen occupying the lattice position
or accomodated at an interstitial site is decided by the considerion of the
energy of the resulting system which should be minimum. These two options
for the occupation of hydrogen atoms in the lattice or interstitial positions
of the lattice are pictorially shown in Fig.2.1.

When the H atoms occupy a crystallographic site, then the resulting
system is a hydride phase structurally different to the non-hydride phase.
When the hydrogen atoms take up the interstitial positions, there is alteration
of the unit cell parameter. This will be one of the criteria to distinguish
between the formation of a compound hydride or hydrogen being taken up
by the solid in the interstitial position.

The next point to consider is when hydrogen sorption will yield a separate
hydride and when hydrogen sorption will yield interstitial hydride formation?
This may be dependent on the composition of the intermetallic systems. Con-
sider an intermetallic consisting of two elements A (stable hydride forming)
and B (element not favouring stable hydride formation). Let both A and B
are primarily assumed to occupy tetrahedral sites. This is only one assump-
tion; this may not be true in every case. When the lattice is occupied by only
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Figure 2.1: Structural and interstitial hydride formation in metals, alloys
and intermetallics. [Figure reproduced from ref.1]

A element stable hydride will be formed, on the other hand when the lattice
is primarily made up of B element alone then one can expect interstitial hy-
dride formation. In essence, the A/B ratio decides whether a stable hydride
is formed or interstitial hydride formation is favoured depending on the A/B
ratio is high or low. The statements made so far are to a limit arbitrary.
This can be represented by a plot of composition ratio and bond order ratio
as shown in Figure 2.2. This plot shows 98 the stable hydride forming region
and also unstable hydride forming region. When the H atoms occupy a crys-
tallographic site, then the resulting system is a hydride phase structurally
different to the non-hydride phase. When the hydrogen atoms take up the
interstitial positions, there is alteration of the unit cell parameter. This will
be one of the criteria to distinguish between the formation of a compound
hydride or hydrogen being taken up by the solid in the interstitial position.

The next point to consider is when hydrogen sorption will yield a separate

hydride and when hydrogen sorption will yield interstitial hydride formation?
This may be dependent on the composition of the intermetallic systems. Con-
sider an intermetallic consisting of two elements A (stable hydride forming)
and B (element not favouring stable hydride formation). Let both A and B
are primarily assumed to occupy tetrahedral sites. This is only one assump-
tion; this may not be true in every case. When the lattice is occupied by only
A element stable hydride will be formed, on the other hand when the lattice
is primarily made up of B element alone then one can expect interstitial hy-
dride formation. In essence, the A/B ratio decides whether a stable hydride
is formed or interstitial hydride formation is favoured depending on the A/B
ratio is high or low. The statements made so far are to a limit arbitrary.
This can be represented by a plot of composition ratio and bond order ratio
as shown in Figure 2.2. This plot shows the stable hydride forming region
and also unstable forming region.
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There are three generic classes of intermetallics which are AB, AB5, and
A2B (FeTi, LaNi5, MgyNi) compositions. The data on hydrogen storage
characteristics of these three generic systems are compared with other typical
systems and the data are assembled in Table 2.1.
Table 2.1. Intermetallics and other systems and their hydrogen storage
properties
Type Composition | Hydride | Crystal Hydrogen Experimental
structure | storage Mass% | conditions
Elemental | Pd PdHj g Fm3m 0.56 0.020 bar 298K
ABj LaNis LaNizHg | P6\mmm | 1.37 2 bar, 298 K
ABs ZrVs ZrVyHs 5 | Fd3m 3.01 10-6bar,323 K
AB FeTi FeTiH, Pm3m 1.89 5 bar,303 K
A,B MgoNi Mg,oNiH, | P6222 3.59 1 bar,555K
BCC TiV, TiV,Hy BCC 2.6 10 bar, 313 K

Generally, the following types of intermetallics have been studied for hy-
drogen storage applications, A,B, AB, AgBo3, A sB7, AB3, ABy, AB;. But
none of them could satisfy the necessary storage expected. Normally it is
given a value of 6.25 weight percent. They have different kinetics and critical
operating parameters, like pressure and temperature for hydrogen storage.
Intermetallic compounds are designed by combining an element forming a
stable hydride with an element forming a nonstable hydride. As for the
metallic hydrides, the dissociative chemisorption of hydrogen is followed by
diffusion of hydrogen into the interstitial site.

Among the AB;s type alloys, due to their low working temperature and
pressure (Storage in LaNi; based systems operating under moderate tem-
perature does not exceed 1.4 weight percent) LaNis has been extensively
studied [2-6].

Among the generic hydrides, AB5 type LaNis finds extensive study and it
can be 90-95% reversibly hydrogenated to final composition LaNisHg at 300
K and 2 atm pressure. LaNi5 has hexagonal C'laCus structure type with a
— 5.0228 A and ¢ = 3.9826 A. This alloy can store up to 1.4 weight percent
as this is not sufficient, other alloys which are cheaper are being developed
based on light elements like magnesium-based alloys. AB type alloy TiFe
has a storage capacity of 1.8 weight percent with lattice parameter a=2.9789
A and has a CsCl structure however, this material is susceptible to poi-
soning by oxygen, water and carbon monoxide. Third common solid state
material is Mg, Ni and this alloy is capable of storing up to 3.6 weight per-
cent with C36 Laves Phase with lattice parameters a=b=4.824A, ¢=15.826A.
When M g, Ni is hydrogenated and characterized as M ¢*" and [NiH4]** and
hence has strong affinity of the lattice for hydrogen. This hydrogenation is
an exothermic reaction (-32.3 kJ/mol H) and high desorption temperatures
520-570 K. The hydrogenation of the powdered Mgys N7 takes place at 623
K. In order to improve the sorption characteristics of generic systems, at-
tempts have been made to substitute with electropositive or electronegative
elements in these three generic systems. However, none of these new systems,
could store greater than 3 weight percent which does not satisfy the neces-
sary storage for mobile applications. In Figure 3, the structures and storage
capacities of commonly known generic alloys are shown. Hydrogen sorption
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Figure 2.2: Relationship between composition ratio and bond order ratio for
the various known intermetallics.[Reproduced from reference 1|

in metallic systems can be considered as dissolution («a phase) and hydride
phase (f phase). This is perceptible from pressure-composition-temperature
plots for typical system LaNis shown in Fig. 4.

Many of the metals and alloys are capable of reversibly absorbing amounts
of hydrogen by charging using molecular hydrogen gas or hydrogen atoms
from an electrolyte. Molecular hydrogen is dissociated at the surface sites
before absorption; two H atoms recombine to molecular hydrogen during the
desorption process. Pressure—composition isotherms of hydrogen sorption
can be used to derive the thermodynamic parameters like enthalpy and en-
tropy factors (Figure.4). Initially the metal dissolves some hydrogen as a
solid solution (aphase). As the hydrogen pressure together with the concen-
tration of Hydrogen in the metal is increased, interactions between hydrogen
atoms become important, and nucleation and growth of the hydride (3) phase
take place. While the two phases coexist, the isotherms show a flat plateau,
the length of which determines how much Hs can be stored reversibly in the
Pphase. It is also possible multiple plateaux can be formed and multiple
complex hydrides (multiple S phases) can be formed. The storage capacity
in metal hydrides, carbon materials and typical organic substrates is shown
graphically in Figure 5.

One of the stipulated aims according to US DOE in hydrogen storage is to
attain 6.5 weight percent storage (as already stated) with the decomposition
of the hydride should be between 330 and 400 K. These limits have been
changing periodically depending on the results obtained [8]. However, the
original stipulation is based on cost and range of utility of stored hydrogen
in mobile applications.
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LaNis [1.4 wt.%] TiFe[1.9wt.%]  Mg,Ni [3.5 wt.%]

B9

Figure 2.3: Structures and storage capacities of commonly known alloys.

There have been many attempts to store hydrogen in metals and related
systems under moderate temperaturse and pressure. These systems appear
to be promising since the storage is safe and possibly can attain the storage
capacity for on-board applications even though at present the storage capac-
ity falls short of the expected value (say approximately 6.5 weight percent).
There are a number of reflections on storage of hydrogen by intermetallics
[9-12].

It is at this stage to look into the possibility of attaining the required
storage in metallic/intermetallic systems. Most of these systems crystallize
in cubic or hexagonal lattices and in this sense they can at most create
or possibly account for one void space per atom and this void space can
be assumed to be occupied by a hydrogen atom. If this is the situation,
depending on the atomic weight of the metal (say around 50 for typical
transition metals) then in the case of transition metals or higher atomic
weight metals can store approximately 2 weight percent while light atomic
weight metals like Mg and other group 2 and 3 light metals possibly can store
a greater percentage. However, it is not only the storage capacity but also the
kinetics and desorption temperatures are also essential issues for considering
a particular system for hydrogen storage applications. In the later cases, the
light atomic weight metals may not be satisfying the conditions based on
kinetics and thermodynamic considerations.

2.2 AB; Intermetallic Compounds

These systems as stated above, have hexagonal crystal lattice (prototype
LaCus). These systems were first introduced at the Philips Eindhoven around
1969, when they were investigating magnetic alloy SmCos. In these systems,
the A element can be one or more of the lanthanides or other elements like
Ca, Y, Zr and the B element mostly consist of Ni, though substitutional
elements such as Co, Al, Mn, Fe, Cu, Sn, Si or Ti are also possible. Lan-
thanide mixture namely misch metal can also be used as A element in these
systems. The plateau pressure is variable over at least three orders of mag-
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Figure 2.4: Pressure-composition-temperature curves and at the right vant
Hoff plot (plot of logarithm of the equilibrium pressure versus inverse tem-
perature for the beta phase formation; a plot to deduce the heat of hydride
formation reaction). The van’t Hoff plot can be used to compute the heat
and entropy of the hydride formation reaction [Reproduced from ref.7|

nitude depending on the composition of the intermetallic. Hydrogen storage
capacity is generally low on reversible basis it does not exceed 1.4 weight
percent. These systems can be easily activated but can be mildly pyrophoric
that means safety considerations have to be taken care off,
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Chapter 3

HYDROGEN STORAGE BY
CARBON NANO MATERIALS

3.1 Introduction

Several hydrogen storage technologies for subsequent utilization have been
examined with various criteria and these are based on a variety of physic-
ochemical and other approaches. However, due to the chemical nature of
hydrogen, chemical materials that reversibly adsorb hydrogen by means of
chemical reactions usually receive much attention. Most of the research on
hydrogen storage has focused on storing hydrogen in light weighted materials
that can maintain hydrogen in a compact manner for mobile devices. Hydro-
gen storage and transport as compared to other hydrocarbons are difficult
due to various reasons. Though hydrogen has a considerable energy density
with respect to mass, its volumetric energy density is very low and hence, it
requires larger (heavier) storage vessels in comparison to the smaller hydro-
carbon storage tanks required to deliver the same amount of energy. Storage
of hydrogen under pressure or as liquid (boiling temperature is 20.268 K)
involves significant energy loss in the process. Secondly, 1 liter of pure lig-
uid hydrogen contains (nearly 63%) less hydrogen as compared to 1liter of
gasoline. It has been estimated by Chahine and Benard [1] that a 6.5 wt
% hydrogen storage capacity is required to power a hydrogen-fueled car to
achieve a range of 500 km.

Commonly available methods, namely in high-pressure gas cylinders (up
to 800 bar) and as liquid hydrogen in cryogenic tanks (at 21 K) are inefficient
and also not safe for certain applications. Hydrogen adsorption on materials
with high specific surface area and chemically bonded in covalent and ionic
compounds appears to be attractive [2|. Materials such as metal hydrides,
alloys, complex hydrides and high surface porous materials are showing affin-
ity for absorbing large amounts of hydrogen. However, each method suffers
from some particular drawbacks.

In the solid-state hydrogen storage, hydrogen is bonded by either physi-
cal forces , e.g., MOF and carbon based materials, or chemical forces, e.g.,
hydrides, imides and nitrides. Physisorption has the advantages of higher en-
ergy efficiency and faster adsorption/desorption cycles, whereas chemisorp-
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tion results in the adsorption of larger amounts of gas but in some cases, is
not reversible and requires higher temperatures to release the adsorbed gas.
In this chapter, we shall deal with only carbon materials and the scope of
these materials for this application since there are a variety of these materi-
als and nature has shown that this is one of the potential storage media for
hydrogen (in the form of hydrocarbons) and also shown that storage can go
up to 25 weight percent (as in methane). However, one must be aware these
hydrocarbon molecules are covalent in nature and thus may not be readily
released when required as in transport applications. These aspects will be
dealt with subsequently.

3.2 Carbon Materials

The microporosity of carbon materials is not directly related to hydrogen
storage application but a nearly linear relationship has been realized with
respect to BET surface area, typical plots can be seen in the following refer-
ences [3-7]. There have been many attempts to modify the surface of carbon
materials so that the storage capacity can be increased. One such attempt
deals with the presence of heteroatoms on the surface of carbon materials
for various reasons like the possibility of dissociating molecular hydrogen or
facilitating the spill-over process [8-11|. However, the current situation with
respect to hydrogen storage in carbon materials with heteroatoms can be
stated that typically N-doping is only apparent when considering the hydro-
gen uptake as a function of microporosity (rather than total porosity). This
possibly leads to the conclusion that pores larger than micropore size range
have a lesser role in hydrogen storage capacity.

The advanced design and testing of carbon materials for energy storage
devices appear to be important. The main shortcomings of these materials
are related to the irreversible capacity loss, big voltage crosstalk, and low
density [12]. Novel composites containing multifunctional nanostructured-
carbon and other dopants can synergistically take advantage of the combi-
nation of ordered building block units with other desired properties. Since
mostly physisorption is involved in this process of hydrogen storage, only a
small amount of hydrogen could be stored even at a pressure of 90 bar. Ob-
viously, temperature will have almost negligible effect on hydrogen storage
capacity [13].

3.3 Graphene

The hydrogen adsorption/desorption isotherm of the nitrogen doped graphene,
Graphitic Oxide and Graphite powder is shown in Figure. The hydrogen ad-
sorption isotherm has been carried out at 298 K and 90 bar pressure. The
nitrogen doped graphene material showed nearly 1.5 wt% hydrogen stor-
age capacity at room temperature and 90 bar pressure. In this context the
graphitic oxide (GO) showed approximately 0.21 wt% hydrogen storage ca-
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pacity at room temperature and 90 bar. This value is less than that of
nitrogen doped graphene material. However, nitrogen doping of graphene
materials takes up substitution positions in the carbon lattice, there is trans-
portation of hydrogen atoms onto the graphene surface. Furthermore, these
results reveal that the nitrogen doping on graphene materials can extensively
modify the catalytic effect of the graphene materials for hydrogen dissocia-
tive adsorption, foremost for the improvement of the dissociative hydrogen
adsorption [14]. This observation suggests that the nitrogen atoms possibly
take part in a role in the hydrogen adsorption capacity at room tempera-
ture. A previous study recommended that the presence of nitrogen atoms
in graphene sheets increases the enthalpy of hydrogen adsorption [15] [16].
Potentially almost all the adsorbed amount can be desorbed which is an
interesting characteristic expected for hydrogen storage materials. Various
attempts have been made to modify or adopt different preparation proce-
dures for graphene materials and it has been shown that N and P doping in
graphene does not improve the materials’ hydrogen storage capacity [17,18|.

3.4 Activated Carbon Materials

For conventional Activated carbon materials, the hydrogen uptake is pro-
portional to the surface area and pore volume; and normally the data are
fitted well with the Langmuir isotherm model (monolayer adsorption). High
adsorption capacity is only obtained at extremely low cryogenic temperature
and high pressure [19]. Hydrogen adsorption on various types of commercial
and modified activated carbon products has been extensively studied [20].
Experimental results show that products with micropore volumes greater
than 1 mL/g are able to store ca. 2.2 wt % of hydrogen due to physisorption
and it is expected that optimization of the adsorbent and sorption condi-
tions could lead to a storage capacity of 4.5-5.3 wt %. Agricultural waste
materials such as coconut shell, coconut fibers, jute fibers, nut shells and
oil seeds, etc. [21 to 28|, are popular raw materials for producing activated
carbon materials. Carbon materials and their activation have been exten-
sively discussed in ref [29]. Jin et al. [30] prepared Activated carbons with
different porosities using chemically activated coconut shell. They reported
a maximum hydrogen adsorption capacity of 0.85 wt % at 100 bar and 298
K. Sharon et al. [22] produced activated carbon fibers (ACF) using soybean
and bagasse. The authors measured hydrogen storage capacities of 1.09—
2.05 wt % at a pressure of 11 Pa and room temperature. Another form of
AC, the advanced AC monoliths, with good mechanical strength (maximum
compression strength of 22 MPa), high volume of micropores (up to 1.04 cm?
/g) and high density (up to 0.7 g/cm?® ) have been shown to adsorb 29.7
g/L of hydrogen at 77 K and 4 MPa [21]. Mechanically milled AC consists
of some form of defective nanostructure, which increases the specific surface
area. Research findings have revealed that after 10 h of milling, the hydro-
gen storage capacity increases from 0.90 wt % to ca. 1.7 wt % [31]. Studies
have shown that loading of precious metals, e.g., Pt, on to AC increases the
adsorption capacity [32]. The merging of the two adsorption phenomena, i.e.
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chemisorption (on the Pt surface) and physisorption (on the carbon surface)
gives rise to a significant amount of spillover hydrogen.

3.5 Carbon Nanotubes

Ever since the discovery of carbon nanotubes was reported in 1991, there has
been various attempts to use this new type of carbon materials for hydrogen
storage. These studies have led to some unexpected levels of storage up to
nearly 60 weight percent or even more. However, the consensus now is that
these reports claiming over 60 weight percent are flawed by experimental
aberrations.

Table 3.1: Hydrogen Storage Data

Sample Temp (K) | P (MPa) | Hydrogen Ref
Storage(wt%)
Herring Bone GNFs RT 11.35 67.6 12
Platelet GNFs RT 11.35 53.68 35
Graphitic Nano Fibers RT 101 10 35
Graphitic Nano Fibers RT 8-120 10 36
SWNTs (low purity) 273 0.4 5-10 37
SWNT (high Purity) 80 70-80 8.25 38
SWNT (high purity + Ti Alloy) | 300-600 0.7 3.5-4.5 39
Li-MWNTs 473-673 1 20 40
Li-MWNTs(K-MWNT5) 473-673 1 2.5(1.8) 41
MWNTs RT Ele.Chem | <1 42

Only limited data are given in Table 1. For more extensive compila-
tions, one is directed to references [58-66]. Various nanotubes like carbon
nanotubes, boron nitride nanotubes, silicon carbide nanotubes, carbon nano-
scrolls, pillared Graphene and porous nanotube network materials have been
extensively investigated and the final suggestion is that one should design
novel materials with the following key parameters namely high accessible
surface area, large free pore volume and strong interactions [67].

In a recent review, Jinzhe lyu et al [70] propose that “a detailed study
of the optimum number of metal atoms without aggregation on CNT should
be performed, at the same time suitable preparation methods for realizing
controllable doping site and doped configurations should be devised; (2) The
material synthesis, purification, and activation methods have to be optimized;
(3) Active sites, molecular configurations, effectively accessible surface area,
pore size, surface topology, chemical composition of the surface, applied pres-
sure and temperature, defects and dopant, which are some of the important
factors that strongly affect the hydrogen absorption in carbon nanotubes”
should be elucidated. In contrast, Rui Lobo et al [71], propose carbon nanos-
tructures are promising materials for hydrogen storage applications. They
emphasize that hydrogen can be physisorbed in carbon nanotube bundles on
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various sites such as external wall surface, grooves, and interstitial channels.
Therefore, it can have a large energy density (as required for mobile applica-
tions). It is also known that by tuning the adsorption conditions, hydrogen
can be either chemisorbed or physisorbed in carbon nanotubes. In a review,
Seul-Yi Lee et al [72] and others [73| propose that more detailed understand-
ing of the interfacial interactions between adsorbent and adsorbate should
be evolved and the phenomenon of spill-over can contribute on adsorbent
surfaces to achieve the desired levels of hydrogen storage.

3.6 Perspectives

First, let us try to specify the standards that one wishes to achieve in storage

of hydrogen [74-76].

e Gravimetric H density in the range 5-10 wt

Corresponding to an energy density of 1.6-3.2 kWh/kg.

Volumetric H density > 50 kg H2 m-3 |

Corresponding to an energy density > 1.6 kWh/L.

Thermodynamics: T 0 < 85 oC (transport applications) or < 200 oC
(stationary applications).

Kinetics (tank level): fill time 3-5 min; H2 release flow 1.6 g/s.
e Durability: 1500 cycles (1/4 tank to full)

It is obvious that the current level of achievement in this exercise is far from
satisfactory. This is the reason that the DOE has been periodically altering
their specifications for hydrogen storage. One of the recent specifications and
the time period to achieve them are assembled in Table 3.2.

Of all the available hydrogen storage materials, why carbon materials are
preferred option? What is the maximum hydrogen storage capacity that can
be expected and what will be the limit that can be practically achieved? It
may be remembered that nature mostly provide hydrogen source in combined
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Table 3.2: Technical system targets for on-board hydrogen storage for light
duty fuel cell vehicles |extracted Data from ref. 77]

2020 2025 Ultimate

Usable specific energy from H, [kWh /kg| 1.5 1.8 2.2
Net usable energy/mass system mass |kg Hy/kg system| 0.045 0.055 0.065
Usable energy density from Hy [kWh /L] 1.0 1.3 1.7
Net usable energy /max system volume |kg Hy/L system| 0.030 0.040 0.050
System cost [USD/kWh net] 10 9 8

form with carbon and oxygen though other elemental compositions are also
possible. So, it is natural to expect that carbon materials can be one of
the options for solid state hydrogen storage. If the carbon materials can be
obtained in atomic state, then the maximum storage capacity can be expected
to be around 25 weight percentage. However, since it is not possible to get
atomic materials at the desired levels, the carbon materials can be obtained
at the limit with one vacant valency in carbon in two-dimensional material
and hence the maximum storage one can expect is to be 6.25 wt %. This
limit is arrived at assuming that hydrogen is held by the solid by valence
forces. If hydrogen is stored or retained by other forces, this limit may not
hold good.

If the stored hydrogen were to occupy the interstitial sites in carbon ma-
terials, then the energetics of storing and releasing should also be considered
for any practical application as the release of hydrogen is energy consum-
ing process. Since, normally carbon materials are microporous in nature,
hydrogen may be held in these pores by condensation forces and hence one
can hope for higher storage capacity, however, the experimental variables
for this process namely Temperature and Pressure have to be different from
normal ambient conditions. Physisorption has been already advocated as a
method for hydrogen storage in carbon materials but this process requires
lower temperatures.

The questions to be answered include:

e Whether the storage of hydrogen occurs in carbon materials in atomic
state or molecular state? That is either Physical or chemical adsorption
is involved in this process.

e If it is in atomic state what are the centres and mechanism by which
the dissociation of molecular hydrogen takes place?

e If molecular adsorption takes place, what are the binding forces?
e If the storage is in atomic state, is the process by occlusion?

e Is hydrogen stored on the walls of the nanotubes or in between the
nanotubes?

e What are the binding forces preferred for hydrogen storage application?
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e If hydrogen is stored by chemisorption forces, what will be the energy
benefit or loss in desorbing hydrogen subsequently?

e Will there be any dimensional changes to the nanotubes due to hy-
drogen sorption? If so, what will be the limits of changes that can be
expected?

The progress of introduction of hydrogen storage in carbon nanomaterials is
pictorially shown in Fig.2.

Figure 3.2: Starting from fullerene to graphene all kinds of nanomaterials
studied for hydrogen storage

From bonding schemes from sp?® hybridized carbon to various carbons are
also shown in Fig 3.

