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Chapter 1
Introduction

With the ever-increasing population, the energy demands of the world are continu-
ously increasing. Already existing sources of energy like fossils fuel are harmful for
the environment and also depleting day by day. The need of the hour is to look for the
sustainable fuels which can satisfy the modern requirements of humans. Hydrogen is
the promising alternative to the conventional fuels because of high energy contents,
zero greenhouse gas emissions, and low environmental impacts. However, gener-
ation and storage of hydrogen involve several difficult procedures to increase the
efficiency, and nanotechnology plays an imperative role in increasing the efficiency
of these methods. The chapter will explain the various areas of sustainable hydrogen
production and storage which employs services of nanotechnology.

1.1 Hydrogen Energy

The report issued by international energy agency states that the energy demands of
the world will be twofold by the year 2030 [1]. The consumption of the power varies
directly with the human population. The increase in human population resulted in
incremental demand of the energy. The population of the world is assumed to be
tripled by the year 2030. The most common form of energy is methane or natural
gas which includes one carbon atom and four atoms of hydrogen. In order to obtain
the maximum of the available resources on earth, the world has started to convert
the energy from one form to the other. The fossil fuel energy resources are depleting
fast along with being the cause of pollution and global warming. The world is now
looking toward renewable energy. Different renewable energy sources like wind
energy, solar energy, and waves are promising alternatives to the conventional fossil
fuels. However, they are not enough tomeet the demands of ever-growing population.
From the past few years, hydrogen has emerged as promising fuel and its demand
will be skyrocketing in the coming years [2].

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2021
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2 1 Introduction

Table 1.1 Energy contents of
different fuels

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

Methanol 19.7

Coke 27

Wood (dry) 16.2

Bagasse 9.6

Adapted with permission from ref. [3]. Copyright, Elsevier 2006

Hydrogen is a renewable energy as it is generated from the sources which are
inherently renewable such as water. Hydrogen can be converted to the applicable
forms of energy such as electricity via the application of small devices like fuel cells.
When the hydrogen is converted to electrical energy the by-product is water which
is harmless. Other than environment friendly, the energy contents of the hydrogen
are also very high. The comparison of energy contents of different fuels is depicted
in (Table 1.1).

The hydrogen fuel is important source of clean energy and is significant in over-
coming the problem of fossil fuel shortage and has high extension usage. Moreover,
the fossil fuels are major cause of harmful pollutants such as oxides of carbon, sulfur,
and nitrogenwhich are produced as the by-product of fossil fuel combustion resulting
in the global warming [5]. Different factors of fuels which influence the environment
and its efficiency are given by different indicators such as environmental impact
factor (EIF), greenization factor (GF), and the content of hydrogen factor (HCF) as
shown in Fig. 1.1. The representation of the data in Fig. 1.1 depicts that the hydrogen
fuel has lowest impact factor and highest greenization factor, hence making it one of
the cleanest fuels.

Hydrogen gas must be produced on large scale and has been researched exten-
sively, in terms of sources for hydrogen generation, methods of hydrogen extrac-
tion from various hydrogen sources, processes and techniques of hydrogen storage,
and transportation and use of hydrogen in various electronic devices [5]. Sustain-
able hydrogen can be generated from various different resources, such as water [6],
hydrogen sulfide [7], ammonia [8], hydrocarbons [9], biomass [10], etc. Different
methods of extraction are involved in hydrogen production from these sources. After
hydrogen generation, the next big step is the storage of hydrogen. The H2 cannot be
used as gaseous fuel in various electronic devices as the medium of fuel, it must be
stored in a way that can ensure portable applications as well as automotive purposes
[11].
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Fig. 1.1 Environmental impact factor (EIF), greenization factor (GF), the content of hydrogen
factor (HCF) of different fuels (Adapted with permission from ref. [4] Copyright, Elsevier 2015)

If we look into the past, we can observe that throughout the course of human
history, the advances in development of civilizations are deeply related to the
discovery and development of novel materials [12]. In several ways, the materials
can be regarded as the roots of almost all technologies as many of the technological
advances have been obtained through the fabrication of new substances. Nanomate-
rials are prime example of new material development. Nanotechnology now plays
significant role in almost every field of science and technology. In order to obtain
the technical advancements and breakthroughs in the area of sustainable hydrogen
generation and hydrogen storage, nanomaterials are absolute requirement. Nanoma-
terials are actively involved in almost every method of generation and storage of
hydrogen. The present study will throw light on utilization of nanotechnology and
nanomaterials in different methods of hydrogen generation and storage.

1.2 Hydrogen Generation and Nanotechnology

Hydrogen can be generated via several different processes. The sources and processes
of hydrogen vary so much that several different ways of classification can be used
for their categorization. Here the hydrogen generation is classified on the basis of
sources which liberates hydrogen. This work will elucidate the hydrogen generation
on the basis of raw material which produces hydrogen. Several methods of hydrogen
generation discussed below involve expounded use of nanotechnology one way or
another.
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1.2.1 Water Splitting Reaction

Sustainable hydrogen can be produced from the water by splitting the molecule
directly into its elements. The process is known as water splitting reaction. The
general reaction is.

2H2O  2H2 + O2

The splitting of H-O-H bonds in the water splitting reaction can be achieved by
variety of different methods, and each method fundamentally varies from the other
in the source of power, as energy is required to break the bonds. There are different
power sources involved in the splitting of themolecules like electrical energy, thermal
energy or electromagnetic radiation.Normally,mentioned as photolysis, thermolysis,
and electrolysis [13].

All of these processes involve the use of nanotechnology for H2 generation.
For instance, Wang et al. achieved photochemical splitting of water with the help
of quantum dots. In this investigation, a hybrid structure of carbon quantum dots
attached to the single-layer C3N was studied. The first-principle calculations have
depicted that the hybrid is capable of gathering visible and infrared light. These
hybrid structures were also able to prevent the mixing of hydrogen and oxygen after
their liberation from water spitting. This was due to the fact that the hybrid has sites
where redox reaction can occur, and this ensured fast delivery of the photogenerated
holes and electrons to the outer C3N monolayer and inner quantum dots of carbon.
The electrostatic forces of attraction forced the protons to penetrate through the
monolayer and enter the quantum dots to liberate hydrogen during electrolysis. As
no oxygen or hydrogen entered the hybrid, the mixing of the gases was prevented.
These metal-free quantum dots-assisted hybrids are appealing candidate for solar
energy-driven water splitting reactions with minimum or no mixing of the gases
[14].

Similarly, in another study, nanosheets of Ni and rGO were prepared and used for
photothermal splitting of water. The hydrogen and oxygen liberation from the water
were studied simultaneously by the use of Ni/rGO nanosheets [15]. Nanoparticles
of cobalt and nickle alloy have also been reported to possess promising electrocat-
alytic activity for water splitting reaction. Zhang et al. have reported metal and gas
co-doped nanosheets of carbon impregnated with iron-doped Co/Ni alloy. Fe and N
have been used for themodification of carbon nanosheetswhichwere later dopedwith
the alloy nanoparticles (FeCoNi@FeNC) in order to achieve better electrocatalytic
activity. The obtained material worked as bifunctional catalyst (both for hydrogen
and oxygen evolution) in water splitting reaction. The advanced catalytic activity is
inherently linked with the existence of Fe in both nanoparticles and nanosheets, as
they promote the coordination influence between the nanosheets and nanoparticles.
FeCoNi@FeNC is used as both cathode and anode catalyst in water splitting elec-
trolyzer, where it attained the current density of 12 mA cm−2 at 1.63 V for 12 h
[16].
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There are several other studies and investigation which