Nanodiamond ~ Fullerene Fullerene Carbon SWNT MWNT Graphene
(60 (540 Onion

¥ -

Figure 3.3: The various nanocarbons are shown based on bonding scheme
t

Spill-over is one the phenomenon invoked to the transport of hydrogen
(possibly other species as well) from the site of impact to other normally
inactive sites. This phenomenon has been investigated and is now commonly
accepted alternate way of surface transport. This transport has to have a
transporting medium and in the case of hydrogen it is usually associated with
water and its fragments. In the case of carbon, this transporting medium
can be either adsorbed water species or the carbon species themselves. The
role of spillover in hydrogen sorption and storage need more information and
thus deserves a separate treatment.
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Chapter 4

EVOLVING GENERATION OF
INTERMETALLIC CATALYSIS

4.1 Introduction

Intermetallic systems appear to evolve as a new-class materials for catalyz-
ing reactions [1-4] and for energy storage applications. In some literature,
intermetallics and alloys are employed interchangeably. This means that one
has to clearly see the difference between intermetallics and alloys. It is well
known for long time that melting two or more metals together followed by
cooling to re-solidify leads to the formation of new materials with properties
mostly distinct from that of the constituent metals. For example, bronze
consisting of 88% Cu and 12% Sn was found to be harder than that of the
constituent metals and suited for making tools and weaponry than pure Cu
[5]. Among the various alloys, steel ranks on the top.

Hydrogen storage is another application wherein intermetallic are ex-
ploited in recent times. The three generic systems namely AB, AB2 and
ABb5 type of intermetallic systems have been examined for hydrogen storage
applications, though so far these systems showed storage capacity only up
to 3 weight percent while the required storage is around 6 weight percent.
There are many attempts to modify these generic systems so that the stor-
age capacity can be improved. However, these attempts have not yielded the
desired result. The possible reasons for this situation can be as follows: (1)
The number of possible accommodating void space may be related to the
number of metal atoms in a unit cell. (2) Hydrogen storage may take place
either associatively or and there can be mixed absorption mode depending
on the experimental conditions employed. (3) The sites for dissociation and
the subsequent migration of dissociated hydrogen on the surface may be acti-
vated processes and hence the preparation procedures employed should take
care of surmounting these energy barriers encountered.

However, at the current level of understanding, the hydrogen storage
in intermetallic systems cannot reach the levels specified, namely around 6
weight percent, which is the lowest limit required to substitute fossil fuels as
energy sources for transport applications.

Apart from hydrogen storage applications, intermetallic is also examined
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for use as heterogeneous catalysts in recent times. This may evolve as a new-
generation catalyst systems and it is necessary to examine the possibility of
this new development in this field. There are various aspects of these systems
need careful consideration. As usual, in catalysis, the nature of active sites
has to be preciously identified and coded. The geometric arrangement of the
active sites has to be elucidated and documented. Another aspect is how the
activity of the sites are changed or altered by the presence of another element
in the neighbourhood. Many of these aspects have been raised even by the
founding fathers of catalysis like G M Schwab in the early investigations
involving multicomponent systems. However, at that time, they were not
able to dissect the active sites since the appropriate techniques were not
available.

The surface topography of the intermetallic can now be deciphered to
atomic level with the modern surface analytical tools. These types of studies
have been carried out routinely these days and they have revealed the nature,
electronic and geometric environment of the active sites in a precise manner.
By the selection of the constituent metals in an intermetallic system, it is
possible to vary the chemical potential of the active metal site withing a
broad range. For example, Pd an active element for catalytic reactions can
vary its oxidation state between 0 and +2 if a suitable anion environment
is adopted. However, by choosing more electropositive elements like Ga will
impart negative charge in Pd in GaPd intermetallic system as has been shown
by quantum chemical calculations [2,6].

In general, intermetallic systems are appealing as the geometric active site
can be deciphered clearly by the surface analytical tools. This has paved the
way to precisely define the concept of active sites in catalysis. In addition,
the resulting ligand effect and the extent of this effect could be assessed in
general and also realize the changes that take place on the active sites.

However, catalysis by intermetallic systems have not yet received the at-
tention this field deserves. At present, there are only limited studies reported
on catalysis by intermetallic systems. This presentation therefore, is to briefly
assess this field so that further progress can be channelized. Many times, the
systems studied though identified as intermetallic, they may turn out to be
consisting of more than one metal (like alloy or solid solutions) where the
atom arrangements are random and not as regularly ordered in an inter-
metallic system. This situation warrants that we differentiate intermetallic
systems from other alloys.

4.2 Differences between alloys and Intermetallics

An intermetallic is a solid phase containing at least two metal atoms having a
well-defined crystal structure with fixed and specific atom positions and site
occupancies leading to long range ordering. This can also be identified as
definite ligand environment. An alloy is a random substituted solid solution
of at least two metals where the atomic site distribution of the constituent
elements is not fixed or can be random. Figure 1 represents the geometrical
arrangement of metals in an intermetallic and an (random arrangement)
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alloy.

Figure 4.1: (a) the geometric arrangement of an intermetallic and (b) that
of an alloy. One can recognize the ordering of atoms in (a) with a specific
crystallographic space group (with distinct lattice positions and random dis-
tribution in (b) an alloy

The reason for the well-defined periodicity of intermetallic is the strong
ionic/electronic interaction between the constituents. These interactions pos-
sibly promote formation of unique and complex crystal structures different
from either of the parent metals, whereas in an alloy the crystal structure of
the more abundant parent material (solvent) can be expected to be retained.

Hume-Rothery has postulated that the crystal structure of most of the
intermetallic systems are determined by the valence electron concentration
(vec), which is defined as the number of valence electrons/atom in a unit
cell. Valence electron charge is based only on the number of valence s and p
electrons. For the value of vec = 1.5, the structure is bec, for vec = 1.61 it is
~- brass and for vec = 1.75 the structure is hep. Many intermetallic systems
follow these guidelines and are called Hume-Rothery phases. The stability
of Hume-Rothery phases arise from the electronic density of state (DOS) of
the specific systems. However, the necessary conditions for Hume-Rothery
phases are not fully understood. A detailed discussion on the origin of the
stability of Hume-Rothery phases is presented elsewhere [6, 7]. It may be
remarked that the conditions for Hume-Rothery phases need not be strictly
adhered to. The concept of electronic factor in catalysis is a well- accepted
concept and most intermetallic catalysts used to date are Hume-Rothery
phases.

The systematic application of alloys in catalysis possibly dates back to the
work of Schwab and his co-workers. Alloying can affect the catalytic proper-
ties of a material by modifying both the active site morphology (geometric
effect) and electronic structure as these two concepts are often discussed in
the field of catalysis. The geometric effect of alloying essentially stems from
the fact that many commercially important reactions are either structure
sensitive at an atomistic level or requires a certain chemical environment at
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the gas-solid interface for better performance. It is therefore intuitive that
a suitable bi-metallic (or multi-metallic) alloy may have significant catalytic
applications due to geometric or ensemble effect.

Apart from geometric effects (i.e., crystallographic site isolation or ensem-
ble), change in electronic structure (due to charge transfer and hybridization
effect as a result of different coordination environment) during alloying can
also affect the interaction of the surface with the reactants which may in
turn influence catalytic properties. It is possible to postulate that geometric
effect may predominate in catalysis by intermetallic systems though it is not
a general concept.

Typically, both geometric and electronic effects occur simultaneously as
a result of alloying. The primary concern was electronic effects can alter
interaction of the surface with the reactants, but they cannot provide pos-
itive correlations between adsorption energy of desired and undesired inter-
mediates which is the main cause of non-selectivity in catalysis. However,
geometric effects can break such correlations and have a stronger impact on
selectivity.

It is even more advantageous to use an intermetallic than an alloy because
the unique crystal structure and long-range atomic ordering in an intermetal-
lic system ensures homogenous and reproducible active site morphology and
allows greater control on catalyst design. This essential difference between
the two types of phases of pure bi (multi)-metallics is the motivation for
specifically calling intermetallic as model catalysts. At this point it is worth
highlighting that the surface composition may vary with respect to the bulk
and the long-range periodic order in the crystal lattice may be perturbed
at the surface depending on reaction temperature and chemical atmosphere.
The exact relationship between bulk and surface (active site) configurations
in intermetallic has not been well studied in detail and is likely difficult to
achieve as the surface morphology can be altered even in the presence of a
few ppm of an impurity such as oxygen.

In any muti-component system, the surface composition can be different
from that of the bulk due to the phenomenon known as segregation effect.
In any bimetallic systems, the free energy differences between the atoms
will decide which atoms will segregate to the surface. This effect may be
predominant on alloy systems due to random distribution of the components.
In intermetallic systems, the surface segregation though may take place, it
will be governed by the geometric arrangement of the constituent metals.
It is therefore, necessary to precisely elucidate the surface composition and
morphology of intermetallic systems in order to understand their surface
properties including catalysis.

In addition to greater atomic ordering, intermetallic can also form unique
crystal structures, which are not commonly demonstrated by alloys and may
be advantageous to catalysis due to favorable geometric or electronic effects.
For example, the y-brass phase seen in many transition metal phase diagrams
has a distinct crystal structure leading to unique coordination geometries and
hence active site morphology.

It was shown [8] two Cu0.6 Pd0.4 catalysts were tested with Pd being
considered to be the “active element”. Despite having identical compositions,
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one bimetallic was a disordered alloy (prepared by heating at 1023 K) with
an FCC structure (similar to the solvent, Cu) while the other crystallized
(heated at 473 K) into an ordered CsCl structure (intermetallic). The inter-
metallic had a higher Pd-Pd separation (0.29624 nm compared to 0.26436
nm) resulting in greater extent of site isolation and higher ethylene selectivity
(90% versus 75 % at 90% acetylene conversion).

Such direct comparison between alloy and intermetallic of same compo-
sition is rare and it is common to compare alloy /intermetallic systems with
their pure constituent elements. Interestingly, a certain intermetallic may
have identical DOS as a third catalytic metal and may be used as a direct re-
placement for catalysing relevant chemistries. For example, the performance
of PdZn and PdCd for methanol steam reforming is exactly similar to that of
pure Cu (due to similarity in the DOS of the three materials) and distinctly
different from that of Pd. It can be stated at this stage that the DOS of Pt
catalytic systems may resemble to that of carbides of Mo and W and hence
these systems can be considered as replacement to noble metal Pt in many
of the electrode applications.

An additional advantage of intermetallic is their well-defined periodic
arrangement and this makes them tenable for treatment by density functional
theory (DFT) calculations. In fact, intermetallic systems have also been used
as quasi-crystal models and approximants, because of the ease of computing
associated with their long-range order.

Intermetallic systems are typically mechanically hard and brittle, have
properties distinct from the parent metals. Over the past four decades, in-
termetallic systems have been used in a wide variety of mechanical, electrical
and thermal applications with the most common chemical application being
hydrogen storage [9] and corrosion resistance. There was a feverish interest
in employing intermetallic systems for hydrogen storage application after the
three generic systems namely AB (FeTi), AB2 (Mg2Ni) and AB5 (LaNib)
have been identified as hydrogen storage materials. There has been a spate
of publications aiming to achieve the desired storage levels of nearly 6.25
weight percent but this figure has not yet been achieved in intermetallic sys-
tems [10]. There are various reasons for this situation and they have to be
carefully examined. Among the various possible reasons, the state of stored
hydrogen (depends on the experimental conditions employed) molecular or
atomic, the possible number of void spaces that can be available for storing
hydrogen in intermetallic systems and the thermodynamic limitations like
room temperature hydrogen absorption, and desorption temperature should
not be high are some of the limitations that are encountered while attempt-
ing to make intermetallic systems for hydrogen storage application. In spite
of this situation, there continues to be great interest to exploit intermetallic
systems for this application. The limitations mentioned need careful and
concerted consideration to decide whether these systems will evolve as suit-
able materials for hydrogen storage for mobile or transport applications.

In recent times, intermetallic have enjoyed exponentially increasing pop-
ularity as catalysts in academia and industry. Table 1 summarizes a number
of intermetallic compounds and the relevant chemistries they catalyze better
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than the respective traditional catalysts [10].

Reaction Intermetallic | Conventional Remarks
Systems tried catalyst
systems
Hydrogenation of acetylene PdZn, PdIn, Pd, Ni Higher selectivity
Pd;Ga PdGa, and yield of ethylene
Ga7Pd3, Ni5ZIl,
PdgGa, A113Fe4
Butadiene to butene PdSn, PdPb, Pd Selectivity advantage
Pt3Ge
CH, + COy— 2CO +2H, NiSc Ni Activity and
sectivity improved
COs + Hy—C+Cy NiGa, Ni3Ga Cu Higher activity
CO4y + Hy— CH30H NisCag Cu/ZnO Low pressure
Reaction
CH;0H + H,0— CO, + 3H, PdZn Cu/Zn0O COq selectivity
HCOOH — CO, + H, PdZn, PtBi Pt CO, selectivity
CeHis — cgHg + 3H, PtsSn, PtGe Pt higher selectivity
C,H,y — c,Hg +H, Pt3Sn, PtGe Pt Higher selectivity
Steam reforming of methanol PdZn, PtZn Cu/Zn0O CO, selectivity
NiZn, PdCd
CHg + Hy —— C,Hg PdSn PdPb Pd Selectivity improved
PtgGe
CH, + CO,—2C0O-+2H, CooHf, NiSc Pd Selectivity improved
C¢H5CCH + Hy -CgH;CHCH, | NizGag, NizGa Pd and Ni Higher selectivity,
NiGa higher stability

4.3 Synthesis of Intermetallic Compounds

The synthesis of metallic catalysis by wet or dry methods are known in the
literature. But however, the synthesis of intermetallic systems has not re-
ceived similar kind of attention. The methods available are only applicable
for a given set of elements and these methods cannot be adopted more gen-
erally for preparing similar intermetallic systems for all the elements which
can form similar stoichiometric intermetallic compositions.

Conventionally, high temperature solid state reaction involving diffusion
limitations is adopted and this procedure most often results in thermody-
namically stable phases with high purity. Since, heating and cooling cycles
have to be chosen for phase pure generation of the intermetallic compositions.
Because of the high temperature treatments are involved in the preparation,
the obtained samples have low surface area and hence find application for
catalytic activity in limited cases.

Miura et al [11] adapted this method of high temperature diffusion method
to synthesize supported Pt-Zn NPs. A Pt/Vulcan material and a lump of zinc
mole ratio 1;1 physically separated in a tube furnace were heated to 5000Cfor
8 hours in an inert atmosphere of nitrogen. By the consumption of the entire
amount of Zn. The intermetallic PtZn nano particles were obtained with
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particle size less than 15 nm. The procedure has only limited applicability
since it could not be extended to metals like Bi, Pb or Tl because of their
lower vapour pressures even at temperatures nearing 800°C.

Shao et al.,[12] mixed together stoichiometric amounts of Ni and MP
nanoparticles originally formed by arc melting and heated to 623 K under
hydrogen atmosphere for 2 hours leading to the formation of Mg2NiH4 which
can be dehydrogenated to obtain phase pure Mg2Ni with particle sizes in the
range of 30-50 nm by evacuation at 623 K for 45 mins.

Li et al.,[13] employed an in situ reduction of layered double hydroxide
precursor and found that the starting composition as well as the reduction
temperature had an effect on the synthesized Ni:Ga intermetallic phase and
also its particle size. Zhou et al., synthesized Ni-Ga intermetallic by cal-
cining and reducing a Pd/ZnO material [14]. A similar method was also
useful in synthesizing NiZn/ZnO nanoparticles [15]. These are some (only)
typical high temperature (calcination) procedures employed for preparing
intermetallic systems.

Onda et al., [16] used chemical vapour deposition of a tin complex on
Ni/SiO2 to prepare a number of phase pure Ni:Sn supported catalysts. Mi-
lanova et al., used a template approach to synthesize Cu:Sn and Ni:Sn
nanoparticles using a porous Carbon foam support [17]. Solvothermal method-
ology have been applied by Sarkar et al., [18]to synthesize Pd2Ga. Other
possible techniques include electro-deposition [19] and mechanical attrition
methods and so on.

Several techniques have also been applied to meta stable intermetallic
structures (those which cannot be obtained by high temperature bulk synthe-
sis) but however, phase purity is often an issue due to the presence of residual
pure metals or oxides [21-23]. Wet chemical methods have also been adopted
for the synthesis of mano-metallic nanoparticles to intermetallic. Cable and
Schaak synthesized a number of M-Zn intermetallic systems through a so-
lution synthesis method starting with zero-valent organometallic Zn Source
[24]. Among them is Cu5Zn8 gamma brass phase since the preparation of
this phase nanoparticle is difficult due tolarge and complex but symmetric
crystal structure. A modified polyol method has been reported by Cable
and Schaak for the synthesis of M-Sn and Pt-M intermetallic with particle
sizes in the range 10-100 nm [25]. Other similar solution-based techniques
are also reported [26-30|. Brian et al., [31] synthesized ternary intermetallic
Au-Cu-Sn and Au-Ni-Sn phases through polyol method.

A major drawback of these techniques is that no rational guideline as
to which starting composition is required to achieve a desired intermetallic.
Secondly in many of the solution-based techniques, precise particle size con-
trol is not possible [24,25]. It is known that Zn can form a large number
of intermetallic compounds. However, a potential drawback of Zn contain-
ing intermetallic is the ubiquitous presence of ZnO which may reflect in the
resultant catalytic activity [32,33]. This has been circumvented by using
LiOH (at 2000C) [this being a reducing agent| to prepare PdZn. In recent
times significant effort has been focused on synthesizing hybrid intermetallic
pure metal/alloy catalysts with specific core-shell configuration though vari-
ous de-alloying methods. Examples are where either the core or the shell or
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even both may be intermetallic [35-39] These materials find application in
catalysing electrochemical half reactions commonly taking place in fuel cells.

4.4 Intermetallic in Catalysis — Survey of re-
sults from the literature

Schwab was the first to recognize anomalous activation barriers in case of
unsupported alloy and intermetallic catalysts compared to their pure metal
constituents [40] and studied the effect of compositional variation within the
same phase as well as between different crystallographic phases for formic
acid dehydrogenation as early as 1946. Since the late 1980s the interest in
intermetallic catalysts has garnered significantly more attention and efforts
with increased commercial incentive of synthesizing low cost and high per-
forming catalysts.

Formic acid dehydrogenation: Formic acid dehydrogenation is a popular
model reaction because of the simple nature of the substrate as well as its
practical importance in modern fuel cell operation. Schwab et al. initially
studied the activation barrier for this model system (on a large number of
Ag-M and Au-M’ catalysts) and determined different Hume-Rothery phases
had markedly different activation energies. It was determined to be an elec-
tronic effect (establishing the applicability of Hume-Rothery’s vec concept
in catalysis) as the barrier was strongly correlated with intrinsic properties
commonly associated with the valence shell electronic configuration of met-
als, such as electrical resistivity and hardness.[40] More recently, it has been
found that the selectivity of formic acid dehydrogenation is also an important
consideration since the formation of CO (as by-product) can poison typical
fuel cell catalysts such as Pt. This has prompted the development of inter-
metallic catalysts which are less susceptible to CO poisoning than Pt. PtBi
is suggested to be a suitable alternative demonstrating high activity (due to
electronic effects) and low CO adsorption energies (increased Pt-Pt distance
compared to pure Pt). [41,42] Similar results were also observed for Pt-Zn
and Pt-Pb intermetallics [43 44,45]. This reaction is one of the test reactions
to establish the selectivity of a catalyst system since the reaction free energy
for both the routes are almost similar magnitude in the temperature of the
catalytic reaction.

Selective Alkyne Semi-hydrogenation: Selective semi-hydrogenation of
alkyne in an alkene rich stream is a commercially important and widely stud-
ied chemistry. Alkynes are typically present in trace amounts in alkene feeds
destined for polymerization (a multi-hundred-billion-dollar industry).[46] How-
ever, alkynes are poisonous to the polymerization catalyst and must be re-
duced to ppm level. Ideally, only the alkyne should be selectively semi-
hydrogenated to decrease its concentration and enhance the alkene feed
stream. However, typical hydrogenation catalysts either lead to total hydro-
genation of all unsaturated C-C bonds to (low value) alkane (Pd) or forms
oligomers and green oil (Ni).

The geometric (and possibly also the electronic) effects of alloying is seen
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to impart suitable catalytic properties for this reaction to a large number of
intermetallic compounds. In this case, the primary design concept is limiting
Pd cluster size to just a few atoms as alkyne semi-hydrogenation requires
fewer number of Pd atoms than any of the competing steps.[47,48] It is im-
portant to note that reducing the number of Pd atoms per active site (by
adding inactive metals as spacers) to increase selectivity is always associ-
ated with a loss in activity and identifying the best catalyst is essentially
an optimization challenge, balancing the gain in selectivity with the loss in
activity.[49]

Of all alkyne semi-hydrogenation reactions, acetylene semi-hydrogenation
is considered to be the most challenging (in terms of selectivity) because of
the small molecular size and very strong interaction of reaction intermedi-
ates with transition metal surfaces (particularly Pd).[50] Several intermetallic
such as Pd-In,[26] Pd-Zn [51] and Pd-Ga [52-54| have shown high selectivity
(sometimes >90%) for this reaction.

Spanjers et al. [55] studied the Ni-Zn phase diagram and found that only
the ~-brass phase has a sufficiently high selectivity (approximately 65%),
almost 3 times higher than any other Ni-Zn alloy. This was attributed to
the high degree of site isolation of Ni in Zn due to the unique crystal struc-
ture of this phase. In fact, it was concluded that the ~-brass phase had
effectively single atom Ni sites [56] which led to high ethylene selectivity by
minimizing oligomerization. Liu et al. [57] has demonstrated high acetylene
semi-hydrogenation selectivity on NizGa and NizSny. Another highly se-
lective Al-Fe catalyst having a unit cell of more than 100 atoms has been
reported by Armbruster and co-workers.|58|

It was found that neither of the pure components under experimental con-
ditions was able to catalyze the reaction. The catalytic activity was therefore
attributed to the small but apparently significant change in DOS due to al-
loying. Further, reduction of Fe-Fe coordination was also hypothesized to be
an important factor for reducing oligomerization.

Intermetallic compounds have been found to be effective for semi-hydrogenation
of higher molecular weight alkynes as well. For example, Ni-Ga intermetallic
was found to be selective for phenylacetylene semi-hydrogenation [57] while
Pd3Pb is selective for hydrogenating functionalized alkynes (aldehyde, ke-
tone, carboxylic acid and ester) to alkenes.|59]

Steam Reforming of Methanol: Steam reforming of methanol is gain-
ing popularity in the field of fuel cell development because methanol can
act as a relatively safe, high yield and easy to handle liquid source of hy-
drogen. However, parallel CO formation pathways must be suppressed to
ensure the success of any methanol-based hydrogen storage approach. Pure
Pd and Pt are exclusively selective to CO and is therefore not suitable. On
the other hand, near-surface intermetallic such as Pd-Zn, Pd-Ga and Pd-In
which are generated in situ from Pd/MOx materials under reactive or pre-
treatment conditions are found to be highly selective towards the desired
products (CO,+H,). The high selectivity is attributed to the different pre-
ferred configurations of HCHO (which is a key intermediate) on intermetallic
versus pure metal surfaces possibly due to differences in electronic struc-
ture.|60] Of these PdZn is perhaps the most widely studied; Armbruster et
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al. has published a detailed review of this chemistry on PdZn catalysts.|61]
The near-surface composition plays a huge role in the selectivity of PdZn
catalysts for this chemistry. Rameshan et al. reported that if the intermetal-
lic existed to a depth of at least 5 layers below the surface (including the top
exposed surface) the catalyst is selective towards CO2 but if there is only a
surface manolayer of the intermetallic on a Pd substrate then the pathway
for CO production is favoured.[62] Further, as previously mentioned (refer
Section 3 and Stadlmayr et al.[63]), the thickness (number of layers from
the surface) of PdZn near-surface intermetallic is a function of temperature
and becomes effectively a monolayer (on a Pd substrate) above 623K thereby
reversing the CO/CO2 selectivity.

Low Temperature Electro-catalytic Oxygen Reduction: The electro-catalytic
reduction of oxygen is the typical cathode half reaction for low temperature
(polymer-electrolyte-membrane, phosphoric acid, direct alcohol etc.) fuel
cells. The preferred pure metal catalyst for this reaction is Pt. However,
the very high cost of Pt is detrimental to the commercialization of this clean
energy technology and there is considerable focus on increasing the intrinsic
activity (on a per mole Pt basis) through alloying with base metals and in-
troducing beneficial active site ensemble effects [64-66]. The key descriptor
for activity is the adsorption energy of oxygenated species (most importantly
OH) on the catalyst surface. Reduction in the OH bond strength is positively
correlated with catalyst activity.[67] Alloying of Pt with suitable and much
cheaper transition metals (Fe[68-70], Cr[71,72], Co[73], Ni|74]) leads to a Pt
d-band downshift which weakens this surface-OH interaction, thus increasing
activity.|75] Further, it is seen that the specific activity of intermetallic Pt-M
phases are always higher than alloys of similar composition.|76] Even though
the exact reason behind this observation is not yet known, one possibility
certainly may be that the disorder in random alloys only results in a fraction
of the active sites to have the desired ensemble morphology (as determined
by stoichiometry) whereas in the ordered intermetallics the desired ensemble
morphology is guaranteed in the entire catalyst bed. In recent times several
research groups have focused on strategic design of hybrid core- shell inter-
metallic catalysts which show some of the highest oxygen reduction activity
and time- on-stream stability reported to date [36-38].

Other examples: Several other chemistries have also been successfully
tested on different intermetallic materials. For example, Ni-Ga intermetallics
are reported to be highly active and selective catalysts for CO2 reduction
to methanol [49] and even to alkanes and alkenes.[48] Pt- Ge, Al-Cu and
Pd-Zn intermetallic catalysts were found to be selective for butadiene semi-
hydrogenation [46, 146|. Pd-Zr and Co-Hf intermetallic compounds are seen
to be more active for dry reforming of methane compared to the constituent
pure metals.[47, 112]. Takeshita et al. has reported a number of transi-
tion metal-rare earth metal intermetallics to be highly active for ammonia
synthesis [147]. Pd-Zn catalysts have been found to be effective for a vari-
ety of reactions (beyond those mentioned above) including partial methanol
oxidation, methanol dehydrogenation and ester hydrogenation [148-150].
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Chapter 5

MAGNESIUM AND
MAGNESIUM BASED
SYSTEMS FOR HYDROGEN
STORAGE

5.1 Introduction

An ideal hydrogen storage material for practical applications should obey
five main commandments:

e High hydrogen storage gravimetric/volumetric capacity;

e Ambient reaction temperature for charging/discharging hydrogen and
fast kinetics;

e Excellent reversibility;
e Low cost and
e Low toxicity.

With hydrogen, magnesium can form a hydride MgH, with a nominal
capacity of 7.6 wt% of hydrogen in weight and approximately110 kgHom™3
in volume; furthermore, a complex hydride MgoFeHg with the highest known
volumetric hydrogen density of 150 kgHom ™3, which is more than the double
of liquid hydrogen and Mg(BH44), with a very high theoretical capacity
about 14.8 wt% hydrogen. Magnesium and magnesium-based alloys are the
most attractive materials that satisfy the main five commandments with
high capacity, excellent reversibility, low cost and non-toxicity amongst all
possible candidates. However, magnesium- hydrogen materials are limited
for practical application so far due to their crucial limitations:

e The temperatures for hydrogenation and dehydrogenation are too high.

e Both hydrogenation and dehydrogenation reactions are too slow.
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‘ In practice, both absorption and desorption of hydrogen require a tempera-
ture of at least 300°C and over a time scale of a few hours, which is impracti-
cal for on-board applications|[34]. There are several factors that significantly
hinder the rate of hydrogenation. One is the oxidation of magnesium sur-
face and/or formation of magnesium hydroxide| 35]. Oxide layers on the
metal surface are normally impermeable to hydrogen, preventing hydrogen
from transporting into the materials. Another reason for the very low rate
of hydrogenation of magnesium is the limited dissociation rate of hydrogen
molecules into hydrogen atoms on the metal surface[. A clean surface of
pure magnesium needs a very high energy for the dissociation. However,
the dissociation barrier may be significantly reduced by the presence of a
catalytic metal such as palladium. In addition, the diffusion of the dissoci-
ated hydrogen atoms within metal hydrides is very difficult, thus reducing
the particle/grain size of Mg, for instance, nanostructuring can significantly
improve the hydrogenation of Mg. Another effective method is alloying Mg
with other element such as Ni, which completely changes the thermodynamic
property because of the formation of a totally different compound, Mgy Ni.
However, this strategy suffers from the loss of theoretical capacity (3.6 wt%
by MgsNiH, compared to 7.6 wt% by MgHo.

Magnesium hydride has several known polymorphs that are thermody-
namically stable at different temperatures and pressures.. Magnesium hy-
dride exists as @« MgH, (with a rutile structure) phase under ambient condi-
tions . Changing the temperature and pressure leads to a phase transforma-
tion. High pressure is needed to change alpha-MgH, (TiO, ) to § and y-MgH,
at low temperatures. The transformation of the 5-MgH, phase (with a mod-
ified CaFy structure) is possible only at temperatures below 973 K. Above
that temperature, direct transformation from a-MgH, to v-MgH, (with an
orthorhombic structure similar to that of a—PbO4 occurs. For hydrogen stor-
age application only two polymorphs are important. One polymorph (the
TiO, structure) is stable under ambient conditions, and the second, which is
metastable (the PbO, type structure), appears in magnesium hydride pro-
cessed by Ball milling for a long time due to the high pressure generated
by the collisions of balls with the milled material and cylinder walls. The ~
phase (7 MgHs) is a high-pressure polymorphic form of the f-MgH, phase. .

Magnesium hydride (MgHs) is widely investigated due to its relatively
high gravimetric and volumetric densities (gravimetric capacity = 7.6 wt.%
H and volumetric capacity = 0.11 kg H/dm?, respectively).Because of its high
enthalpy of formation, MgH, is considered a stable hydride. A temperature
of 558 K was estimated to be required to desorb hydrogen at a pressure of
one bar (0.1 MPa). Usually, desorption at that temperature is very difficult
to achieve in noncatalyzed systems due to slow kinetics.

The thermodynamic stability of MgH, is a serious drawback, but tech-
nological and practical issues also make studies on this material difficult.
Even now, after the early synthesis in 1951 , it is difficult to find commercial
magnesium hydride with a purity of greater than 90%.. Instead, magnesium
hydride is usually a mixture of magnesium hydride, magnesium metal, and
magnesium hydroxide contamination. . In practice, it is difficult to convert
magnesium to magnesium hydride below 623 K, even when the magnesium
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is in the form of very fine powder It can be possible this composite material
can take up a core shell configuration.

The main approach for changing the sorption behavior of a hydride with-
out decreasing its hydrogen capacity involves decreasing the grain or crystal-
lite size. The grain size effect and the role of surface modifications (surface
activity, oxide layer penetration, diffusion rate of hydrogen, and mobility
of metal-hydride interfaces) on the sorption characteristics of hydrides have
been realized in this system also. Their research suggested that destabiliza-
tion of the hydride phase was possible with a decrease in particle size.. It is
worth mentioning that for particles, only the crystallite size, not the grain
size, should be small. The thermodynamic stability of MgH, with respect to
that of Mg + H2 as a function of crystal grain size was investigated. The cal-
culations showed that MgHs became less stable than Mg as the cluster size
decreased.. . Their research suggested that destabilization of the hydride
phase was possible with a decrease in particle size. In most of the considered
cases, the desorption temperature should decrease slightly upon reducing the
particle size, but these changes were relatively small in comparison with the
properties of the bulk material. A decrease in particle size (down to the
nanometer scale) led to a decrease in the hydrogenation/dehydrogenation
energy (lower values of enthalpy and entropy) for the nanoconfined system
compared with that the bulk material. It has been suggested that the specific
chemical environment of the nanoparticles played a crucial role in terms of
hydride destabilization. These predictions have been partially experimentally
confirmed.

Metals and intermetallic systems find a unique place in solid state hydro-
gen storage applications. Amng the generic systems , only three systems are
prominent. They are Mg Mx, Fe Ti and La M5.. Among these three generic
systems, Magnesium-based systems appears to store higher amount of hydro-
gen, but the logistics of the application appears to be unfavorable. First let
us see why hydrogen is one of the favored fuels. In Table 1, the data of energy
density of various fuel molecules are complied. In recent times, , magnesium-
based materials attract much attention for storage of concentrated solar heat
with higher energy densities than traditional phase change materials. The
thermodynamic dynamic properties and high abundancy provide a potential
for development of large-scale heat storage systems.

Magnesium (Mg) can store 7.6 mass% of hydrogen after formation of mag-
nesium hydride (MgHs,), which has attractive features for hydrogen storage
material such as low cost, abundant resource and light weight|. However,
dehydrogenation temperature is high (560 K at 0.1 MPaH,) because MgH,
is thermodynamically stable (§.H) = -72.8 4+ 4.2 kJ mol™! | (6.S) = -142 + 3
J K-1 mol™! ). In addition, their hydrogenation/dehydrogenation kinetics is
lower, then the conditions of hydrogenation and dehydrogenation are severe
and core-shell-type hydride is formed. In order to obtain MgHy completely
from Mg and effectiveness of hydrogenation/dehydrogenation process, it is
necessary to finely pulverize, severe plastic deformation, heat treatment for
a long time, and addition of catalyst. Mg is a metal and when it reacts with
Hy, MgHs forms an ionic bond and a weak covalent bond between Mg-H. The
diffusion coefficient of H in MgHs, is also low. Based on these characteristics,
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powder Mg forms core-shell-type structure hydride, MgH, as a shell and un-
reacted Mg remains in the core making progress of hydrogenation difficult.
On the other hand, the hydrogen partial pressure has a great influence on the
progress of the hydrogenation. When the hydrogen partial pressure is high,
since MgH, quickly covers the Mg powder surface, hydrogenation halts and
the amount of hydride concentration decreases markedly, whereas when the
hydrogen partial pressure is low, the time until MgH, covers the Mg surface
extends, then the hydride concentration increases. Therefore, to accomplish
the efficient hydrogenation, the process of hydrogenation should be carefully
controlled.

First let us see why hydrogen is one of the favored fuels. In Table 1, the
data of energy density of various fuel molecules are complied

Fuel Energy Density (MJ/kg)
Hydrogen 141.90
Methane 55.55

Ethane 51.92
Propane 50.39
Gasoline 47.27
Natural Gas 47.21
Kerosene 46.00
Crude Oil 45.55
Benzene 42.29

Coal 31.38
Ethanol 29.70
Methanol 22.69
Ammonia 20.54

Wood 17.12

Table 5.1: Energy densities of various fuels (Heat of combustion, Higher
heating value)

It is clear that hydrogen fuel is the preferred one and hence it should have
a storable system. But that storage system should be economical. easy to
operate and environmentally acceptable. The reversible reaction of hydrogen
with metals, alloys or intermetallic compounds is considered as a convenient
way for storing hydrogen. Besides these advantages, unit volume of a metal
hydride holds more hydrogen than liquid gaseous hydrogen. Storage of hy-
drogen in the form of hydrides requires low pressure a factor that has safety
implications and involves little energy. The hydrides are quite stable below
their dissociation temperatures. The disadvantage of hydrides is their cost
and weight. However, metal hydrides, besides being attractive means of stor-
ing hydrogen, can also be used for accumulating heat, thus serving a dual
function . It is this heat/hydrogen coupling which makes it possible for both
mobile and stationary applications.

Despite the fact that most elemental metals will react directly and re-
versibly with hydrogen, only magnesium (MgHs) could be useful from an
energy storage point of view. All the others can be eliminated from consid-
eration because of the expense and unsuitable properties. However, it has
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been shown that many alloys and intermetallic compounds will react directly
and reversibly with hydrogen to form distinct hydride phases which, in many
cases, have properties that are quite different from that of the binary hydride
of the individual alloy components. The most important characteristics for
hydrogen storage are

e The amount of hydrogen absorbed/desorbed;

e The thermal stability of the hydride;

e The hydriding/dehydriding kinetics.

e In addition, the cost of the hydriding material should be cheap.

Mg based materials from the point of hydrogen storage still face both the ki-
netics and thermodynamics problems especially for on-board applications. It
has been shown that synthesis of these materials in nano form either by ball
milling or thin film synthesis may overcome some of these issues. It must be
stated that Mg and Mg-based systems received maximum attention from the
point of view of mobile applications and hence numerous reviews are already
available and a few of them are given in references [1-10]. Mg-based materi-
als are popular candidates because of their comparatively low cost, natural
abundance in the earth’s crust, and high H, storage capacity. In compari-
son, Zr and Ti based alloys are more expensive and demonstrate lower H,
storage capacities. However, the unfavorable sorption properties, high, and
slow H, absorption /desorption kinetics of Mg-based materials, limit their
practical application. Various approaches have been explored to improve
the Hy storage performances of Mg-based materials, such as exploration of
advanced synthesis methods including ball milling,H, plasma synthesis, thin-
film synthesis, melt spinning, chemical vapor deposition (CVD), composition
design including alloying, substitution, etc, additives with catalytic effects,
amorphization, nanoconfinement, etc.A pictorial representation is shown in
Fig.1.[15].

Although Mg/MgH, materials feature prominently in solid-state Hy stor-
age research, their high thermodynamic stabilities, complex activation pro-

cesses, high dissociation temperatures, and slow dehydrogenation/hydrogenation

kinetics are still significant obstacles to their low-temperature application.
Existing Magnesium-based H, storage systems require hours to complete the
H, absorption process at 623 K under greater than 3 MPa pressure. However,
a maximum absorption temperature of 358 K and an absorption time of 3
to 5 min are required for onboard H, storage, which are significant obstacles
for typical Magnesium based Hydrogen storage systems.

5.2 Hydrogen Storage Systems based on Mag-
nesium
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Figure 5.1: Diagrammatic representation of the approaches for improving
hydrogen storage in Mg Based materials

5.2.1 Magnesium for hydrogen storage.

An ideal hydrogen storage material for practical applications should obey
five main attributes. They are listed. (i) high hydrogen storage gravi-
metric/volumetric capacity; (ii) ambient reaction temperature for charg-
ing/discharging hydrogen and fast kinetics; (iii) excellent reversibility; (iv)
low cost and (v) low toxicity.

MgH, is considered as a potentially suitable medium for hydrogen stor-
age because it can contain large amounts of hydrogen, namely, 7.65 weight
%. In spite of this storage capacity, since Mg is susceptible for oxygen, the
hydirding kinetics will be adversely affected. However, there are some in-
consistencies in attributing the hydriding kinetics. Additives of other metals
or others (for example iodine, magnesium iodide, mercuric chloride, alkyl
halides, condensed ring compounds etc.) are suggested to improve the hy-
driding kinetics. The surface oxide layer or hydroxide is known to inhibit
hydriding kinetics and if Mg has to form hydride, it should be pure but Pure
Mg does not dissociate the molecular hydrogen.

However, the dissociation barrier for molecular hydrogen may be signif-
icantly reduced by the presence of a catalytic metal such as palladium|35.
In addition, the diffusion of the dissociated hydrogen atoms within metal
hydrides is very difficult, thus reducing the particle/grain size of Mg, for
instance, nanostructuring can improve the hydrogenation of Mg. Another
effective method is alloying Mg with other element such as Ni, which com-
pletely changes the thermodynamic property because of the formation of a
totally different compound, Mg2Ni. However, the storage capacity suffers
from the loss of theoretical capacity (3.6 weight % by Mg2NiH4 compared
to 7.6 wt% by MgHs). It is known that hydriding of Mg is slow and also
requires a temperature as high as 694 K.
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Magnesium Hydride

Magnesium hydride has several known polymorphs that are thermodynam-
ically stable at different temperatures and pressures. Magnesium hydride
exists as a-MgH, (with a rutile structure) phase under ambient conditions
. Changing the temperature and pressure leads to a phase transformation.
High pressure is needed to change a-MgH, (TiO3) to 8 and v-MgHs at low
temperatures. The transformation of the S-MgH, phase (with a modified
(CaFy) structure) is possible only at temperatures below 973 K. Above that
temperature, direct transformation from a-MgH, to v-MgH, (with an or-
thorhombic structure similar to that of a-(PbO,) occurs. For hydrogen stor-
age application only two polymorphs are important. One polymorph (the
TiO, structure) is stable under ambient conditions, and the second, which is
metastable (the PbO,)-type structure), appears in magnesium hydride pro-
cessed by Ball milling for a long time due to the high pressure generated
by the collisions of balls with the milled material and cylinder walls. The
v-phase (y-MgH,) is a high-pressure polymorphic form of the 5-MgH, phase.

Magnesium hydride (MgHs) is widely investigated due to its relatively
high gravimetric and volumetric densities (gravimetric capacity = 7.6 wt.%
H and volumetric capacity = 0.11 kg H/dm?3, respectively).Because of its high
enthalpy of formation, MgH, is considered a stable hydride. A temperature
of 558 K was estimated to be required to desorb hydrogen at a pressure of
one bar (0.1 MPa). Usually, desorption at that temperature is very difficult
to achieve in noncatalyzed systems due to slow kinetics.

The thermodynamic stability of MgH, is a serious drawback, but tech-
nological and practical issues also make studies on this material difficult.
Even now, after the early synthesis in 1951 , it is difficult to find commercial
magnesium hydride with a purity of greater than 90%.. Instead, magnesium
hydride is usually a mixture of magnesium hydride, magnesium metal, and
magnesium hydroxide contamination. In practice, it is difficult to convert
magnesium to magnesium hydride below 623 K, even when the magnesium
is in the form of very fine powder It can be possible this composite material
can take up a core shell configuration.

The main approach for changing the sorption behavior of a hydride with-
out decreasing its hydrogen capacity involves decreasing the grain or crystal-
lite size. The grain size effect and the role of surface modifications (surface
activity, oxide layer penetration, diffusion rate of hydrogen, and mobility
of metal-hydride interfaces) on the sorption characteristics of hydrides have
been realized in this system also. Their research suggested that destabiliza-
tion of the hydride phase was possible with a decrease in particle size.. It is
worth mentioning that for particles, only the crystallite size, not the grain
size, should be small. The thermodynamic stability of MgH, with respect to
that of Mg + H, as a function of crystal grain size was investigated. The
calculations showed that MgH2 became less stable than Mg as the cluster
size decreased.

Their research suggested that destabilization of the hydride phase was
possible with a decrease in particle size. In most of the considered cases, the
desorption temperature should decrease slightly upon reducing the particle
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size, but these changes were relatively small in comparison with the properties
of the bulk material. A decrease in particle size (down to the nanometer scale)
led to a decrease in the hydrogenation/dehydrogenation energy (lower values
of enthalpy and entropy) for the nanoconfined system compared with that the
bulk material. It has been suggested that the specific chemical environment
of the nanoparticles played a crucial role in terms of hydride destabilization.
These predictions have been partially experimentally confirmed.

5.2.2 Modifications of Mg to enhance Hydrogen Storage

The addition of catalyst for hydrogenation of Mg has been suggested. The
catalysts that have been suggested include transition metals, metal oxides,
chemical compounds such as chlorides and inorganic compounds, intermetal-
lic compounds that can absorb hydrogen and carbon material. Recent theo-
retical studies using ab initio Density Functional Theory (DFT) showed that
the catalyst addition altered the pathway of molecular hydrogen dissociation
and significantly reduced the energy barrier for this process, which enables
the hydrogen dissociation to occur at a very low temperature, such as room
temperature. However, the pathway of hydrogen dissociation has been opti-
mized in the presence of metallic catalyst or metal oxide. The energy barrier
has been remarkably decreased nearly-fold from 1.05 eV on pure Mg surface
when Ti, or V, are added to Mg. Carbon additive to Mg does not alter the
energy barrier but increases the storage capacity.

Thus, Mg can be considered to be promising candidate for hydrogen stor-
age application, but the limitations for the extensive application is the fact
that it requires high operational temperature and the kinetics is slow since
the hydriding process involves three steps of hydrogen molecule dissociation,
hydrogen atom diffusion and hydride formation and each of these steps has its
own thermodynamic limitations. Several attempts have been made to over-
come these obstacles by way of using a catalyst or nano-structuring the basic
metal or alloying and improvements to varying degrees have b been reported
in terms of reducing the desorption temperature to as low as 3000 C but still
it is high temperature and needs to be reduced further and also the alter-
ation in the pressure of hydrogen for hydriding process kinetics. Reducing
the particle/grain size in nanoscale, increasing the density of defects, partial
alloying with other element like V, confinement by porous materials, surface
modification and selection of powerful catalysts might be the suitable ways
to realize these limitations especially the hydrogen desorption temperature
for on board application |[2].

High energy ball-milled of nano composite materials MgH,-M, O,y (where
M, Oy = Scy03, TiOy, V505, CryOs3, MnyO5,Fe;0,4,CuO, Al,O5 , SiOy) were
used for the kinetics of hydrogen sorption at different temperatures. The addi-
tion of the metal oxides showed altered kinetics with respect to pure Mg and
the addition amount is low of the order of 0.2 mole%. It has been reported
that this type of addition can cause hydriding at room temperature and the
desorption temperature can be reduced to 473 K [7].
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5.3 Non-metal Additives

Carbon-based materials, including graphite (G), carbon nanofibers (CNFs),
carbon nanotubes (CNTs), and graphene (GN), are the effective non-metal
additives to show prominent catalytic effect on the de-/hydrogenation of Mg/
MgH, system. The composite system was prepared by mechanical milling
of Mg and Graphite with different organic additives such as benzene, cyclo-
hexane or tetrahydrofuran. It has been suggested that mechanical milling
in liquid organic additives resulted in highly dispersed cleaved lamellae of
graphite and the generation of large amounts of dangling carbon bonds in
graphite, which could act as active sites for hydrogen absorption. The hy-
drogen uptake of the Mg/ G nanocomposites is in the form of C-H bonds
and hydrides in the graphite and magnesium, respectively. The hydrogen ab-
sorption amount by the graphite was estimated to be 1.4 wt% of H,. Various
carbon additives exhibited advantage over the non-carbon additives, such as
BN nanotubes or asbestos, in improving the hydrogen storage capacity and
kinetics of Mg. The hydrogen storage capacities of all mechanically-milled
Mg/C composites at 300°C exceeded 6.2 wt% within 10 min, about 1.5 wt%
higher than that of pure MgHs at the identical operation conditions. The Im-
provement is attributed to the increase in phase boundaries which favour the
diffusion of hydrogen.. The milling results in many carbon fragments with
sp and sp[2] hybridizations and unhybridized electrons delocalized, which
may have strong interaction with hydrogen molecules. Physically adsorbed
hydrogen molecules can be accumulated around the carbon fragments and
act as hydrogen source for the further chemical dissociation on Mg Probably
by spill over mechanism.. In addition, the specific nanostructure of single-
walled carbon nanotubes (SWNTs) may facilitate the diffusion of hydrogen
into Mg grains, and thus exhibited the most prominent “catalytic” effect over
other carbon materials such as graphite, activated carbon, carbon black and
fullerene. The onset dehydrogenation temperature of MgHy with the addi-
tion of SWNTs could be reduced by 60 ° C in comparison with non-carbon
additives.

Recently, a two-dimensional carbon material, graphene, has also been
found to significantly improve the hydrogenation/ dehydrogenation of MgHs.
It is reported that the 20 h-milled composite MgH,-5% GNS can absorb 6.3
wt% H within 40 min at 473 K and 6.6 wt% H within 1min at 573 K. These
systems facilitated the desorption process as well. In addition, graphene
nanosheets are a good support for nanoscale catalysts and Mg nanoparti-
cles. Moreover, the loading percentage of MgH, nanoparticles on graphene
could be increased up to 7.5 wt%, and the maximum hydrogen capacity of
Mg/GNS system is 5.7 wt%, both of which are higher than the nanocon-
finement method for the preparation of Mg nanoparticles. By further in-
corporation of Ni catalyst into the Mg/GNS composite, the Ni-catalyzed
MgH2/GNS system exhibited superior hydrogen storage properties and cy-
cling performances. A complete hydrogenation could be achieved within 60
min at 323 K and 2.3 wt% hydrogen uptake even at ambient temperature
within 60 min. Moreover, the hydrogenation capacity at room temperature
reached up to 5.1 wt% within 300 min. In the dehydrogenation, the Ni
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catalyzed MgH,/GNS system can completely desorb 5.4 wt% H within 30
min. It was also shown that the apparent activation energy (E,) for hy-
drogenation and dehydrogenation, which is based on the isothermal kinetic
curves at different temperature and Arrhenius equation, was calculated to be
22.7 kJ mol™! and 64.7 kJ mol—1, respectively, which are drastically lower
than the corresponding values (99.0 kJ mol™! for hydrogenation and 158.5
kJ mole™! for dehydrogenation) for the bulk Mg. More importantly, there is
almost no capacity retention for the Ni-catalyzed MgH,/GNS system after
100 hydrogenation/dehydrogenation cycles, with no loss in kinetic perfor-
mance. This is attributed to the nature of graphene that could act not only
as a structural support for loading MgH, nanoparticles, but also as a space
barrier to prevent the sintering and growth of MgH, nanoparticles during hy-
drogenation/dehydrogenation cycles. The introduction of carbon additives
was shown to result in the improvement of hydrogen sorption/desorption
performance of Mg-based nanocomposites including a significant increase of
their stability during Hydrogen absorption-desorption cycling at high tem-
peratures. This effect was associated with distribution of carbon in between
nanoparticles of Mg(Hs) during RBM preventing their coalescence and sur-
face oxidation , although a study of the kinetics of MgHs with Cgg buckyballs
as an additive showed little or no improvement. Recently, it has been sug-
gested that the effect of sp2-hybridized carbon additives to Mg is related to
the formation of graphene layers during their RBM in Hy (HRBM) which
then encapsulated the MgH, nanoparticles and prevented the grain growth
on cycling. This results in an increase of absorption-desorption cycle sta-
bility and in a decrease in the MgH2 crystallite size in the re-hydrogenated
Mg-C materials as compared to Mg alone. Recent experimental studies of
composite materials containing MgH, with graphene/graphene derivatives
and exhibiting improved and stable dehydrogenation kinetics confirmed the
correctness of the hypothesis. It has been shown that introduction of 5 wt%
of graphite into the MgHs- TiHy composite system prepared by HRBM re-
sults in outstanding improvement of the hydrogen storage performance when
hydrogen absorption and desorption characteristics remained stable through
the 100 hydrogen absorption/desorption cycles and were related to an ef-
fect of the added graphite. A TEM study showed that carbon is uniformly
distributed between the MgHs grains covering segregated TiHs2, preventing
the grain growth and thus keeping unchanged the reversible storage capac-
ity and the rates of hydrogen charge and discharge. It has to be noted
that kinetic improvements in the formation/ decomposition of MgH, in the
carbon-containing materials are more pronounced when minor amounts (5-10
wt%) of the carbon additives were introduced together with catalytic addi-
tives of transition metals or oxides . This synergetic effect was explained by
the facilitation of hydrogen dissociation/recombination on the surface of the
catalyst while the carbon species played the role of an efficient mediator of
the H atoms between the catalyst and Mg(H,). In addition, carbon may also
inhibit oxidation of Mg(Hs) during cyclic Hydrogen absorption/desorption
thus, preventing the deterioration of the reversible hydrogen storage capac-
ity of the material.
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5.4 Alloying

Alloying another element with Mg to form a compound with different thermo-
dynamic properties is an effective way to enable the hydriding /dehydriding
at mild conditions. The compound Mg,Ni, is the first magnesium-based alloy
for hydrogen storage that was developed at Bruce-Haven National Laboratory
in 1968. Since then, Mg,Ni has gained considerable research efforts as hydro-
gen storage materials. For example, Mg,Ni-Pd nanocomposites was obtained
by ball-milling to study their hydrogenation behavior. The hydrogenation ki-
netics is better than that in Pure Mg at low temperatures. However, this
method results with loss of theoretical hydrogenation capacity, to achieve
DOE targets for the hydrogen capacity.(namely 6 wt%).

Recently, amorphous and nanocrystalline Mg-Ni-Re alloys (Re=Y, Ce,
La, Mm) produced by rapid solidification have attracted considerable atten-
tion for hydrogen storage materials due to the improvement of hydrogena-
tion characteristics. The rapid solidification technique can produce amor-
phous Mg-based alloys with the desirable composition for hydrogen storage.
Through nano-crystallization, the amorphous phase transforms into nanos-
tructured alloy. The grain size of such nanostructured alloys can be well-
controlled and uniform in a wide range of grain sizes depending on the an-
nealing temperature, time and heating rate. However, the current research
reported that the maximum hydrogen capacity was less than 5 wt% of the
amorphous or nanocrystalline Mg-Ni-Re alloys because of the large amount
of Ni and Re and the relatively large grain size of 100—150 nm. Therefore,
it is desirable to re-design the alloy composition and improve the fabrication
method. More recently, Ultra fine Mg-based nanocomposites obtained by
ball milling the amorphous Mg-10Ni-5Y with newly developed nanocarbon
supported metallic catalyst, at an average grain size of 4.7 nm and dispersed
with Mg,Ni nanoparticles at a size of 2.7 nm. This system exhibits ultra-
fast hydrogenation kinetics and achieves a maximum hydrogen capacity of 6
wt%,. This system is worthy of further investigations to optimize the alloy
compositions and fabrication technology.

It is known from 1960 that the thermodynamics of Mg can be modified
by alloying it with various metal elements. This approach was first proposed
for Ce and Al addition to Mg. . This method has been effectively applied to
modify the thermodynamic properties and the storage capacity of Mg.

5.4.1 Mg Alloys with p-Elements Especially Si, Ge and
Al

In the group IV, elements such as Si, Ge, and Sn can form intermetallic
compounds with Mg and the compositions of the systems generated can be
written as Mgy X where X is a fourth group element. Alloying Mg with Si,
Ge or Sn decrease the hydrogen release temperatures in the order: Ge> Sn
> Si and the hydrogen capacities of these systems were found to be 5, 3.2,
and 2.4 wt.%, respectively at temperatures up to 623 K.. Based on tabulated
thermodynamic data [201] , It has also been shown that introduction of Sn
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( (17 mol % ) to MgH, lowers the desorption peak temperature from 702 K
to 490 K. It has been reported that depending on the amount of Ge added
to MgH, , the desorption temperature can be decreased i.e. by 50°C for 5
mol% Ge and 150 °C for 50 mol% Ge. Additionally, the alloying of Si, Ge
and Sn with Mg leads to the formation of catalytic sites which enhance the
hydrogen mobility into the alloy. . Depending on the amount of added Al,
different MgAl alloys might form, e.g. Mg,Al; or , Mg;A5. This sample
with Al additive has a hydrogen capacity of 5.4 wt.%. Based on the DOS
analysis, Al was found to cause a reduction in the band gaps of the MgH,
, while the Mg-H bond is easier to dissociate, leading to the decrease of
formation enthalpy. In addition, introduction of Al to Mg may improve the
oxygen resistance ability of Mg. The storage capacity of Mg is improved by
addition of Al to 6 wt% at 650 K. and the addition of Al triggers a decrement
of the desorption activation energy. The improved kinetics can be due to
any one of the following reasons (1) The intermetallic Mg-Al formation can
provide energy for the destabilization of MgHs ; (2) The addition of Al will
generate some interfaces, which can accelerate the diffusion of Hy and also the
nucleation of Mg amd (3) Due to the existence of Mg-Al alloy, Mg particle
agglomeration can be inhibited, the diffusion distance can be shortened.

5.5 Mg alloys with d-elements (Ni, Cu, Co, Ti,
Pd, Fe, and Zn)

It is well known that Mg forms alloys with several elements of the d-block of
the periodic table ( e.g. Ni, Cu, Co, Ti, Pd, Fe, and Zn). The first example
is an alloy with Ni that is MgyoNi. The addition of Ni to Mg leads to multiple
beneficial effects. In fact, from one side, Ni catalytically influences the hy-
drogen sorption properties of Mg/MgH, and the interaction between Mg and
Ni and the consequent formation of the alloy MgsNi sensibly influences the
thermodynamic properties. Thus, owing to a low dehydrogenation enthalpy,
an equilibrium temperature of about 513 K at 1 bar of hydrogen pressure is
expected. Nevertheless, the addition of Ni entails a considerable reduction of
the hydrogen storage capacity ( i.e. gravimetric hydrogen storage capacity of
Mg,NiH, - 3.53 wt.%). Another example of an alloy formation between Mg
and d- elements is M 2Cu. The hydrogenation reaction of the Mg—2Cu alloy
yields magnesium hydride and the Mg-Cu alloy., with a hydrogen capacity of
only 2.53 wt %. Another example is Mg-Co-H system and yields Mgy CoHj
hydridede.

The hydride formed by MgTi system is Mg;TiH, by ball milling. The
total hydrogen storage capacity is 5.5 wt.% ( x = 12.7). For the Mg-Ti-H
system, some studies have shown that the addition of Ti notably enhances
the hydrogen sorption kinetics. Mgg Pd compounds can transform reversibly
to different types of Mg-Pd compounds, hence the overall hydrogen storage
capacity is 3.96 wt.%. Mg and Fe can react with Hy to form Mg,FeHs. The
intermetallic compounds of Mg-Fe does not exist due to the positive energy
of mixing.
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RE-Mg-Ni alloys (RE = La, Pr, and Nd) Several intermetallic compounds
can be formed between the rare-earth (RE) elements and Ni, with the atomic
ratio between 1:2 to 1:5. These structures are built from AB, Laves-type lay-
ers alternating with AB layers. Based on the alloying methods for hydrogen
storage materials, many researchers have found that when adding a third
element to a RE-Ni (RE = La, Pr, and Nd) alloy, the hydrogen capacity,
kinetics, as well as the sorption stability can be improved. Therefore, these
intermetallic compounds can be alloyed with Mg, where the lightweight Mg
can replace the RE elements in the ABx model, demonstrating the enhance-
ment of hydrogen storage capacity and cycling stability of the intermetallic
compounds.

5.6 AB, -Type

The single- phased La;_, Mg,x Niy ( x = 0.0, 0.25, 0.50, 0.60, 0.67, 0.70, and
1.0) ternary compounds by induction melting method have been reported..
The results show that from LaN; and other stoichiometric compositions,
possess C15-type (MgCus type) structure. When the Mg content is higher,
the structure transforms to C36-type (MgNis type). During dehydrogenation,
these hydrides tend to decompose to Ni, MgHs and LaH; . With the increase
of x value from 0 to 1, the hydrogen capacity at room temperature and 10
bar Hy of the compounds decreases from 1.7 wt.% to 0. 4%.

5.7 AB;-Type

Series of hydrogen storage alloys, e.g. REMgy Nig (RE = La, Pr, and
Nd), building from MgNis blocks with Laves-type structures alternating with
Haucke-phased ABg layers, were first synthesized in 1997. Since then, the
ABj -type Mg-based alloys have attracted extensive attention . By increasing
Mg content in Lag_, Mg, Nig compounds, the unit cell volumes have a linear
decrease. Dehydrogenation equilibrium pressure changes from 0.011 bar to
18 bar of Hy with the increment of Mg content ( x value) from 0.7 to 2.

0.8 A2B7 Type

By replacing La with Mg in La, Ni; to form La;sMg_ /5 Ni;7 , the crys-
tal structure remains to be Cey Ni; type, but unit cell volume decreases.
By partially replacing La by Mg, the interstitial hydride was formed, and
the hydrogenation mechanism changes from anisotropic hydride to isotropic
hydride.
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5.9 Perspectives

It is to be stated that one must continue the research interest of Mg based
systems for hydrogen storage applications. The important aspects, like hy-
drogenation mechanism, hydrogen desorption kinetics, hybrid materials of
Mg have to be examined extensively. Heret he focus is on the hydrogenation
mechanism and hydrogen desorption of Mg-based materials. This is because
the hydrogenation process of Mg is complicated and the hydrogenation mech-
anism has not been fully elucidated, and hydrogen desorption becomes the
“bottle neck” for the application of Mg to practical hydrogen storage though
the recent research enables the fast hydrogenation at a low temperature].

5.10 Hydrogenation mechanism

Basically, the hydrogenation of Mg can be divided into three key steps: hy-
drogen dissociation, hydrogen diffusion and MgH2 formation. Each step can
influence other steps to make the processing more complex. The first step
of hydrogen dissociation is relatively simple as this sub-process only involves
the interaction of gaseous hydrogen and metallic atoms on the Mg surface.
It will reduce the energy barrier remarkably and the hydrogen dissociation
that the atoms of catalysts are incorporated into the Mg surface, and thus
can occur at a low temperature, which enables hydrogen absorption thermo-
dynamically possible at this temperature. The second step of hydrogen dif-
fusion is much more complex as besides the temperature many other factors
such as structure (defects such as vacancies and grain boundaries), materials
(Mg or MgH,), hydrogen dissociation rate and the hydrogen pressure (initial
concentration of hydrogen atoms on the Mg surface), grain boundary modi-
fications (segregating carbons) and catalytic elemental atoms (for example,
V are reported to be also effective to enhance hydrogen diffusion because
the bonding characteristics with H, and Mg-VTi-CN'Ts system demonstrated
ultra-fast hydrogenation Kinetics.

Mg-based hydrogen storage materials can be considered as one of the
potential hydrogen storage materials due to their high hydrogen storage ca-
pacity, fairly good reversibility, and low cost. However, its high hydrogen
release temperature and slow kinetic behaviour are the limitations for their
practical application. There have been attempts to improve the thermody-
namic and kinetic properties of hydrogen absorption/desorption of Mg-based
hydrogen storage materials through various modifications like the addition
of transition metal catalysts, doping of carbon composite catalysts, alloying,
nano-crystallization, and construction of composite materials. These studies
have shown improvement in hydrogen storage application.

The doping of transition metal catalysts, including single (element) met-
als, alloys, and compounds, can improve the hydrogen absorption/desorption
property of MgH2 hydrogen storage materials. The addition of catalysts may
reduce the dissociation energy and potential barrier for hydrogen diffusion
on the surface of magnesium, thereby improving the kinetics of hydrogen
absorption reactions. The interaction between the outer electrons of the
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metal and the valence electrons of H will weaken the Mg-H bond, thereby
improving the hydrogen storage performance of Mg-based hydrogen storage
materials. However, appropriate preparation methods have to be adopted for
incorporating and uniform distribution of metal additives on Mg to improve
the hydrogen adsorption/desorption kinetics.

The doping of carbon composite catalysts can also improve the irreversible
melting and agglomeration of MgHs during high-temperature pyrolysis, in
particular, the cyclic stability of magnesium-based hydrogen storage materi-
als can be significantly improved through the synergistic action of transition
metal catalysts and carbon materials. Therefore, the addition of trace carbon
materials can become an ideal catalyst for improving the hydrogen absorp-
tion/desorption performance of Mg-based hydrogen storage materials.

Alloying of Mg with other elements to form intermetallic compounds or
Mg-based solid solutions may also enhance the hydrogen storage properties
of the system, this effect may be due to reduction of the reaction enthalpy
and lower the theoretical energy required. However not all elements when
alloyed with Mg will give rise to favourable situation.

The formation of materials in the nano state can have a decisive role
in the regulation of MgH2 hydrogen storage performance. This effect may
be due to creation of additional active sites which favour both adsorption
and desorption of hydrogen. It has been shown that making materials in
the nano state facilitate the dissociation of hydrogen molecules, increase the
active sites on the surface of nanoparticles for the reaction with H2. This
process can improve the thermodynamic properties of magnesium hydride, at
the same time, a large number of grain boundaries can accelerate its hydrogen
absorption and desorption rate. Therefore, this technology has to contribute
in the future search for suitable hydrogen storage materials based on Mg.

The generation of composite materials is yet another method but the
cyclic stability is a point of concern.

Prototypes of storage units from 100 to 5500 kWh have been produced
[11]. However, McPhy took other routes namely smelting and refueling sta-
tions because the HSSS market was not merging. Today, Jomi-Leman, de-
cided to try the challenge again focusing on applications with on-site pro-
duction and mass HSSS.

Morphological shapes of catalysts (including, needle-like and others) have
been proven to offer a high surface area and abundant and facilitate (hydro-
gen) reactant interaction. It is also recognized that these morphologies can
prevent agglomeration of the adsorbent and can possibly improve the ab-
sorption and desorption of hydrogen.

On the basis of cost of materials, the additives chosen to improve the
characteristics of Mg , waste materials can also be tried which can also an
environmental advantage. These choices must take into account the storage
and release capacity, good reversibility, long cycle life characteristics of the
added material. Though synergistic effects have been proposed for the addi-
tives to Mg, in terms of storage capacity and facile absorption and desorption
kinetics, the mechanism and details of these beneficial effects have to be elu-
cidated further. Nano-structures of these materials are known to improve the
hydrogen storage capacity but the exact synthesis procedure of these mate-
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rials has to be optimized. Factors affecting the H2 storage performance of
Mg-based alloys.

It has been shown that the incorporation of metals or metal oxides into
Mg-based hydrides can significantly decrease the onset H2 desorption tem-
perature and increase the dehydrogenation/hydrogenation kinetics . The
morphological features of storage materials and additives have a role to play
in enhancing storage capacity. This consequence can be due to site creation,
specific plane exposure or surface energy considerations or preserving the
particle size of the storage material.

Activation of molecular hydrogen by transition metal atoms is envisaged
by concurrent electron donation and back-donation which facilitated the dis-
sociation of the hydrogen molecule at the experimental conditions (namely
room temperature and also offers binding sites for hydrogen atoms. For
example, the addition of manganese (Mn) could reduce the particle size of
Mg-based alloys, thus enhances the hydrogen sorption kinetics. This effect
can arise due to control of nucleation and growth of the particles of the
precipitated material, The catalytic effect has been shown to decrease the
hydrogenation conditions (Temperature), facilitate the storage rate, control
the particle size and the cycle life of the storage system.

Mn element was combined with Fe to form MnFe,O4—MgH, alloy. Both
Mn and Fe are economical and effective additive for increasing the Hydro-
gen storage. The experimental results showed that MnFe,O4 reduces the
dehydrogenation temperature of MgHs to 513 K, improves its sorption ki-
netics, and reduces Ea to 108.4 kJ mol™! H,2. The superior performance of
the MnFe;O4-doped MgHs can be explained by the in situ generation of Fe
particles during desorption, these Fe metal particles act as bridges, facilitat-
ing transport of electron to Mg speiies from H anions to form Hs molecules.
Besides, the Mn element reduces the particle size of the alloy and thus, the
synergistic role of both elements allows the improvement in de/hydrogenation
kinetics.

Another example of the combination of two different elements is the use of
Sc203/TiO, bimetallic oxides prepared by Sol-gel technique. This compound
was alloyed with MgH, through hydriding and the resulting alloy was ground.
. This alloy could absorb 6.1 wt% Hs2 at 473 K in 3000 s and desorbs 6.2 wt%
H, in 1000 s at 573 K, with an E, of 77.8 kJ mol~! H,, thus showing better
performance than that of undoped-MgH,. In general, Ti-based material when
coated on the surface of Mg could significantly reduce the dehydrogenation
temperature to as low as 448 K. This was due to the existence of multiple
valency of Ti and catalytic active sites for the electron transfers between
Mg?* and H™. It is also established that the addition of TiO, helps to
reduce the Ea for hydrogenation reaction.

It was found that the alloy is MgNDb /zeolitic imidazolate framework-67
(ZIF-67), which could desorb 3 wt % H, at 548 K within 38 min. This
alloy also retains most of its Hy storage capacity, even after 100 dehydro-
genation/hydrogenation cycles. This performance is due to the presence of a
CoMgyo—Mg(Nb) core-shell structure. Unlike other metals, NbH can release
hydrogen at a very low temperature (370 K), probably due to its lower value
of the electronegativity of this element as compared to those of other metals..
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It has been reported that chromium (I1T) oxide Cr,05 additive alters the
chemical and physical behavior of a catalyst. In hydrogen storage, similar
to Fe, CryO5 nanoparticles promote the formation of H diffusion channels,
nucleation sites, and grain boundaries. The presence of CryO; enhances
the Hy storage kinetics of the MggsZnsNijg alloy by lowering the total po-
tential barrier of the microstructures. In hydrogen storage, other than the
de/hydrogenation performance, the costs of Hy storage materials are also a
major consideration. Reutilizing waste Mg alloys for Hy storage is consid-
ered a promising cost-saving measure. The possibility of fabricating highly
efficient Hostorage systems from left-over Mg-Al-based alloys using industrial
mills has been tried.. Al doping is considered one of the most efficient ap-
proaches to limit capacity loss and extend the cycling stability of Hy storage
alloys.

Rare earth (RE) metals have also been added to Mg-based alloys to en-
hance their H2 storage performance. Various RE metals were incorporated
into MgHs or Mg to generate Mg-RE-H or Mg-RE materials. The RE-Mg al-
loys, including LagMgi7, CeMgio, YsMgoy, and SmsMgy,, are fascinating be-
cause of their ability to form homogeneously dispersed, , RE-hydride phases
in the Mg phase during hydrogenation that enhance their Hy2 storage per-
formance. The catalytic effect of a single YHy on Mg/MgH, has been inves-
tigated. It was found that the high interfacial energy of YH,/Mg, the low
diffusion energy barrier for H at the YH, /Mg interface, and the high affinity
between YH,; and H during the absorption process, can act as the hydro-
gen pump during desorption process, hence, improves the hydrogen storage
performance.

Different metal additions affect the Hy storage performance of Mg-based
alloys, possibly due to their diverse properties. In the case of Ti-based ma-
terial, even the fact that the presence of Ti multivalence could significantly
assist in electron transfers between Mg?™ and H™, some hydrogen might be
stabilized by occupying the tetrahedral sites of Mg;Tiy_;(i = 3, 2, 1, and
0). This is caused by thermodynamically stable of hydrogen stored in TiH,
than that in MgH,. The strong interaction between the two hydrogen atoms
and the Ti site hamper diffusion, hence, reduce the efficiency of the catalyst
for Mg hydrogenation. In terms of cost, both Ti and Cr are comparatively
expensive metals, which make them inappropriate for practical use. In this
regard, the other inexpensive metals such as Fe or Mn may be possible el-
ements. If both metals can fundamentally enhance the hydrogen storage
performances of MgHs, it will be a breakthrough for the extensive utilization
of MgH, for hydrogen storage.

Table Data on hydrogen storage by Mg based systems ( The values are
average of the reported data)
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Magnesium based system | Hydrogen storage capacity (weight %)
Mg,Cu 2.7/2.53/4.48
Mg, Fe 5.4/5.0

Mg-Au 5.5

Mg, Ni 3.5/8.2/3.53/3.96
Mg-Mn 6.0

Mg-Y 4.5

Mg-Co 2.0/5.5

Mg-Ag-Y 6.0

Mg-Ni-Y 5.2

Mg-Al-Y 5.0

Mg-Zn 5.0/6.1/5.55
Mg-Ti 2.2/5.5/5.3
Mg-Sn 4.0

Mg-Nb 5.85

M-V 5.5

Mg-Mo 4.8

5.11 Effect of metal additives on the hydro-
genation of Mg based systems

It is known that the introduction of a small amount of metal additives can
alter the hydrogen absorption and desorption kinetics and storage capacity
of magnesium. The used r metal additive catalysts are transition metals,
,(Al, Fe, Cu, Pd, Ni, V, Nb, Ti, Mn, and Cr (synthesized together with Mg
by Ball Milling) However, recently, some alkali metals have also been used.
These additives are either facilitating the nucleation step or growth process.
Ball milling can alter the particle size or possibly introduce structural defects
which may participate in the nucleation or growth processes.. The cycle sta-
bility of hydrogen absorption/desorption the kinetics, the temperature range
of operation and the hydrogen desorption activation energy were proven to be
influenced by these additives. There are various mechanistic routes proposed
for the altered behaviour in hydrogen sorption or desorption like a solid solu-
tion between MgH2 and non-stoichiometric Transition metal hydrides which
provided alternate pathways for hydrogen migration into solid state hydride
phase. Inspired by the original publications of Reilly and Wiswall, suggest-
ing the possibility of Mg2Ni acting as a catalyst for MgH2 formation, other
studies dealt with MgH2 synthesis with nickel and other transition metal
catalysts. Also, the intermetallic phases that are formed during ball milling
process could have also provided the catalytic sites for hydrogen sorption.
The metal additives therefore can be considered to improve the kinetics of
the hydride formation and also facilitate the desorption step. Similarly, a high
hydrogen sorption capacity, low desorption temperature, and better kinetics
are general effects of the addition of intermetallic compounds, namely La-Ni,
ZrNi, ZrMn, and Mg-Ni systems. Ti and V intermetallic compounds have
been shown to beneficially affect hydrogen storage properties of Mg. The
lowest desorption temperature was noted for magnesium with added TiMn2,
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but the system had improved absorption kinetics at room temperature to-
gether retaining a high hydrogen storage capacity. It has been proposed that
a cooperative dehydriding mechanism took place due to elastic interactions
at the interface. In the case some intermetallics, the intermetallic system
decomposed into its constituents and the resulting nanocomposite influenced
the kinetics of hydriding reaction both the temperature of operation and also
the storage capacity. The fast diffusion of hydrogen through phase bound-
aries and nanocrystalline phases may be beneficial to the absorption kinetics.
The hydrogen storage properties were also influenced by the hydride phases
of the decomposed intermetallic. . , It was also proposed that the ternary
phases formed might have influenced the sorption behaviour of Mg systems.
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Chapter 6

HYDROGEN ECONOMY:;
CURRENT STATUS

Hydroge, the lightest element in the periodic table has been proposed as one
of the possible energy sources for a few decades now. With global energy
demand set to soar to 9.7 billion by 2050, the imperative for sustainable en-
ergy solutions is urgent. Despite increasing investments in renewable sources
like solar, wind, and hydroelectric power, efficient energy storage systems are
essential to mitigate fluctuations in energy conversion, especially given the
environmental impacts of fossil fuel.

The energy sector has three components, namely the conversion , stor-
age and distribution. In this the middle component in the case hydrogen
energy scene, its storage emerges as a promising solution due to its high
energy density and potential for decarbonizing the global energy mix. Phys-
ical storage technologies, including compressed hydrogen and liquefaction
techniques, offer innovative solutions for storing hydrogen in dense and sta-
ble forms. Compressed hydrogen, widely used in transportation applications,
particularly in fuel cell cars, has been established. Liquefied hydrogen storage
enables higher energy density but presents challenges in terms of safety and
infrastructure due to its cryogenic requirements. Material-based hydrogen
storage approaches, utilizing metal hydrides, complex hydrides, and carbon-
containing substances, provide alternatives to physical storage. These mate-
rials employ absorption or adsorption techniques, with the release of molecu-
lar hydrogen achieved through thermal or catalytic decomposition. Research
efforts focus on designing efficient catalysts to enhance hydrogen generation.
Considerations such as structural attributes, porosity, surface area, capacity,
stability, and safety are vital in the development of efficient hydrogen stor-
age materials. Computational chemistry, high-throughput screening, and
machine learning have emerged as powerful tools in accelerating material
design, contributing to progress in energy-related industries. To achieve a
sustainable energy future, overcoming challenges associated with hydrogen
storage, such as low volumetric energy density, safety concerns, and infras-
tructure requirements, is crucial. Developing efficient and secure hydrogen
storage materials is essential for maximizing hydrogen’s potential as a clean
energy carrier in transportation, power generation, and industrial processes.
Future research in hydrogen storage materials and technologies may focus on
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advanced material design, nanotechnology,why this technology?) integrated
storage systems, advanced characterization techniques, sustainable hydrogen
production from sustainable sources, safety considerations, and computa-
tional approaches. These efforts aim to improve storage efficiency, safety,
and practicality while exploring renewable production methods and address-
ing infrastructure challenges.

Table A Quick Comparison of Various Materials for Hydrogen Storage

Family of Hydrides Gravimetric | Volumetric | Adsorption

capacity capacity desorption
rates

Metal Hydrides, Deficient Good Good

ABa,ABj

.Mg hydrides Good Fair Good

and alloys

Complex hydrides Good Fair Fair

(Alanates,borohydrides)

Chemical Hydrides Good Fair Fair

(amides,amino-boranes)

Adsorbent Materials) Good Fair Deficient

()MOFs Nanocarbon)

The widespread of hydrogen fuel has a profound effect for the expected
transition from a fossil fuel based system to a so called clean energy sys-
tem. This dramatically reduces the emission of greenhouse and other gases
(namely carbon dioxide, nitrogen oxides and unburnt hydrocarbons) to im-
prove positively on the environmental impact and climate alternations, as
well as relieves the energy crisis that is mostly felt by countries caused by
the fossil fuel depletion thus paving the way to using an inexhaustible (is it
really?) fuel source to meet the energy demand. Hydrogen fed into fuel cells
can be directly converted to electricity for stationary, transportation, and
onboard mobile applications. Furthermore, the thermal integration between
the fuel cell heat-generating and hydrogen release heat-consuming processes
is an effective way to further improve energy efficiency.This can be one of the
efficient ways of heat management process.

One of the key disadvantages of hydrogen energy comes from its low
density, which results in the hassle for its energetically efficient storage. Hy-
drogen energy could represent the dominating future energy carrier if the
bottleneck is overcome. The conventional hydrogen storage system features
physically increase hydrogen gas density by pressure or cryogenics, suffers
from low hydrogen capacity, high cost, and safety issues. The features of
conventional storage systems in compressed condition or cryogenic liquid
state have been discusses and always led to the conclusion these systems are
not very condusive for various applcations.

Hydrogen storage systems based on Solid state materials and espeically
in nanomaterials are highly attractive alternatives and hence, these options
are considered as viable alternatives. The hydrogen storage based on solid
media with high energy density, safe, and some metal hydrides with good
reversibility demonstrates great potential for automobile applications. Cur-
rently, most of the solid state hydrogen storage systems are based by the



physisorption of molecular hydrogen via porous materials. However, this is
not a general statement. Various modes (atomic, molecular, interstitial, solid
solution) of hydrogen inclusion in solid state have also been considered.

These nanomaterial absorbents display the high hydrogen content absorp-
tion and the fairly easy-handling (7) desorption. However, the low temper-
atures (around room temperature) storage condition needed to be improved
to facilitate its mobile applications. Solutions such as an increase in the
surface area of materials, dissociation of molecular hydrogen and introduce
functional sites to improve the storage condition are ongoing efforts. Hydro-
gen chemically bounded into hydrides with high hydrogen content presents
another interesting solid hydrogen storage method. However, the unfavorable
kinetics and thermodynamics properties severely decrease their potential in
onboard hydrogen storage. These are some of the serious concerns in the
search for appropriate storage medium.

Possibly one of the diligent strategy is to complement advantages of solid
state and nanotechnology and hydrides to prepare nanoscale and bulk hy-
drides, which demonstrate the significantly different nanostructures to posi-
tively alter the hydrogen ab(de)sorption properties.

Moreover, advances in the skeleton design and synthetic methods offer
precise and effective routes to develop functional nanoporous materials. The
control of crystal growth, morphology, defect sites, and the stacking layers
are important for the crystalline materials, i.e., MOFs, COFs, PAFs, and
hydrides, with high hydrogen storage capabilities. One of the application
limitations of the crystalline materials is their poor processability. The de-
velopment of composites and membranes hybridizing MOFs or COFs with
soft materials such as polymers is beneficial for practical use.

Recently, 2D MOF, COF, and hydride nanosheets are attracting increas-
ing attention. 2D nanosheets is advantageous on their lightweight, high spe-
cific surface and flexibility, they could be expected to be desirable nanoma-
terials for hydrogen storage. Machine learning has recently been applied to
accelerate the design and synthesis of porous materials such as MOFs and
COFs. Machine learning can not only use to understand the relationship be-
tween their structure and performance but also can simulate and optimize the
synthetic feasibility, long-term stability, and hydrogen absorption/desorption
mechanisms.

Despite the great fundamental improvement that has been achieved, fu-
ture efforts are still necessitated to optimizing the existing techniques and/or
explore new medium with excellent hydrogen storage performance to achieve
high energy efficiency and economically viable. In this exercise, systemati-
cally collated the state-of-art solid-state hydrogen storage systems are con-
sidered together with each system’s advantages and disadvantages. In terms
of their characteristics and sustainable development demand, complemen-
tary advantages of different strategies may be the future research direction.
For example, functionalizing nanomaterial with hydrogen-rich moieties to in-
crease the hydrogen storage performance and adaptability for transportable
purposes. Given the tremendous candidates and complexity associated with
the hydrogen storage system, it is challenging to unveil the reaction rules
and find out all the potential storage media by relying solely on experimen-
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tal methods. Theoretical simulations have become a powerful tool to support
the mechanistic study and investigate the new hydrogen storage systems.

Combination of hydrogen energy with current Concerted and mature re-
newable energy sources (like solar and wind) is arguably the possible short-
term approach. In that case, electricity is efficiently generated without giving
rise to any burden on the environment, sufficient energy can be afforded in
correspond with society’s demand, and the intermittent nature of solar and
wind can be overcome.

Significant key advancements have been achieved to date in hydrogen
storage, offering tremendous opportunities for hydrogen-based fuel as the
substitution of fossil-based fuels and will continue to contribute to sustainable
development.

6.1 Hydrogen as Energy Source Facts and Fal-
lacies

In fact, it will be appropriate if one examines whether hydrogen can be the
future energy source. Thirty years were passed since the beginning of the
Hydrogen Energy Movement in 1974. Over the past five decades, there have
been accomplishments on every front from the acceptance of the concept as
an answer to energy and environment related global problems to research,
development and commercialization.

The Hydrogen Energy System has now taken firm roots. Activities to-
wards the implementation are accelerating. The various activities and ac-
complishments over this period are many and well spread out in the form
of original literature source and many associations are working throughout
the world. Hydrogen may yet to find an important place in our energy fu-
ture. We are focusing on building the knowledge and capabilities that will be
needed in the future should hydrogen enter the supply chain as a transporta-
tion fuel. However, the surge of interest in a ‘hydrogen economy’ is based
on visions than on facts. Since, hydrogen economy would be based on two
electrolytic processes both associated with heavy energy losses: electrolysis
and fuel cells. For a secured energy future, we need new energy sources, not
new energy carriers. Because the investment in infrastructure is substantial
and therefore irreversible, it is important that the choice we make is a proper
one for the future.

Unfortunately, hydrogen is not a new source of energy, but merely an-
other energy carrier. Like electricity, it provides a link between an energy
source and energy consumers. The energy source may be a chemical energy
carrier such as natural gas, coal and oil, or electricity. With few exceptions,
the conversion of fossil fuels into hydrogen, i.e. the transfer of chemical
energy from one substance to another, cannot improve overall efficiency or
reduce the emission of greenhouse gases. Carbon dioxide is released into the
atmosphere when natural gas is reformed to hydrogen or when natural gas
is burnt in furnaces. Hydrogen is clean only if it is made from renewable
electricity. However, electricity from any source, conventional or renewable,
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can be transmitted to the consumer by power lines, pollution-free and with a
relatively high efficiency. So why use electricity to split water by electrolysis,
spend more electricity to package hydrogen by compression or liquefaction
to make it marketable, use energy to distribute it to the consumer and con-
vert it back, with considerable losses, to electricity in stationary or mobile
fuel cells? In a sustainable future, cheaper power will come from the grid.
Also, renewable electricity will soon replace fossil fuels which are now used
for stationary power generation or space conditioning. The replaced oil will
probably be sold at fuelling stations to power vehicles. For many years this
substitution process will dominate the transition within the energy market
from stationary to mobile applications of fuels. The most important source
of petroleum fuel will be the improvement of building thermal standards.
For years to come, hydrogen has to compete with replaced fossil fuels. But
will hydrogen be a promising option after the depletion of oil wells, when
renewable energy has become abundant?

This brings us to an important aspect that is comparing electrons versus
hydrogen as energy carrier. Renewable electricity appears more promising
source of energy for the future. Like electricity from decentralized cogener-
ation, renewable electricity will be generated near consumers sites to min-
imize transmission losses. Excess power generated will be supplied to the
grid. Electrolysis and fuel cells may be used for temporary energy storage
with hydrogen, but, for overall efficiency, renewable electricity will be trans-
mitted directly by electrons and not by synthetic chemical energy carriers.
In these times, around 10% of electrical energy is lost by optimized power
transmission between power plant and consumer. This figure is lower for
shorter transmission distances. However, if renewable electricity is converted
to hydrogen, and hydrogen is subsequently reconverted to electricity, then
significantly more energy is needed to drive the process. In fact, only about
25% of the original electrical energy may be recovered by the consumer in
stationary and mobile applications. At first glance, this may sound unbe-
lievable, but the high losses are directly related to the two electrochemical
conversion processes and the difficulty of distributing the light energy carrier.
Compared to natural gas, packaging and distribution of hydrogen requires
more energy. The energy consumption associated with all significant stages
of a hydrogen economy was analyzed and the results surprised the hydrogen
community worldwide. The energy consumed at all the significant stages of

Table 2 Energy consumed at Stages of a Hydrogen Economy (HHV:
Higher Heating value of Hydrogen)
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Stage Details % of HHV | Energy consumed
AC-DC Conversion D Electricity
Electroysis 15 Electricity
Compression 200 bar 8 Electricity
800 bar 13 Electricity
liquefaction Small plants 50 Electricity
Large plants 30 Electricity
Chemical hydrides | CaH, LiH 60 Electricity
Road Transport 200km 200bar | 13 Diesel Fuel
200km, liquid 3 Diesel Fuel
Pipeline 200 km 20 hydrogen
On site generation | 100 bar 50 Electricity
Transfer 100 to 850 bar | 5 Electricity
Reconversion Fuel cell 50% | 50 Hydrogen

a hydrogen economy is given in Table 2. In most of the cases, electricity
is consumed. Energy losses were calculated using the true energy content of
hydrogen, i.e. its higher heating value (HHV) of 142 MJ/kg. A hydrogen
economy will be based on one or many optimized mixes of these stages.
Hydrogen may be compressed to 100 bar for distribution to filling stations
in pipelines, and then compressed further to 850 bar for rapid transfer into
pressure tanks of automobiles. Liquefaction of hydrogen may be preferred to
compression in order to save transportation energy, or on-site production of
hydrogen with less efficient electrolyzers may offer economic advantages over
hydrogen production in large centralized plants and distribution by pipelines.
There are no general solutions.

Whichever scheme is chosen for energy transport by electrons or hydrogen,
hydrogen economy will be extremely wasteful compared to today’s energy sys-
tem and to a sustainable energy future based on the efficient use of renewable
energy, i.e. the direct use of electricity and liquid fuels from biomass. Let us
assume that the power output of one wind turbine is supplied to a certain
number of consumers by electrons, i.e. by conventional electric power lines.
If hydrogen is used as the energy carrier, four wind turbines must be installed
to provide these consumers with the same amount of energy. Essentially, only
one of these wind turbines produces consumer benefits, while the remaining
three are needed to compensate the energy losses arising from the hydrogen
luxury. Electrical power can be transmitted by a modestly upgraded version
of the existing power distribution system. For energy transport by hydrogen,
a new infrastructure must be established and, in addition, the electricity grid
must be extended to deliver power to all the active elements of the hydrogen
infrastructure such as pumps and compressors, hydrogen liquefiers, and on-
site hydrogen generators. Hence, a sustainable energy future will be based
on renewable energy from various sources. With the exception of biomass,
renewable energy is harvested as electricity, with solar, wind, hydro or ocean
power plants. In general, theconversion of hydrogen to electricity also will
have its own losses.
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6.2 Limitations of Hydrogen Economy

All losses within a Hydrogen Economy are directly related to the nature of
hydrogen. Hence they cannot be significantly reduced by any amount of re-
search and development. We probably have to accept that hydrogen is the
lightest element and its physical properties possibly do not suit the require-
ments of the energy market. The production, packaging, storage, transfer
and delivery of the gas are so energy consuming that other solutions must
be considered. We cannot afford to waste energy for uncertain benefits; the
market economy will always seek practical solutions and, as energy becomes
more expensive, select the most energy-efficient of all options. Judged by
this criterion, a general "Hydrogen Economy" will be difficult to become a
reality, although hydrogen will gradually become more important as energy
transport and storage medium.
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Chapter 7

HYDROGEN STORAGE BY
AB; SYSTEMS

Vucht et al. first reported the hydrogen storage capability of rare earth-
based AB5 intermetallic alloy in 1970 [1]. Since then, this alloy system has
become the most widely used intermetallic alloy in all metal hydride appli-
cations. ABj alloys are mostly composed of rare earth metals (La, Pr, Ce,
Nd, Er, etc.) and d-block metals (Ni, Mn, Fe, Mo, Co ) [2]. On interac-
tion with hydrogen, AB5 alloys forms AB5H6 metal hydride with CaCub
structure (hexagonal), having better cyclic stabilities, high reversibility, low
equilibrium pressure, fast absorption/desorption kinetics, resistance to im-
purities and low hysteresis. However, due to the limitations of hexagonal
CaCus structure, the hydrogen storage capacity of such alloys are lower (well
within 1.5 wt%) as compared to other intermetallic alloys like, AB,,ang, and
Mg based alloys.[3]. LaNi5 is the most commonly used AB5 alloy which
gravimetric hydrogen storage capacity is 1.49 wt% with desorption plateau
pressure of 1.8 bar at 25°C with almost flat plateau slope [4]. The favourable
propeties like reversibility around room temperature and pressure, LaNis
based alloys are employed in many applications heat pumps, heat transform-
ers,fuel cells, refrigerators and others.

The LaNis system has been modified by substitution of elements like
Pt,Ce,Cd, and Sn in the La position and elements like Fe, Cu, Mn,Al, and
Co in the Ni position. Because of the size effect Al substitution in Ni posi-
tion has received considerable attention. Even though there is increase in the
unit cell volume but decreases the desorption plateau and hydrogen storage
capacity (1.49% to 1.37%).Similar effects were also recorded with Co substi-
tution. However, Co substitution has shown favourable changes in particle
size, crystal structure long cycle life, and higher cyclic stability.

The alterations in the length of the single plateau of the LaNis hydrides
on substituions in LaNiyM ( where M = Pd, Ag, Cu, Cr, and Fe) together
with that of LaNis in Figure.

Based on the observations on the kinetics of Fe,Co and Cr substituted
LaNi5 systems and the plateau pressure decrease, it has been postulated
alloys having similar crystallographic and electronic properties, the reaction
rate may be inversely proportional to hydride stability.
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Figure 7.1: The variation of plateau pressure of the hydrides of ABj; systems
with different substitutions in LaNigM (M= Pd, Ag, Co,Cu,Cr and Fe)
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7.1 Substitution at the La Site

Rare earth metals like Ce,Nd,Pr and Sm was substituted for La in La;_,Re,Nis
the hydrogen absorbed was affected slightly with corresponding changes in
plateau pressure. In these substituted systems with Ce,Pr Nd the stability
of the hydride (less plateau pressure ) were observed to be in the reverse or-
der. Ce substitution decreased the unit cell size and change the equilibrium
pressure together with increase in storage capacity was observed.

Similarly at both La and Ni sites simultaneouly substitutions have also
been carried out. Some of these systems reversible desorptioncapacity aroud
1.45% atroom temperature. The storage capacity and cycle life is affected by
these multiple substitutions. CeNis system with Al substitution at the A site
was also studied and it was observed while the parent system showed negligi-
ble hydrogen absorption Al substituted system could absorb hydrogen. Both
site substitution in CeNi5 showed some positive results, though considerable
improvement in hydrogen absorption was not observed.

Therefore, all these substitutions for A and B in ANS alloys offer vari-
ety of PCI behaviour and thermodynamic characteristics with vide a range
of absorption/desorption kinetics. Because of such variant properties and
hydrogen storage capacity, AB5 alloys are the most potential alloys for sev-
eral engineering applications like hydrogen storage, purification, integration
with electrolyzer and fuel cell. However, the cost of Lanthanum is always a
concern which makes it a highly expensive alloys.
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Chapter 8

HYDROEN STORAGE BY AB
TYPE SYTEMS

AB-type alloys are attractive materials for hydrogen storage because of their
light molar mass and high weight capacities. TiFe alloys with cubic CsCl-
type structures are the most known alloys of this class and stand among the
best hydrogen storage materials up to this date

AB compounds are MAINLY based on TiFe and therefore belong to low
raw materials costs. They are historically important to the early development
of ambient temperature hydrides. The first member of the AB hydride group
was reported as ZrNi in 1958 as reversible hydride ZrNiHj3 desorption plateau
pressure of 0.1 MPa at 300 °C [1]. This material was not further studied for
one more decade due to the high temperature of 573 K. The first practical
room temperature AB hydride was TiFe, discovered at Brookhaven National
Laboratory in the U.S. around 1969 [2]|. Two distinct hydrides (TiFeH and
TiFeH; g5 resulted in two separate plateaus. In this class of AB systems,
most of the systems have multi-plateau PCT curves.

TiFe showed a hydrogen storage capacity of 1.9 wt%, the heat of hydride
formation is 6.72 Kcal(mol Hy)™! and plateau pressure of 0.5 MPa at 313
K. In the AB system useful intermetallic systems are ZrNi, TiFe and TiCo,
among which TiFe has received much attention [3,4]. In TiFe intermetallic
systems Zr can be partially substituted for Ti and Mn, Ni, V, Nb and Si can
be substituted for Fe [5-8]. TiFe and TiFe0.85Mn0.15 were the best-reported
compounds during 1990 in the AB metal hydride system.

Ball milling of TiFe and that of pure Ti in hydrogen atmosphere, it was
found that TiFe could adsorb hydrogen without activation [8|.In order to
overcome the deterioration of the hydrogen absorption properties of TiFe-
based hydrogen storage systems, surface modifications have been suggested
by the deposition of metals (including Palladium). This method facilitated
the hydrogenation of the material even after its exposure to air [9]. Benyelloul
et al. found that the hydrogen insertion in the FeTi structure resulted in
an increase in the bulk modulus. Using density functional theory (DFT)
they deduced that FeTi compound and its hydrides are ductile and that this
ductility changes with changing the concentration of hydrogen [10]. Plastic
deformation created in intermetallics of TiFe using groove rolling and high-
pressure torsion resulted in 1.7-2 wt% of hydrogen absorption in the first few
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cycles thus improving the activation process [11].To improve the activation
process and hydrogen storage capacity, Cu and Y were introduced in Ti-
FeMn alloy as the composition Tiy-95Y¢-0sFeq-ssMng-05Cug- g5 [12]. The
melted alloy had a TiFe matrix. The addition of element Y enhanced the
hydrogen storage capacity as 1.85 wt% at 293 K. The activation and kinetic
properties of the hydrogenated alloy were improved due to the presence of
the secondary phase Cu,Y. Due to its lightweight and low-cost TiFe was
compared with laNij for their application in metal hydride beds [13]. Heat
exchange was higher in the TiFe bed as compared to LaNis filled in a similar
tank. Silva et al. reported on Mg 40 wt% TiFe nanocomposite prepared by
high-energy ball milling.

This process is found to improve the hydrogen absorption at room tem-
perature [14]. To produce active nano crystalline TiFe compound tiH, and
Fe powders were dry co-milled in a planetary ball mill for 5-40 h [15]. All
samples absorbed hydrogen at 2 MPa without additional thermal activation
cycles. Milling for Shorter time of 10 h resulted in easy hydrogen absorp-
tion during the first cycle. However, the samples milled for longer times
(25 and 40 h) have shown better results in terms of reversible and storage
capacities (0.73 and 0.94 wt.%, respectively). In separate research carried
out by Lv et al. hydrogen storage properties of air exposed TiFe + x wt.%
(Zr+2 V) (x = 0, 4, 5 and 6) alloys were studied [16]. Doped samples had
bee TiFe main phase and hep secondary phase. The samples showed fast
hydrogenation kinetics, highest hydrogen capacity and good cycling stability
corresponding to x = 4. Another report focused on the effect of air exposure
on the first hydrogenation kinetics of TiFe +4 wt% Zr +2 wt% Mn alloy
[17]. In this study it has been observed that the air-exposed alloy could be
hydrogenated after ball milling and after cold rolling with some loss in hy-
drogen storage capacity. To improve the hydrogen storage performances of
TiFe-based alloys, TiFey-g—mNig-,Com (m = 0, 0.03, 0.05 and 0.1) alloys
were synthesized. All the alloys were composed of the majority phase of TiFe
and the non-hydrogenated phase of Ti,Fe. The secondary phase favored the
lowering of activation temperature [18|. Zeaiter et al. have reported the
effect of mechanical milling on the morphological, structural and hydrogen
sorption properties of powdered TiFey-oMng-; alloy [19]. Ball milling has
lowered the activation temperature and increased the hydride stability with
a sloppy plateau in the PCT curve. Mn in TiFe alloy acted as a sacrificial
element to prevent the bulk oxidation of alloys [20]. A study was reported
by Patel et al. on the easy activation of TiFe alloy at room temperature
[21]. They showed that the chunks of the alloy under hydrogen pressure can
be activated without any additional grinding media. They termed their pro-
cess as self-shearing reactive milling and observed the full hydrogenation of
FeTi alloys. In another study, TiFeMn has been reported as a useful metal
hydride for forklifts using numerical simulation [22]. The density functional
theory studies made on hydrogen adsorption over TiFe surface and doped
TiFe surface reflected that even a very small amount of dopant can influence
the hydrogen adsorption properties of TiFe alloy [23|. Density functional
theory calculations were applied to investigate the effect of Al, Be, Co, Cr,
Cu, Mn and Ni in the TiFe system. Enthalpy of formation was approxi-
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mated in terms of changes in lattice parameters without the need for Van’t
Hoff plot [24]. TiFeqy-gsMng- o5 alloy has been applied as a hydrogen carrier
for an industrial hydrogen storage plant of about 50 kg of hydrogen [25]. In
general, TiFe is very difficult to activate. It needs heating at a higher tem-
perature of 573-673 K for activation to break the oxygen layer present at the
surface. The intrinsic kinetics of TiFe and related alloys are slower than the
ABj5 compound, but heat transfer is repid.

8.1 Effect of substitution in AB type alloys

In recent years, the effect of substitutions in A or B sites have been inves-
tigated and reviewed, [26,27]. As stated earlier, AB type alloys have been
attractive materials for hydrogen storage applications since they are light
molar mass and light weight capacities. FeTi ( and also most of the AB type
alloys) alloy crystallizes in cubic CsCl type structure. They are also the best
known hydrogen storage materials [28,29|. As seen FeTi shows high theoret-
ical hydroven storage capacity (nearly 1.9 wt%) at ambient conditions. The
elements Ti and Fe form two stable intermetallics namely FeTi and Fe,Ti
and the third FeTis forms only above 1273 K. This third phase dissocites to
FeTi and Ti below 1273 K.

TiFe alone makes two ternary hydrides FeTiH and FeTiH,; and this ab-
sorption depends on Fe/Ti ratio and the oxygen amount in the alloy. The
composition of the alloy also vary in a narrow rage of 49.5 to 52 atomic per-
cent. At other compositions the intermetallic forms two phase mixture of
Fe, and FeTi. If Ti content is higher than 52 at%, the alloy consists of TiFe
and (or) Ti solid solution [30]. Although Ti itself readily forms hydrides,
they are highly stable and are non-reversible at the temperatures of interest
(ambient). The lower plateau level and general shape of the curve is not sig-
nificantly affected but the maximum hydrogen storage capacity substantially
reduces with the increase in oxygen content. Typical results are shown in
Fig.8.1.

TiFe usually requires heating over 573 K for activation, which again sug-
gests the low poisoning tolerance resulting in significant deterioration of hy-
drogen sorption even or trace amounts of gas species (oxygen and water
vapor for instance) [32,33]. The problem of surface oxidation affecting the
first activation can be resolved by partial replacement of the base element
[34-39], mechanical alloying [40,41], surface modifications, groove rolling and
high-pressure torsion [42].

Most of these studiesreports did not show to an improvement in hydro-
gen storage properties, and the result was usually a decreased maximum
hydrogen absorption capacity and increased desorption temperature of the
intermetallic hydrides. Hydrogen. TiFe intermetallic compound is one of the
most promising hydrogen storage alloys, due to its relatively high hydrogen
storage capacity (approximately 1.9 wt%) at near-ambient conditions com-
pared to other AxBy systems. Besides, it is cost effective and also available
in abundance of the constituting elements and hence this system received
maximum attention.
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Figure 8.1: The effect of oxygen content (in the inlet gas) on the hydrogen
desorption isotherm of the reference un-modified TiFe alloy at 313 K [106].
Oxygen content ranges from 0.010 to 0.87 wt% [reproduced from ref.31|

The presence of second phase particles (TiFe,, T1) promotes activation: (i)
lowers fracture toughness of TiFe and (ii) provides interface for preferential
hydride nucleation and penetration. Even small amounts of oxygen ( say of
the order of 1|% and this system doesnot form any hydride.. The level of
plateau pressure determines the stability of the hydride. Partial substitution
of Fe by 3d-transition metals can disrupt and thus modify the stability of
the resulting hydride.

Substitutions in FeTi alloy allow the alloy to be tailor-made with appro-
priate properties for particular application. Mn can be used by providing a
heat-treatment free novel activation route [43]. Shang et al. [44] synthesized
Ti; - Fey-sMng- 5 and shown that partial replacement of Fe with Mn as well
as excess Ti helped to reduce the activation process temperature from 573
K to 423 K and to increase the amount of stored hydrogen from 1.35 to 1.5
wt% under ambient temperature and a pressure of 30 atm. Plateau pressures
can also be altered by Cu substitution for which the cell parameter increases
linearly with Cu content [45]. Hence, the combination of Cu, Mn and oxy-
gen stoichiometry influence the properties of FeTi alloy [46]. The effect of
Mn and Cu substitution for Fe in FeTi and non-stoichiometric Feyg;Ti these
systems show fast kinetics and also higher storage capacity. Jang et al. in
1986 [47] studied Zr substituting for Ti, in TiFe alloy showed improved ac-
tivation properties. Nagai et al. [48| studied the result of Zr addition in
TiFe. Partial substitution of Zr (1to 15 at%) results in TiFe and two other
phases ((Ti;_,Zr,).Fe, a hydride former, and Ti(Fe;_,Zr,)s, a non-hydride
former have been observed. They showed that these systems ca be activated
at room temperature and also these substitutions reduced the incubation
time for hydrogenation reaction.,without any loss in hydrogen storage ca-
pacity. Lee and Perng [49] studied partial substitution of Co, Ni and Al in
TiFe. They observed that Co and Ni (similar size to Fe) addition led to
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the formation of a small fraction of alpha phase (solid solution) with hydrid-
ing characteristics similar to that of pure TiFe, but the addition of Al (large
atomic size with respect to Fe) resulted in a much larger alpha phase fraction.
All these three systems did not require any activation treatment. Kuziora et
al. [50] explored the effect of refractory metals (Ta and Mo) on the hydro-
gen storage properties of TiFe alloys prepared via suspended droplet alloying
(SDA). The resultant alloys, Tij- 5Feq - 45Tag - o5 and Tig sFeq4Mog 1, absorbed
approximately 1 and 1.4 wt% H,.

The effect of Zr, Ni and Zr;Ni;y alloy on the TiFe alloy on the hydro-
genation properties has also been studied. It has been concluded that Zr
addition annihilates the initial activation requirements and reduces the incu-
bation time without affecting the reversible storage capacity.|51] Yang et
al. [52], studied the effect of Cr, Mn and Y substitution for Fe on the
hydrogen storage properties. It was observed that Cr substituted alloys
TiFey-¢Cry- 1, TiFey- gCrg-1 Y- o5 have lower equilibrium pressure and sloped
plateaus, thus providing better hydrogenation kinetics as compared to Mn
substituted alloys TiFey- gMng- 1, TiFeqy - gMng- 1Y (- 05, which have higher equi-
librium pressure but flat plateaus and thus better dehydrogenation kinetics.
Y substitution in Ti-Fe-Mn and Ti-Fe-Cr based alloys resulted in gamma
phase, which transforms to YH3 during hydrogenation. Ha et al. [53] inves-
tigated the contrast in the microstructure of as cast and heat treated TiFe-6
wt% ZrCr, alloys. They reported that the as cast alloy has 65 wt% TiFe and
35 wt% TiFe,. Both the alloys can be activated at room temperature under
30.6 atm H, but the as cast alloy displays enhanced absorption kinetics. Both
specimens showed approximately equal maximum hydrogen storage capacity
of 1.7 wt%. The first plateau for the annealed alloy is flatter in shape and
the desorption isotherm shows less retained hydrogen as compared to the as
cast alloy. Jung et al. [54] conducted a study on tailoring the equilibrium
plateau pressure of TiFe monohydride and dihydride via V substitution for
both Ti and Fe, in order to achieve maximum reversible capacity under a
narrow pressure range. When V substitutes for Ti, the monohydride plateau
pressure increases whereas an opposite trend is seen if V substitutes for Fe.
Interestingly, the plateau pressure for dihydride is lowered in both the cases.
therefore, it appears opportunity to modify FeTi alloy by substitution which
could alter the storage capacity and also hydrogenation kinetics. Detailed
discussion on this topic is available in a recent review[55]. There have been
attempts to improve the hydrogen storage capacity of FeTl system by el-
emental substitution. By adding A-type (Ti) elements like Nb, Zr, and V
into the system, the strength of the hydrogen-metal bonds can be modified,
while the addition of B-type (Fe) elements such as Cu, Ni, Co, Mn, and
Al can improve the electrocatalytic activity, thus facilitating the activation
process. Additionally, alloying with elements such as Mn and V allows reduc-
ing the hydrogenation /dehydrogenation plateau pressure slope. For example,
by substituting Fe by Mn, the lattice constant of FeTi increases, resulting
in lower equilibrium pressure, a smoothed plateau, and decreased hysteresis.
What is more, the addition of Mn induces the formation of secondary phases,
which could act as a channel for hydrogen absorption, leading to a milder
activation condition. In addition, this potential material (feTi) has to be
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produced from high purity materials and attempts have also been made to
develop this intermetallic system from waste steels and other scrap materials
[56].

8.2 Crystal Structure of FeTi

It is known that among the intermetallics, the AB-type equiatomic TiFe IMC
alloys are popular for stationary hydrogen medium due to high volumetric
capacity, hydrogen (de)absorption temperatures and better cycling ability.It
is therefpre. vital to visualize the basic aspects of parent TiFe IMC in terms
of crystal structure and microstructure. TiFe system crystallizes in CsCl
structure with a lattice parameter of 0.2972 nm with Fe atoms at the (la)
site(0.0.0) amd Ti atpm at the (1b) sites namely (0.5,0.5,0.5) positions. It is
to be noted that the crystal systemis not a body-centered cube since of the
presence of different kinds of atoms both at the center and at the corners.
The lattice itself is interpenetration of two primitive cubic sublattices where
each corner atom of one sublattice resides at the body center of the other.
This is show in Fig,2, The unit cell of TiFe has a net total of two atoms

Figure 8.2: The crystal structure of FeTi

(1/8X8 from the corners and 1 at the center), twelve tetrahedral interstices
and six octahedral interstices. Each tetrahedral interstice is surrounded by
two titanium (Ti) atoms and two iron (Fe) atoms giving the configuration of
TisFey. Since TiFe alloy system contains two kinds of elements, it has two
octahedral configurations. When an octahedron interstice is surrounded by
four Ti atoms and two Fe atoms, it is configured as TiyFes. The octahedron
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configuration of TisFey is formed when two Ti atoms and four Fe atoms sur-
round an octahedron site. The geometrical model of an octahedron suggests
that the radius of octahedral interstice depends on the atomic radius of the
top positioned atoms. Since the atomic radius of Ti is larger than that of
Fe, the octahedron configuration of Ti Fe, gives larger (0.32 A interstice size
than that of TiyFey (0.17 A. Thus, the diffusion of hydrogen atom (0.32 A in
the bulk TiFe IMC is more likely to be absorbed in the octahedral interstice
of configuration TiyFe; due to having larger interstice size and more negative
hydrogen absorption energy. It is to be noted that the radius of a tetrahedral
site is 0.38 A in TiFe which should have been the favorable site for hydrogen
absorption due to the geometrical reasons. However, the tetrahedral config-
uration of TisFey in the presence of hydrogen atom was found to be unstable
and hydrogen atoms preferably occupy octahedral sites due to the structural
optimization of the TiFe lattice.

Though in 1980s FeTi was considered as one of the solid state storage
system for hydrogen, its gravimetric energy density (the weight of stored hy-
drogen to be burnt to produce energy related to system weight) is low for
on-board applications. In this context, it is better to compare the storage
capacity of various systems to evaluate the potential of FeTi system for this
storage applications. Relevant data are assembled in Table.1.

Table 1. Comparison of FeTi system storage capacity with other systems.
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Storage targets Content of Hy Energy Density | Content of H, energy density
kg Hy /kg system | kWh /kg kg H,/L system | kWh/L

US DOE (2020) 0.045 1.5 0.030 1.0

TiFeH; g5 0.0175 0.69 0.096 3.78
TiFeojMIlo.zHl.g 0.0172 0.68 0.090 3.55

LaNisHz7 o 0.0137 0.54 0.089 3.51

Hydrogen tank,100 bar | 1.00 39.42 0.0083 0.33

Liquid H, storage tank | 1.00 39.42 0.071 2.80

The current trend of research interests on TiFe-based alloys is mainly
driven by the improvement of its hydrogenation kinetics through engineering
the matrix structure and innovative processing routes.The common routes are
Arc-melting, electrochemical reduction, Mechanical alloying, Self-propagating
combustion synthesis, Self-ignition combustion synthesis, Combustion syn-
thesis, calciothermic reduction and magnesiothermic reduction. With the
technological advancement and continuous research efforts, solid-state hydro-
gen storage systems may replace the industrially successful storage mediums
due to safety features and low cost.
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Chapter 9

HYDROGEN STORAGE BY
HIGH ENTROPY ALLOYS:
HEASs

9.1 Introduction

High entropy alloys (HEAs) is the designation given to systems which con-
tain five or more number of elements possibly in equal atomic weight propor-
tions. These systems have been examined since 2010 and the publications in
this area is increasing rapidly in the last few years. These multi-component
high entropy alloys (HEAs) have excellent mechanical, thermal and oxida-
tion properties as compared to that of the pure metals or the conventional
alloys.[1,2]. The publication on these configuration entropy systems has been
steadily increasing in the last two decades and some of the recent references
are given [3-6]. The investigations on this functional materials started with
the work of Yeh et al, Cantor et al., and Ranganathan. [7-10]. However, as
early as 1981, Cantor and Vincent carried out the first research on multi-
component alloys which is reported in a thesis[11]. This early work consisted
of mixing several components in equal proportions and reported that the
composition FegyCragNiggMngnCogq crystallized in face centered cubic(FCC)
phase. Starting from this observation a wide range of multi-component al-
loys with six to nine elements are now known the Cantor alloy. subsequently,
in 1996 Huang and Yeh [12| independently identified single phase multi-
component alloys and these attempts led investigations on these high entropy
alloy systems. IN these multi-principal element alloys, the high-mixing en-
tropy (also known as configurational entropy) could play an important role
in reducing the number of phases in the higher-order multi-component alloys,
thereby improving the material’s properties. In contrast to typical conven-
tional alloys, which are based on a single principal element, HEAs contain at
least five or more principal elements, each with a concentration of 5-35 (at.
%). The basic principle of HEAs is based on high-mixing or configurational
entropy which can stabilize the single phase in multicomponent system [13].
In general, the configurational entropy of complex alloys is high in liquid as
well as in completely random solid solution; however, HEAs tend to have solid
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solution structures rather than complex intermetallics due to high-entropy
effect [1]. It may be worth mentioning that a German scientist, Franz Karl
Achard had studied the multi-component equi-mass alloys with five to seven
elements before in the late of eighteenth century; however, research findings
were almost overlooked subsequently. This research finding was brought out
in 1963 by Professor Smith and it was shown that most likely this was the
first one such study carried out on multi-principal element alloys containing
five to seven elements [14]. A classic review article on the ‘Alloyed Pleasures:
Multimetallic Cocktails’ was published in 2003 [10].Since then, this new idea
of the equi-atomic multi-component alloys is being explored for developments
of novel materials. Thus, the possibility of exploitation of HEAs for various
applications with a relatively low cost has attracted the attention of the ma-
terials research community [5].

Most of these multi-component intermetallics, have high chemical disorder
to stabilize disordered solid solution phases with simple crystal forms, such
as body-centered cubic (BCC), face-centered cubic (FCC), and hexagonal
close-packed (HCP) structures [15]. Many properties like Physical, chemical,
mechanical, electrochemical properties, high-temperature strength and ther-
modynamic stability, adhesive wear properties, high hardness and strength
properties, electrical and magnetic properties can be realized in a numner of
HEAs [15-19]. However, the properties can further be influenced by the pro-
cessing techniques|2]. The synthesis route can have a significant influence on
the process of phase-choice and microstructural evolution. Multi-component
systems can have many interstitial sites which can be exploited for hydrogen
storage applications [20,21].

9.2 hydrogen Storage Options

The mixing or configurational entropy of a n-component multi-elemental sys-
tem can be calculated according to the equation AS,,;; = R In(n) where R
is the universal gas constant. The variation of configurational entropy for
multi-element alloys is shown in Fig.1.1. In this consideration, regular or-
dering of the constitutent elements are considered but there can be random
ordering and this will also contribute to the calculated entropy. Secondly,
the composition of each element can vary between 5 to 35 atomic percent.
Other factors like enthalpy of mixing, lattice distortion, valence electron con-
centration are other parameters contributing to the stabilization of the solid
solution phase. Most of these HEAs cn be synthesized by any of the conven-
tional metallurgical operations like mechanical alloying, mechanical milling,
arc or induction or laser melting, or any other advanced deposition tech-
niques. Normally, for hydrogen storage in solid state, the interstitial sites
are the preferred sites(either tetrahedral or octahedral) and it is known that
each element in solid state may contribute to one interstitial site. This prob-
ably limits on the atomic mass of elements that can be chosen for the desired
levels of hydrogen storage. From energy considerations, the hydrogen storing
systems should be capable of desorbing hydrogen at reasonable temperature
range. In this sense, HEAs are one of the competing systems,since these sys-
tems can have hydride forming elements which for form weaker bonds with
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Figure 9.1: Configurational Entropy of mixing as a function of the number
of elements for equi-atomic alloys in the random solution state Reproduced
from ref.22

hydrogen, facilitating desorption of the stored hydrogen. However, the avail-
able data ( for example refer to table of data in references 22 and 23) show
these HEAs also show hydrogen storage capacity less than 2.7 wt% which is
far below the value of 6.25 wt% recommended by DOE. These HEAs take up
body centered cubic (BCC), face centered cubic (FCC) or hexagonal closed
packing (HCP) lattice and hence can be expected to provide tetrahedral or
octahedral void spaces and hence can accommodate hydrogen. If hydrogen
were to be accommodated in molecular form then two adjacent hydrogen
atoms should be at a distance of 0.21 nm and the radius of the atoms touch-
ing the interstitial size can be 0.38 A. These statements are pictorially shown
in Fig.9.2. Some of the studies reported in literature on storage of hydrogen
are compiled in Table.9.1.

Figure 9.2: Representation of molecular hydrogen distance and the radius
of the spheres touching the interstitial site Reproduced from ref.22
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Table 9.1: Hydrogen storage data on HEA systems

Alloy Synthesis Structure Storage Ref
Composition method adopted capacity
(Wt%)

CoFeMnTi)xV,Zr, arc melting C14 Laves Phase | 0.03-1.8 24
ZrTiVCrFeNi Laser Ebg.net shaping | C14 Laves Phase | 1.81 25
TiZrNbMoV Laser Enf.net shaping | BCC 2.30 26
Tio.325V0.275Zl"o_125Nb).275 Arc meltlng BCC 2.9 27
TiVZrNbHf Arc melting BCC 2.70 28
TiZrNbH{Ta Arc melting BCC 2.00 H/M | 29
TiVZrNbTa Arc melting BCC 2.50 30
Tig30Vo.o5Zr_ 10Nb_ 95Ta+0.10 | Arc melting BCC 2.2 30
Mego.10Ti— 30 Vo 25Zr0/10Nbg /25 mechanical alloying BCC 2.7 31

More extensive data are available in references|22,32-33].

9.3 Hydrogen Storage Capacity by HEAs

The kinetic data of hydrogen absorption by HEAs have been analysed using

conventional equations like Jander diffusion model, and the Ginstling—Brounshtein

model. Generally the rapid kinetics observed with these multi-component
systems are associated with the lattice distortion and mostly the activation
parameters are close to what one gets for typically MgH,.

The composition, crystal structure, atomic size and shape, pore struc-
ture, and surface topography of HEAs affect the ability to store hydrogen.
Moreover, hydrogen-storage conditions such as hydrogen pressure, temper-
ature, and cycle period also influence their hydrogen-storage capacity. In
2016, Sahlberg et al. [28] discovered that the capability of the TiVZrNbHf
HEA to store hydrogen can approach 2.5H/M (2.7 wt%). Karlsson et al. [34]
investigated the mechanism of hydrogen absorption in the HEA TiVZrNbHf,
which underwent a structural phase transition from BCC to BCT during hy-
drogenation. The hydrogen atoms occupied the tetrahedral and octahedral
voids, which also contributed to the high hydrogen-storage capacity of this
alloy. It was observed that that the addition of lightweight metal Mg not only
changed the cyclic properties but also increased the hydrogen-storage capac-
ity of HEAs. Recently, Serrano et al. [35] designed three HEAs, namely,
Tig5 V35 NbooCrsMns, TizpVsaNbigCrgMng, and TipzsVarsNbogCrigsMnig s,
examined their hydrogen-absorption kinetics at room temperature. The ki-
netics of Tis7 5Va7 5NbogCria5Mnyo 5 suddenly accelerated after 450 minutes,
and the saturation hydrogen absorption reached 3.38 wt%, making it the
HEA with the highest hydrogen-storage capacity at this time. However, the
maximum hydrogen-storage capacity and kinetic properties of this alloy de-
clined significantly after hydrogen absorption and discharge cycles.

It is now recognized that the solid-state hydrogen storage is the one of
the effective and safe mode of hydrogen storage. The effcient hydride-forming
high-entropy materials, i.e., the elements which are strong hydride formers
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High entropy alloys

Low entropy alloys
AS =R

1.5R < AS ¢

Figure 9.3: Classification of High Entropy alloys based on the magnitude of
configurational entropy

will be one of the superior solid-state hydrogen storage materials. It is pos-
sible that better hydrogen storage capacity (greater than 2 weight percent)
can be accomplished via strain-induced distorted lattices in high-entropy
materials, which could favor hydrogen atoms to occupy both the tetrahedral
and octahedral sites. However, all the efforts in HEA materials also did not
give the expected storage capacity. In view of the promise and prospects
of the HEAs due to their composition and structural characteristics, it may
be expected that design of hydride-forming multicomponent HEAs through
suitable processing techniques may lead to a new class of useful and effective
hydrogen storage materials.

The High Entropy Alloys (HEAs) have been classified into three groups
namely Low, medium and high entropy alloys based on the magnitude of
the entropy parameter as shown in Fig 9.3. Among these systems, the high
entropy alloys have been extensively investigated for hydrogen storage appli-
cations. A pictorial representation of this classification is shown in Fig 9.3.

The current research efforts on High Entropy alloys (HEAs) can be con-
sidered from the following two points.
1. High Entropy alloys mostly can absorb higher amounts of hydrogen than
their individual constituents [37]
2. The general criteria for designing High Entropy alloys for hydrogen stor-
age may include that they can be of ABy configuration (A: hydride-forming
elements, B: inert-to hydrogen elements) or C14 Laves phase structured with
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a valence Electron Concentration value around 6.4.

The term Valence Electron Concentration is defined (VEC) as the number
of valence electrons per formula unit. The C14 phase acts as a hydrogen-
storing media at room temperature, the BCC phase provides inter-phases
for hydrogen transport and easy activation. The strategy considered is to
introduce a possible solution to use dual-phase HEAs as new hydrogen storage
materials.

Essentially two definitions are proposed for HEA systems namely based
on configurational entropy and another definition is the system is composed
of five or more principal elements in equimolar ratio. These definitions are
general ones and they have to be further refined. The micro-structure and
properties of HEAs differ from those of conventional alloys mainly owing
to four core effects proposed by J.W. Yeh in 2006. These effects include
the sluggish diffusion effect, high entropy effect, lattice distortion effect, and
“cocktail” effect. (this effect was originally proposed by Ranganathan as anal-
ogy to mixture of alcohols) The root cause of these effects is the mismatch
of the atomic size, modulus, and other properties among the elements con-
stituting the HEA, caused by the large number of different elements in the
alloy. The first three effects are real, whereas the final (cocktail) effect is not
hypothetical and does not need to be verified; it is a concept based on the
unpredictable synergy of the other three effects.

The problems related to hydrogen energy storage and transportation may
be improved by the use of HEAs. These materials may be compared with
other conventional storage materials in terms of storage capacity, the op-
erational parameters, stability and cycle life. Several elements, such as
alloy composition, crystal structure, and preparation method (variety of
preparation methods are employed, to name a few, Mechanical alloying and
spark plasma sintering (SPS), arc melting, resistance melting, induction melt-
ing, laser melting, laser cladding, and laser-engineered net shaping (LENS),
atomic layer deposition (ALD), molecular beam epitaxy (MBE), and vapor-
phase deposition. these methods can be rationalized as solid,liquid and gas
state methods) must be considered when designing and creating HEAs for
hydrogen storage.

To obtain a crystal structure with high purity and good uniformity, the
advantages and disadvantages of various preparation techniques must be
weighed based on the particular scenario. An essential metric to consider
when assessing the utility of an HEA for hydrogen storage is its ability to
store hydrogen. The HEAs are potential hydrogen-storage materials; how-
ever, additional research and improvements are required to enhance their
hydrogen storage/release rate and cycle stability. HEAs are anticipated to
become increasingly important in hydrogen energy storage application and
transportation in the near future. Further improvements in the alloy compo-
sition, preparation process, and hydrogen storage performance are required,
and efficient and reasonable preparation techniques and application tech-
nologies must be developed to achieve commercial applicability. In addition,
the thermophysical properties (such as thermal conductivity, thermal expan-
sion properties,) of high-entropy alloys have not been studied extensively. It
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should be pointed out that alloying generally reduces the thermal conductiv-
ity of metals, so the thermal conductivity of high-entropy alloys may not be
ideal. How to improve its thermal conductivity may also be a key issue that
needs to be solved. It is important to encourage the practical application
of HEA technology for hydrogen storage to support the long-term growth of
hydrogen energy
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Chapter 10

PERSPECTIVES ON SOLID
STATE HYDROGEN STORAGE

10.1 Introduction

Hydrogen storage in solid-state materials appears to advantageous from safety
perspective. As seen in this presentation, extensive efforts have been ex-
panded on finding new and suitable hydrogen storage solid state systems,
like metal-organic frameworks (MOFs), zeolites, metal hydrides(MH), metal
nitrides (M,N3), metal imides (MNR), doped polymers, hollow glass mi-
crospheres, and carbon-based materials. In solid-state storage, hydrogen is
bonded by either physical, e.g., MOF and carbon-based materials, or chem-
ical forces, e.g.,hydrides, imides, and nitrides. Physisorption process has the
advantages of higher energy efficiency and faster adsorption/desorption cy-
cles, whereas chemisorption can result in the adsorption of larger amounts of
gas but, in some cases, is not reversible and requires a higher temperatures
to release the adsorbed gas.

Conceptually, the uptake of hydrogen by solid state materials can be ac-
counted for on the basis of adsorption, absorption or chemical interaction.
In all these methods, the energy input for the process to take place and the
release of hydrogen must not require the energy input greater than what one
can get by using hydrogen as fuel. A second factor that must be kept in mind
is the storage capacity from various angles like the cost, and also the usage
degree (as compared with the present day liquid fuels) and also the weight
factor for both mobile and stationary applications.

Without going into the logistics of minimum storage, the DOE has stipu-
lated that it is essential to have at least greater than 6 weight percent storage
capacity for mobile applications.|1-3]. A simple comparison of the indicators
of solid hydrogen storage materials are given in Table.1

Materials LaNis | CaNis | ZrMn,y | TiCry | TiFe | ZrNi MgoNi | NaAlH, | LiNH,
Capacity Wt% | 1.8 1.4 1.5-2.0 | 2 1.6 1.6 3.6 5.6 10.5
Temp °C 25 25 25-100 | 25-100 | 100 | 25-100 | 250-350 | 150 150
Pressure(MPa) | 9.1-0.3 | 0.1 0.1-1 0.1-1 1-2 1-3 0.1-0.3 | 0.1-1 0.1-1
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Figure 10.1: Crystal structures of (a) LaNi5 (b)CaNi; ( ¢)ZrMns (d) TiCry

It is seen from the data given in Table 1 that most of the systems do not
show the desired levels of storage capacity. This limit that is often realized
and have to be rationalized. let us now look at the crystal frame-work of
most of these intermetallic systems.

From the figure 10.1 and 2 it is seen there are many types of void spaces
and the ab or adsorbed hydrogen should be occupying these void volumes
only.

It is generally considered that every element in tetrahedral or octahedral
configurations contributes one void space and in this sense if the void space
is the site of occupancy of stored hydrogen then to have a storage capacity
around 6 weight percent means the average atomic mass of the constituent
elements in the storage medium may be around 15=20. This provides a clue
why Mg based materials show considerable hydrogen storage capacity. This
implies that the search of solid state materials for the purpose of storage
of hydrogen has to change the direction and also adopt newer concepts in
designing and selection of materials.

10.2 The Status of Hydrogen Storage in Solid
State Materials

In selecting suitable materials for hydrogen storage applications one of the
components has to be activating hydrogen (Hydrogen ab/adsorbing) and an-
other element is usually considered to be inert towards hydrogen possibly
facilitating other processes like diffusion, spill-over and migration of hydro-
gen. It is not identified if the metallic element active for the activation of
hydrogen has to activate the molecular hydrogen or should be capable of
dissociating the hydrogen molecule so that hydrogen storage takes place in
atomic form. Both molecular and dissociative adsorption will require differ-
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Figure 10.2: Crystal structure of (a)FeTi (b)ZrNi (c¢)MgsNi

ent experimental conditions and storage characteristics will also accordingly
different. This question has been considered a number of times in the past,
but the answers are not conclusive and still it is a debatable point. Many
computational studies have been made to calculate the binding state and
binding energy of hydrogen on various surfaces like graphene, (pristine or
defect) intermetallics, transition metals and these studies though have pre-
dictive power, has not yet provided the direction to identify the appropriate
material for hydrogen storage.|4|. The following issues can be identified that
need attention regarding storage of hydrogen.|5,6] They are:

e Development of Materials and Optimization: While considerable ef-
fort has been made in developing novel materials with large hydrogen
storage capacities, still there is a need to understand the underly-
ing principles driving hydrogen interaction with these materials. For
optimizing materials that are presently tired and search new ones, a
enhanced knowledge of the thermodynamics and kinetics of hydrogen
adsorption/absorption and desorption is required.

e The slow kinetics of hydrogen absorption and release is a stumbling
issue in solid-state hydrogen storage. The sluggish hydrogen sorption
kinetics of the many promising materials restrict their potential for
practical use. Exploring novel ways to improve the kinetics of hy-
drogen diffusion, adsorption, and desorption inside solid-state storage
materials needs more knowledge through research.

e While the attention has been on searching improved materials, addi-
tional investigations on the integration of solid-state hydrogen storage
devices into practical and commercially feasible applications is required.
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Understanding safety elements such as material stability, heat manage-
ment, and pressure regulation are critical for wide spread implementa-
tion.

e The research of multifunctional materials that may combine hydrogen
storage with additional capabilities, such as thermal storage and uti-
lization, catalysis, or electrical applications, should be intensified. The
development of these materials would facilitate hydrogen storage to be
integrated into diverse and energy-efficient devices.

e To be economically feasible, solid-state hydrogen storage materials must
exhibit long-term stability (sufficient life term) and endurance. Com-
prehensive studies that analyze the deterioration processes of storage
materials under real-world settings, including temperature fluctuations
and cycling, are limited in the literature.

Hydrogen is becoming an ideal fuel for clean and sustainable energy car-
rier of the future, due to its outstanding properties and its environmental
acceptability as compared to other fuels in use today. Hydrogen storage re-
mains the persisting obstacle toward hydrogen integration into the energy
market and global economy. Solid-state hydrogen storage is a fast-expanding
subject with several problems and potentials ahead. Focusing on the gaps in
the literature will pave the way for practical and efficient solid-state hydrogen
storage technologies, allowing hydrogen to be widely used as a clean energy
alternative in the near future. To realize the full potential of solid-state hy-
drogen storage and contribute to a sustainable energy future, researchers,
policymakers, and industry stakeholders must work together. Among sev-
eral methods to store it, a solid-state hydrogen storage system has attracted
the attention of the scientific community due to its remarkable advantages
like high volumetric storage density at moderate pressures and temperature,
especially for metal hydrides. However, they are generally retarded with
slow kinetics or a high temperature required for desorption. Many studies
have been carried out by researchers and engineers to overcome these hur-
dles by using diverse methods like alloying, catalysis, nano-structuring, and
nano-confinement, where many encouraging results have been evolving.

10.3 Perspectives and to be Answered Points
on Hydrogen Storage in Solid State Ma-
terials

It can be expected that new materials with high storage capacities can be
used to develop new hydrogen storages despite the required thermal man-
agement that are promising low-pressure, low-risk solutions for stationary
applications. The future directions of study in hydrogen storage should con-
centrate on the following aspects:

e Future research should focus on applying sophisticated characterization
techniques, such as in-situ spectroscopy and diffraction, neutron scat-
tering methods, and theoretical and computer modelling, to overcome
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the existing literature gap. These methods can give useful information
on structural changes and hydrogen state and behavior in solid-state
storage materials.

e Exploring hybrid materials and composite architectures is a possible
way to improve hydrogen storage qualities while addressing the slow
kinetics issue. Combining several storage methods, such as physisorp-
tion and chemisorption, associative and dissociative may result in syn-
ergistic benefits and better overall performance.

e To achieve improved hydrogen storage capacities and acceptable ki-
netics in solid-state materials, research should concentrate to uncover
newer sorption processes such as quantum effects and confinement.

e The understanding of the solid state structures and the available void
spaces and the state of hydrogen accommodated in the solid state mate-
rials and the dynamics of hydrogen (migration and diffusion) contained
in solid state should be clearly discernible. This aspect has been studied
but clear understanding is required.

e Appropriate and acceptable level manufacturing procedures must be
developed to ensure solid-state hydrogen storage is transferred from
the laboratory to real-world applications. The focus of research should
be on cost-effective and scalable synthesis methodologies that preserve
material performance.

e Possibly more attention and investigations must be done to make the
process of storage of hydrogen amenable around mild conditions of tem-
perature and pressure in order to achieve maximum energy efficiency

e the role of spill-over and its effect in hydrogen storage in solid state
materials should also be addressed and sufficient clarity is obtained

e In the future these solid state storage methods should be capable of
integrating with fuel cells driven cars, portable electronic devices, and
should be possible to unite with grid storage, This integration will can
provide suitable feedback for optimizing the materials and also facilitate
the design of the system.

e Utilizing numerical simulations with innovative designs and configura-
tions, can be considered as strategic approaches with the potential to
enhance the overall efficiency, capacity, and performance of solid-state
hydrogen storage systems.

10.4 What is in Store for Future in Hydrogen
Economy?

The first Vision for the future Hydrogen is its large heating value and the
possibility of using hydrogen produced from renewable energy sources in a
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closed cycle. Fossil fuels started the industrial age, hydrogen will bring in
an economic and technical revolution. Depending on the investments, the
society will be able to profit from a hydrogen-based environmentally clean
energy economy. Hydrogen will be stored in various ways depending on the
application, e.g.mobile or stationary. Today we know about several efficient
and safe ways to store hydrogen; however, there are many other new potential
materials and methods to store hydrogen. The material science challenge is
to better understand the electronic behaviour of the interaction of hydrogen
with other elements and especially metals.Complex compounds like Al(BH,)3
to be investigated and new compounds from the lightweight metals and hy-
drogen will be dscovered. Based on today technology, a car powered with
an internal combustion engine consumes kg (3 1) of gasoline per 100 km.
Energetically this corresponds to 0.8 kg of hydrogen per100 km. In order
to drive the car for 500 km before refilling the hydrogen storage system, the
vehicle needs 4 kg of hydrogen on board. A tanks with 4 kg of hydrogen
stored in metal hydride is about 300 kg and a volume of approximately 60 L.
Such a storage vessel is mainly a steel compartment filled with metallic pow-
der. Furthermore, energy conversion device more efficient than the internal
combustion engine for example fuel cells will be developed and will reduce
the amount of hydrogen necessary on board and therefore the weight of the
storage system as well.
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Chapter 11

Intermetallic Hydrides and Other
Solid State Materials for
hydrogen Storage

11.1 Introduction

Many different (AB) types of metal hydrides have been proposed with one
of the element is having affinity for hydrogen while the other element is not
having much affinity for hydrogen. The simplest type is AB typical example
being FeTi. Many of these compounds (MH,) show large deviations from
ideal stoichiometry (n=1, 2, 3) and can exist as multi-phase systems. The
lattice structure is that of a typical metal with atoms of hydrogen at the in-
terstitial sites; for this reason they are also called interstitial hydrides. This
type of structure has the limiting compositions MH, MH 5, and MHjs; the
hydrogen atoms fit into octahedral or tetrahedral holes in the metal lattice,
or a combination of the two types. The hydrogen carries a partial negative
charge, depending on the metal; an exception is, for example, PdHy 7. Nor-
mally, the elements by themselves do not give rise to stable hydrides (except
Pd) and to a small extent Ni and Cu.

The A element is usually a rare earth or an alkaline earth metal and
tends to form a stable hydride. The B element is often a transition metal
and forms only unstable hydrides. Some well defined ratios of B to A in the
intermetallic compound are x=0.5, 1, 2, 5. These systems have been found
to form hydrides with a hydrogen to metal ratio of up to 2.

The thermodynamic aspects of the hydride formation from gaseous hy-
drogen is described by means of pressure-composition isotherms. While the
solid solution and hydride phase coexists, the isotherms show a flat plateau,
the length of which determines the amount of H, stored. The initial rising
portion in the isotherms refers to the dissolution of hydrogen or it is often
called the alpha phase. In the hydride phase, called the beta-phase, theH,
pressure rises steeply with the concentration. The two-phase region ends in a
critical point T, above which the transition from alpha to beta-phase is con-
tinuous. The equilibrium pressure p., as a function of temperature is related
to the changes in the enthalpy and entropy, respectively, by the Van’t Hoff
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Table 11.1: A bird’s eye view of the storage capacity of various options

Storage method H, content | Volumetric volumetric
weight % | density (g/L) | energy density(MJ/L)
H; gas one bar RT 100 0.0814a 0.01
700 bar, RT 100 414 4.97
MgH, 7.6 110 13.2
FeTiH, 1.89*% 114 | 13.7
NaAlH4 7.5 80 9.6
Zeolite (NaX) at 77 K and 40 bar 2.55 20 2.4
MoF (MOF-210) at 77 K and 80 bar | 7.9 25.8 3.1
Methylcyclohexane/toluene 6.2 47.3 5.68

equation: Typical Van’t Hoff plots for many of the metarmetallic hydrides
are shown in Fig.1.

TI'C]
700 500 300 200 150 100 0 20 0 20
of MeFe | e N, \
& 4 TGy oM, 5
2 ol TiFeH
= F'EI'H-_L :QM'EHI |
R . .
[ul
= &
-E.l B
g 2
2
B0y
=}
d MgH, LaMi Mg 10
=)
LaMi, AL H,  LaMiAH,
uli:lq T T T A T 5 T T T
1.0 15 20 25 30 35 40

10T K]

Figure 11.1: Typical Van’t Hoff plots of some hydrides.

Metal hydrides are very effective for storing large amounts of hydrogen in
a safe and compact way. All the reversible hydrides working around ambient
temperature and atmospheric pressure consist of transition metals; therefore
the gravimetric hydrogen density is limited to less than 3 weight%. It is still
a challenge to explore the properties of the lightweight metal hydrides as hs
been stated earlier. It is better to assess the various storage options that
have been tried so far. The gravimetric and volumetric storage capacity of
the various methods that are examined are given in table 1.
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Table 11.2:
The important families of hydride-forming intermetallic compounds including
the prototype and the structure adopted .In this A is an element with a high
affinity for hydrogen and B is an element with a low affinity for hydrogen

Intermetallic compound | Prototype | Hydrides Structure

ABs LaNig LaNisHg Haucke Phase, hexagonal

AB, ZrVy ZrVyHs 5 laves phase,hexagonal or cubic
AB3 CeNij CeNisHy hexagonalPulNij type

A,By Yo Niy YoNizHg hexagonal, Ce;Ni; type

AgBos YeFeos HogFeasHio | Cubic, ThgMnas type

AB TiFe TiFeH, Cunic,CsCl-type

A,B Mg, Ni Mg,NiHy Cubic, MoSi, type

11.2 Alanates for Hydrogen Storage

Aluminum hydride (AlH3), because of its high hydrogen storage capacity and
highly abundant aluminum reserve in nature, has been considered as a po-
tential hydrogen storage material [1]. However, AlHsis transformed into pure
Al with a bad reversibility after desorption and hence its utility for hydrogen
storage is questionable. In viewof this drawback, these systems are considered
in combination with other species that are of low cost. Among them LiAlH,
and NaAlH, are the two candidates that have been considered. . LiAIH, with
a high hydrogen storage capacity (10.5 wt% H,) has been investigated in the
past few decades. . However, poor reversibility and unsatisfactory desorp-
tion kinetics also restrict its development to practicality. To overcome these
problems, numerous approaches have been adopted to improve its hydro-
gen storage properties, including high energy ball milling, compositing and
doping with catalysts doped in LiAlHy like nickel ferrite, titanium chloride,
SWCNT, TiN, TiC andother ferrites. Similarly some of the typical catalysts
that are also used in combination with NaAlH,. The nano-confinement of
these systems in porous materials like MOFs and other systems like CeOq
and carbon materials have also been examined to improve the practical des-
orption kinetics and temperature. Alanates though have been considered as
the promising candidates for hydrogen storage due to the high energy density
and low cost. however, the high stabilities, sluggish kinetics, poor reversible
capacity drawbacks restrict their practical application. The recent studies
on the complex Al-based hydrides include nanoscaling, doping catalysts and
compositing modification. These studies have helped to reduce the temper-
ature of operation, better reversibility and cycle ability, improved reaction
kinetics. Hydrogen decomposition kinetics of complex Al-based hydrides now
can be controlled in a relative low temperature by using catalyst or modi-
fying with carbon-based materials. In recent years, the research trend of
combining nano-corefinement with catalytic strategies is to adopt multiple
strategies to improve hydrogen storage performance. However, there are still
some lack of information on the alteration by the addition of catalysts or
nano-confinement on the thermodynamic and kinetic barriers and also one
has to overcome the limitations on the unfavourable rehydrogenation of these
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systems and the mechanism of rehydrogenation has to be cleared in a better
manner. The further studies on alanates for hydrogen storage have to foucs
on:

e Synthesizing novel active dopants with superior catalytic activity.

e Exploring more prospective alanates-based composites systems to en-
hance the thermodynamic and kinetic performance.

e Developing an approach to combine catalytic doping and structure
modification to improve the reversible hydrogen absorption and de-
hydrogenation performance, which can lead to a synergistic effect.

e Observing the structural evolution of alanates dynamically through in-
situ characterization technology and establishing a micro-scale mod-
elling approach.

e the hydrogenation mechanism, hydrogen transfer and interface effects
of the composite system have to be clearly delineated.

with all these efforts, the utility of these systems for hydrogen storage appli-
cations may still be questionable?

11.3 Borohydrides as Hydrogen Storage Sys-
tems

Lithium boro-hydride LiBH, has shown a high gravimetric density of 18 wt%
as both Li and B elements are very light. Nevertheless, the desorption of hy-
drogen occurs at a high temperature greater than 740 . By adding MgH,
and TiCl; as catalysts, LiBH)4can store reversibly 8 to 10 wt% of hydrogen,
but the reaction kinetic remains very sluggish. Also, this material has a cost
limitation. There are other borohydrides with a range of hydrogen storage
capacity up to nearly 20 wt% in Be(BH4)s and as low as nearly 2wt% in
AgBH,. The positive effect of nanoconfinement and compositional modifi-
cation to Mg(BH,)s while doping with catalyst showed a improved effect on
the performances. Though favourable gravimetric and volumetric densities,
there are also some limitations in the de/hydrogenation reaction that could
be mitigated via catalysis, additives, nano-structuring, nano-confinement and
heat management [2|. The main challenges of using complex hydrides as
hydro-gen storage materials are the high desorption temperature, slow ki-
netics and irreversibility of the sorption process. These properties can be
altered to some extent through stabilisation/destabilisation, catalyst addi-
tion and nanoconfinement methods. In this respect, nano-confinement in
combination with stabilization/destabilization attempts may befavourable.
Conventional nano-confinement ap-proaches utilize nanoporous structures,
i.e., carbon scaffolds, to encapsulate complex hydrides via melt infiltration
or solution impregnation methods. The temperature for hydrogen release
from the confined hydrides is largely decreased due to the higher ionic mobil-
ity at the nanoscale and the interaction with the wall of the scaffold.However,
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the effectiveness of nano-confinement of borohydrides along these two main
synthetic approaches is barely well characterized. The relationship between
these two approaches should be examined. Thus, the effect of different types
of scaffolds on the hydrogen storage properties should also be investigated as
to finally set grounds to determine accurate evolutions of enthalpy, entropy,
activa-tion energy as well as reaction paths upon the nanosizing of botohy-
drides. In the confinement methods, the interaction between the hydride (
the surface, morpholoty and size) and the scaffold has to be understood. In
some cases the hydride may leach out of the scaffold and the stabilisation in
the scaffold by addition of halides has been proposed. This melting of the hy-
dride should be carefully examined. To further improve the hydrogen storage
capacity, it is essential to use a lightweight scaffold instead of the bulky car-
bon materials. The core-shell approach provides a potential path to solve the
problem associated with the use of conventional scaffolds. This method al-
lowed stable high reversible capacity with nanosized NaBH44. However, this
requires a careful control of the synthetic process, since many factors can
affect the particle size, shape and the growth mode of the shell. The growth
of a uniform layer requires a careful consideration of the physical properties
of the core and shell materials (i.e., lattice mismatch, electronegativity and
bond-energy). It also requires precise control of the atomic diffusion at the
surface of the core, which is governed by the reaction temperature and con-
centration of the monomer in the solution.[3]. some improvements on the
storage properties of borohydride through stabiliza-tion/destabilization, ad-
diton of catalysts and nanoconfinement have been achieved. Reactive hydride
composites have shown enhancement on the thermodynamic aspect of boro-
hydrides, however, the hydrogen release kinetics remains still slow and often
require the addition of catalysts. These aspects need careful reevaluation.

11.4 Zeolites as Hydrogen Storage Materials

The pore size of zeolites enables tailored adsorption capacities, facilitating
optimal hydrogen storage conditions. Zeolites also exhibit structural sta-
bility, maintaining their porous framework even under varying temperature
and pressure conditions, ensuring reliable hydrogen storage. Zeolites allow
for reversible adsorption and desorption of hydrogen, making them suitable
for on-demand release of stored hydrogen. They are chemically compatible
with hydrogen, reducing the risk of undesirable reactions and ensuring safe
storage. Zeolites can be functionalized with other materials such as active
metals or heteroatoms to enhance their storage capacity, offering opportu-
nities for further optimization. These advantages make zeolites a promising
material for efficient and reversible hydrogen storage, contributing to their
potential use in various hydrogen-related applications.

Table Some Representative Data on Hydrogen Storage by Zeo-
lites
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Material SA (m?/g | Pore size (nm) | Hydrogen uptake Wt%
Zeolite beta | 32— 9.08 2.6
H-Chabazite | 490 - 1.12
H-SAPO 547 - 1.09
Mordenite 42 - 0.224
Clinopliolite | 42 - 0.065
ZSM-5 413 0.51 0.2
US-Y 655 0/74 0.4
Na A Zelite | - 10.41 1.54
Faujasite 462 4.8 2.25
Zeolite A 324 2.3 1.94
Analcine 36 - 0.74

The recent breakthroughs represent a significant stride in unraveling the
hydrogen storage mechanism of zeolite materials, paving the way for the de-
velopment of more efficient and sustainable hydrogen storage technologies
like modifying or doping the zeolite or improving the activation procedures
of zeolite. Recent studies have delved into the dynamic behavior of hydrogen
molecules within zeolite pores, elucidating the impact of pore geometry, flex-
ibility, and surface interactions on hydrogen adsorption. Numerous factors,
such as surface area and pore volume, the interaction of molecular hydrogen
with the internal surfaces of the micropores, the stability of the molecular
adducts, and the ideal storage temperature, have been demonstrated to af-
fect the hydrogen storage mechanism in porous materials such as zeolites.
The crucial elements for high adsorption capacity are surface area, pore vol-
ume, and channel size. Hydrogen molecules are driven into the cavities of
zeolites through a process of adsorption that involves low temperatures and
pressure. Comparing the hydrogen-storage data of zeolites and zeolite-like
materials revealed that adsorption mostly occurs at high pressures.

The aspect of hydrogen storage by zeolites will continue to interest the
research community in the future. As available data show that though great
efforts in the synthesis and development of high-performing zeolites toward
enhancing hydrogen storage have been made there is still these systems store
only a limited extent in relation to DOE standards. The functionalization
and structural surface modification of zeolite and modification by using other
doping materials (active metals/metal oxides, and heteroatoms) would be
pursued in the future. Diffusional limitations of porous zeolite have to be
improved by the modification of the zeolite surface.

For hydrogen storage application with all necessary characteristics like
high adsorption/desorption capacity and kinetics; the zeolites need to possess
a high specific surface area (500-3000 m?-g~!), reasonable pore size (0.2-0.1
nm), suitable pore volume (0.4-2 cm?.g™!), average particle size (1-50 nm),
pressure (105-206 Pa), moderate crystalline frameworks and with a moderate
reaction temperature (room temperature to 473 K). Similarly, surface and
structural modifications through the doping of active metals, such as yttrium
(Y) and other transition metals, and the doping of heteroatoms such as car-
bon or nitrogen appear to offer scope for improvement in storage application.

In conclusion, hydrogen storage using porous adsorbents is a good choice
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for improving hydrogen storage of metal hydrides. Among the various types
of porous materials, zeolites play a vital role as an adsorbent in hydrogen
storage. The principle that makes zeolite distinct from other types of porous
materials is due to its better stability and high catalytic performance. The
major factors that can affect hydrogen storage based on zeolite adsorbent
are the Si—Al ratio, size of the adsorbed molecules, pore size, and conditions
like temperature and pressure. However, hydrogen storage capacity could be
improved by using zeolite, with appropriate surface modification, activation,
and incorporation of active materials.
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Chapter 12

A Brief Comparison of
Intermetallic Systems

12.1 Introduction

For better comprehension of the intermetallic systems, the data on the pro-
totype, hydrides and structure are assembled for ready reference in Table 1.
The advantages and disadvantages of some of these systems are considered
and given in Table 2. For most of the other intermetallic or alloy hydrides
these aspects considered in this table hold good, For the sake of brevity, in
this chapter, we are considering only typical systems representing different
groups (like Ab, ABy and ABj;) and sub-groups of metal hydrides and a
typical metal hydride namely— MgH, together with NaAlH, as example for
complex hydride. By considering technical, economic as well as environmen-
tal aspects, the advantages and disadvantages of the investigated materials
have been identified. A summary is of this information is given in Table 2 in
a concise form. The selection of the hydride depends on the application and
its operating conditions. MgH, is the most cost-effective and abundant of the
hydride materials, with good potential for recyclability. Its high gravimetric
hydrogen storage capacity of 7.6 wt% gives it a weight advantage compared
to other interstitial hydrides like LaNi; and other systems.. However, re-
versible operation requires operating temperatures upwards of 573 K, which
is the main limiting factor for many applications.

The main advantage of metals as compared to the interstitial group of
AB type such as TiFe, TiMns and LaNiy are favourable operating conditions
at near ambient temperatures and low pressures. This is advantageous for
reversible operation as well as system integration with other typical hydro-
gen technologies. Due to a low gravimetric energy density these materials are
primarily suitable for use in stationary applications. Of the three interstitial
hydrides considered, TiFe and TiMny have a significant cost advantage over
LaNi; due to La being a rare-earth material. The main drawback of TiFe is
the required activation of the material before it can be used for storing hy-
drogen, but is compensated by a good operating range below 30 bar. TiMny
requires slightly higher pressures at ambient conditions and shows a higher
degree of hysteresis between ab- and desorption. LaNis is easily activated and
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Table 12.1: The important families of hydride-forming intermetallic com-
pounds including the prototype and the structure adopted .In this A is an
element with a high affinity for hydrogen and B is an element with a low
affinity for hydrogen

Intermetallic compound | Prototype | Hydrides Structure

ABj LaNis LaNisHg Haucke Phase, hexagonal

ABs> 7rV, 7ZrVyHs 5 laves phase,hexagonal or cubic
ABj3 CeNig CeNizHy hexagonalPuNis type

A,B~ Y Niy Y,NizHg hexagonal, CesNi; type

A6B23 Y6F€23 HO6F623H12 Cubic, Th6MD23 type

AB TiFe TiFeH, Cunic,CsCl -type

A, Mgy Ni MgoNiHy Cubic, MoSi, type

requires the lowest operating pressure at ambient temperatures among the
three materials. Some remaining challenges are optimizing specific material
properties (pressure plateaus, hysteresis, number of cycles during lifetime)
through material enhancements tailored towards a specific application. The
main challenge according to material and system producers is taking the large
step towards large-scale production and attracting appropriate application.

Complex metal hydrides are of particular interest for mobile applications
because of their high hydrogen storage capacity and light weight. However,
due to the multi-step de-/hydrogenation under increasingly harsher condi-
tions, the practical reversible hydrogen storage capacity under feasible con-
ditions is far below the theoretical values. Furthermore, the slow kinetics
and low reversibility at high temperatures pose a challenge for use in (mo-
bile) applications. New catalysts and reaction pathways are currently being
investigated to overcome the disadvantages. Thermal management is also an
issue. So far, the technology based on complex hydrides still lacks commercial
maturity and requires further fundamental research.

The raw material abundance and good recyclability of some metal hy-
drides provide an interesting advantage compared to high-pressure gaseous
tanks using carbon-fibre materials. With the importance of circular economy
and reduction of carbon emissions over the life-cycle growing, this advantage
could provide the necessary game changer for establishing of metal hydrides
on the medium- to long-term. Thus efforts on recycling processes and end-
of-life studies should be increased. Good recycling options would also lead
to a cost reduction of the tank manufacturing, which allows metal hydrides
to better compete with other storage technologies on price and reach the
manufacturer targets.

12.2 Comparison of Selected Intermetallic Sys-
tems

The low price of Mg and a variety of manufacturing methods promise for po-
tential large-scale production of the material. The high gravimetric as well as
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volumetric energy densities are a major advantage compared to interstitial
hydrides. However, the drawbacks of this material are the high operating
temperatures and high reaction enthalpy. Coupling the MgH2-based stor-
age with high temperature electrolyzers/fuel cells (SOEC/SOFC) is a viable
option. The reaction enthalpy of 76 kJ/mol means that almost thrice the
amount of heat needs to be removed (absorption) or supplied (desorption)
compared to some interstitial hydrides ( = 25-30 kJ/mol). An option is to
use a phase change material to store the heat during absorption and provide
heat during desorption. However, this requires additional weight and space
as well as a more storage tank design. Another alternative is to lower the
desorption temperature by doping with transition metals, but again at the
expense of weight. At present this thermal management is a problem for this
system.

The high energy demand of conventional melting processes, high-grade
titanium material costs as well as activation processes represent a bigger
hurdle for large-scale production of TiFe intermetallic. The relatively low
operating temperatures and pressure allow for the storage to be coupled the
with different hydrogen technologies. Thus, TiFe storage systems appear
commercially viable for different stationary applications. Lowering the pres-
sure plateaus helps increasing the operating temperature range, which can
be achieved by partial substitution of Mn. By substituting Mn and V into
the metal lattice, the additional benefits for operation are reduced hysteresis,
increased capacity and a smoother pressure plateau. For mobile applications
the low gravimetric capacity of TiFe (and interstitial hydrides in general)
poses a challenge.

TiMn, is produced by melting methods. However, no activation treat-
ment is needed, leading to an advantage for large-scale production compared
to TiFe. With consideration of the operating pressures and temperatures,
similar stationary applications as for TiFe represent potential use cases. But,
the higher pressure plateaus of TiMn, are disadvantageous, limiting the max-
imum operating temperature. Furthermore, the larger hysteresis means a
lower reversible storage capacity compared to TiFe. the storage capacity of
TiMn, is enhanced by partial substitutions with several metals. The choice
between TiMnsy and TiFe depends on the requirements of specific applica-
tions/systems and costs.

In the case of LaNi; the availability and high price of the rare-earth
material lanthanum (La) is a major factor. However, the easy activation,
good kinetics and lower pressure plateau allows it to compete with other
interstitial metal hydrides. For the mobile applications, the lower gravimetric
capacity compared to TiFe or TiMn, is an additional disadvantage.

The relatively low production and raw material costs enable large-scale
production of NaAlH,. Compared to the interstitial hydrides, this material
has a significantly higher gravimetric energy density, but suffers from low re-
versibility and less favourable operating conditions. For mobile applications,
however, the weight advantage could outweigh the less favourable operating
conditions. The material should be doped with TiCls or other catalysts to
improve reversible operation.
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LiBH, is the material with the highest theoretical gravimetric energy den-
sity among metal hydrides and thus the subject of various research groups.
However, there are several hurdles, the first being expensive production as
well as high demand for lithium. The high operating temperatures pose a
similar problem as with MgH, for stationary applications. Similar to NaAlHy,
the material also suffers from low reversibility. But the potential benefits of
the high gravimetric density for mobile applications justifies further efforts
regarding alternate cost-effective production paths, lowering the operating
temperature (e.g. doping with halides) and improving reversibility.

Therefore it appears that the choice of material will depend on the de-
tailed requirements (weight, costs, safety aspects and operating conditions,)
of a specific application. As such, at present, intermetallic systems only of-
fer scope for hydrogen storage, and further refinements only will make them
suitable for commercial exploitation.
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12.3 Advantages and Disadvantages of Differ-

ent Intermetallic Systems

Table 2. Main Advantages and Disadvantages of Typical Interes-
tial, Metal and Complex Hydrides

Hydride | advantages disadvantages
MgH, * Inexpensive and abundant * Sluggish Kinetics and poor cycle stability
* High H, Capacity ( 2 Wt%) * Slow (First) Hydrogenation
* Thermal stabilty * High desorption tempeerature(573 K) and e
* Good Recylability * High sensitivity towards oxygen
TiFe * Inexpensive and abundant * Demanding Conditions for first
activation (673 K)
under vacuum or H, atmosphere
* simple enhancement * Relatively low gravimetric
by substitution Common storage capacity
* good cycling stability at low pressure * low hydrogenation rate
* mild operating conditions * high sensitivity towards gas impurities
(30-70°C 10-20 bar) (CO/CO,) and oxygen
* good recyclability
TiMny, | * Good Kinetics * sensitivity towards gas impurities
* Inexpensive and abundant * high equilibrium pressure plateau
* long-term stability /durability * hysteresis effect
* ambient operation temperature * “oxygen-affine”
* mild activation conditions
LaNi5 * low operating temperature and pressure | * low specific energy density,
(ambient) H, storage capacity (1.4 wt%)
* high hydrogenation rate * expensive
* mild activation conditions * abundance: rare Earth material
* high volumetric capacity * flammable
* good cycling stability
* high resistance towards gas impurities
NaAlH, | * light weight * expensive and not abundant (Li)

* very high hydrogen storage capacity

* slow kinetics and rather
poor reversibility
* flammable and hygroscopic
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Chapter 13
APPENDIX

In this section, some relevant data are assembled on the properties
of various solid state materials for hydrogen storage. These data
are for information and usage whenever required. Many of the
data have been assembled from various literature sources.
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Table Al: Some Data on Hydrides are assembled for ready
reference
Hydride Molecular Melting | Start of Hydrogen
weight (g/mol) | point’C | Decomposition | content
°C wt%
Li(BH), 32.8 275 320 18.4
Na(BH), 37.8 505 45 10.6
K(BH), 53.9 585 584 7.4
Be(BH4)2 38.6 - - 20.7
Mg (BH,), 53.9 - 320 14.8
Ca(BH,), 69.8 - 360 11.5
Al(BH,); 71.4 64 40 16.8
Zn(BH,), 98.04 - 8.4
Sc(BH,); 86.45 - 13.5
Zr(BH,), 150.55 - 10.7
Li1.5M0.5(BH4)3 - - - 3-6
LiMg,5(BH,) - - - 2
LiCa(BH,); - - - 5.4
LiBH,/Mg(BH,); | - - - 2.5
L1BH4/Ca(BH4)2 - - - 4.0
LiBH,/1/2MgH, 400 114
NaAlH,/Ti 35-130 5.5
NaAlH+4/TiCly 100-135 4.0
NaAlH,/TiO, 125 5.5
MgH, /2LiNH, 180-200 5.6
Mg,NiH, 5.6
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Table A2: DOE specified Standards for Hydrogen Storage for
Mobile Applications
Properties for storage Units 2025 Ultimate
Material-based gravimetric Capacity | kWh /kg 1.5 2.5
System based Gravimetric capacity | kg H2—- system | 0.055 0.065
Material based Volumetric capacity | kWh/L 1.3 1.7
System based Volumetric capacity kg H2/ L 0.05 0.05
Storage system cost $/KWH(NET( | 9 (300) 7 (260)
(8 kg Hy)
Operating ambient Temperature 0C 40/60 (sun) | 40/60 (sun) 40/85
Min/Max delivery Temperature 0C 40/85 40/85
Min/Max delivery Pressure Bar 5/12 5/12
Cycle Life Cyles 1500 1500
System Fill time Min 3-5 3-5
Fuel Purity %H2 99.97% 99.97%
Table: A3 Options for Hydrogen Storage
Method Gravimetric | Pr(BAR) | Temp(0C) | Energy | Points
capacity Density | of concern
(Wt%) (kg/m3)
Compressed 100 700 RT (298 K) | 30 High pr.
Hydrogen operation
Liquid Hydrogen 100 1 -253 70 Evaporation
Hydrogen Loss
Metal Hydrides 1.3-6.0 1 - 50 RT - 400 95 - 160 | Low
(AB), AB2, AB5 Capacity
Chemical Hydrides 5-25 10 - 60 150 - 400 50 - 150 | High
(NaAlH4, LiNH4 etc) temp.
reversibity
Porous Materials 6-14 1-150 -196 40 - 90 | Low
(MOF,CNT etc) temp.
and high Pr.
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Table:A4 Comparison of the Properties of Selected Fuels
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Hydrogen

Petroleum

Methanol

Methane

Propane

Ammonia

Boiling
point [K]

20.3

350-400

337

111.7

230.8

240

Liquid
density |[kg/m3]
NTP

70.8

702

797

425

207

771

Gas density
(kg/m3) NTP

0.0899

0.718

2.01

0.77

Heat of
vaporization

(kJ/kg)

444

302

1168

S7T

388

1377

Higher heating
value [MJ/kg|

41.9

46.7

23.3

95.5

48.9

22.5

Lower heating

value [MJ/kg]

120

44 .38

20.1

20.0

46.4

18.6

Lower heating
value (liquid)
(MJ/m3)

8520

31170

16020

21250

23520

14350

Diffusivity
in air [cm2/s]

0.63

0.08

0.16

0.20

0.10

0.20

Lower
flammability
limit

(vol% (in air)

15

Higher
flammability
limit

(vol% (in air))

75

36

15

10

28

Ignition temp.
in air (°C)

285

222

385

534

466

651

Ignition energy
(MJ)

0.02

0.25

0.30

0.25

Flame velocity

(cm/s)

270

30

34

38




Table: A5 Properties of complex Aluminium Hydrides

Mol.wt Start of hydrogen

(g/mol) | decomp.(°C) wt%
LiAIH, 40.6 170 10.6NAIH
NaAlH, 54.1 230 7.5
LAIH, 7-/1 =300 5.8
Mg(ALHy), 86.3 110 9.3
Ca(ALH,),101.1 | 102.1 80 7.9
LiMg(ALH,3 124.3 120 9.7
LizAlH, 53.9 165 1.1
NaszAlHg 102 265 5.9
LiMgAlHg 64.3 170 9.4

Table A6: List of Typical Hydride Forming Intermetallics

Intermetallic | prototype Hydride Structure
compound
AB; LaNi5 LaNisHg hexagonal
Hauche phase
Laves phase,
AB, ZrVy,7ZrMny, TiNiy | ZrVyHs 5 hexagonal or
Cubic
. . Hexagonal,
ABg Ceng, YF63 CeN13J4 PuNig—type
. : Hexagonal,
A2B7 Y2N17, ThQFe7 Y2N17H3 CeQNi7—type
A5B23 Y5F623. HO5F€23H12 Cubic
AB FeTi, ZrNi TiFeH, Cubic, CsCl
A,B Mg, Ni, TipNi Mg, NiH, S,L;‘ZC’ MoSi

Table A7:Hydrogen Storage Capacity of some Typical Mg,M
Systems From reference Alok Kumar et al., Sustainable Energy Technolo-
gies and Assessments, 52, Part C, 2022, 102204

MH alloy | Storage capacity wt% | Enthalpy kJ/mol
MgNi | 3.6 64.5

MgoFe | 6.5 82.4

Mg,Cd 2.8 60.5

Mg>Cu 2.6 70

MgoAg 2.1 68.2

Mg,Si | 5.0 36.4

Mg,Co | 45 79

179



180

Table A8. Energy Content of Different Fuels (compiled) Fazil
Qureshi, Mohammad Yusuf , Hesam Kamyab, Sadaf Zaidi, Mohd
Junaid Khalil, Mohd Arham Khan, Mohammad Azad Alam,
Faisal Masood, Leila Bazli, Shreeshivadasan Chelliapan, Bawadi
Abdullah, Current trends in hydrogen production, storage and
applications in India: A review. Sustainable Energy Technologies and
Assessments 53, Part C,(2022), 102677

Fuel Energy content (MJ/kg)
Hydrogen 120
Liquefied natural gas | 54.4
Propane 49.6
Aviation gasoline 46.8
Automotive gasoline | 46.4
Automotive diesel 45.6
Ethanol 29.6
Coke 27
Methanol 19.7
Wood (dry) 16.2
Bagasse 9.6

Table A9. Overview of Hy, Storage Methods. Fazil Qureshi, Mo-
hammad Yusuf , Hesam Kamyab, Sadaf Zaidi, Mohd Junaid Khalil, Mohd
Arham Khan, Mohammad Azad Alam, Faisal Masood, Leila Bazli, Shree-
shivadasan Chelliapan, Bawadi Abdullah, Current trends in hydrogen pro-
duction, storage and applications in India: A review. Sustainable Energy
Technologies and Assessments, 53, Part C,(2022), 102677.
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Methods Temperature | Pressure | Gravimetric Energy | Volumetric

K (bar) density (wt%) energy
density (MJ/L)

Compressed 293 700 5.7 4.9

Liquid 20 0 7.5 6.4

Metal Hydride 260-425 20 7.6 13.2

Cold/cryo-compressed | 40-80 300 5.4 4.0

Carbon Nanostructures | 298 100 2.0 5.0

MOF 78 20-100 | 4.5 7.2

Metal Borohydrides 130 105 14.9-18.5 9.8-17.6

LOHC 293 0 8.5 7.0

Chemical 298 10 15.5 11.5




Table A10.
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Basic Physico-chemical Properties of Hydrogen.
Fazil Qureshi, Mohammad Yusuf , Hesam Kamyab, Sadaf Zaidi, Mohd
Junaid Khalil, Mohd Arham Khan, Mohammad Azad Alam, Faisal Ma-
sood, Leila Bazli, Shreeshivadasan Chelliapan, Bawadi Abdullah, Current
trends in hydrogen production, storage and applications in India: A review.
Sustainable Energy Technologies and Assessments 53, Part C,(2022), 102677

Properties Hydrogen
Lower heating value (LHV, MJ/kg) 120
Higher heating value (HHV, MJ/kg) 142
Density at 273 K (kg/m3) 0.09
Boiling point at atmospheric pressure (K) 20.3
Liquid density (kg/m3) 70.8
Flammability concentration limits in the air (vol. %) | 4-75
Diffusion coefficient in air (cm2/s) 0.61

Table A11. Some Typical Data of Some Intermetallics

Materials LaNi; | CaNi; | ZrMn, | TiCr, TiFe | ZrNi Mg, NaAlH, | LiNH,
Capacity Wt% | 1.9 14 1.5-2.0 | 2 1.8 5.6 3.6 5.2 10.5
Temp (K) 300 300 300-375 | 300-375 | 375 | 300-375 | 525-623 | 425 425
Pressure (MPa) | 0.1-0.3 | 0.10 -1 0.1-1 1-2 1-2 0.1-0.3 | 0.1-1 0.1-1
Solid-State Hydrogen Storage Technigues
l Absorpiion J [ Adsorpiion ]
Intermetallic BCC Solid ( Carbon Adsorbent \ fr : \
Alloys Solution A lloys «  Activated carbon and R E;mp:t“ )
s LaNis(ABs) ||+ Ti-vecr carbon black e
+  Feli(AB) s Ti-V-Nm »  Graphitic carbon (:'I U{. _}
«  MgMi(AB) o ViThMng, +  Carbon nanofibers G .‘-IUUPL:GLR(JU
& 2 AB) | IS s ghoss +  Carbon nanotubes t f"”;"l’;f“'l ks
« LaNis(AB3) ||+ TinVaNin (SWCNT & MWCNT) AMARES S ot
L A &
Complex hydrides Metal Organic
Alanates (NaAlHy) Frameworks (MOFs)

Borohydrides (I
Nitnides (LN}
Metal ammine ([ZniNH:u]'" )

ABHL)

+  Nanesiructured
metal hydride

o Nanostruciured
complex hydrides

Inte rmetallie
Mischmetal Allsys
L) \manl A ]u i
o MinMigFe s
« MmN

Fig A1l: A birds-eye view of the solid state hydrogen storage

«  MOF-5 (Zn0 (1.4 benzened icarbosylate)s )
s MOF-177 (Zn0 (1_3.5- beneencinbemzoatc): )
e MIL-33 (JAKOH) 1,4 -benzenedicarboxylate),

€lc.

Covalent Organic Zeolites
Framewaork ((TUFII « Jeolite A
o COFS o Zeolite X
v COEI + ZJeolteY
»  COF-102, erc. < Zeolite CHE & Zeolite FAL

materials. From reference Alok Kumar et al., Sustainable Energy
Technologies and Assessments, 52, (2022), 102204.
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Fig A2 : Graphical representation of the Hydrogen Storage
Levels of Various Solid State Materials [reproduced from
Emmanuel Boateng, Aicheng Chen, Recent advances in
nanomaterial-based solid-state hydrogen storage, Materials today
Advances, 6, (2020), 100022]
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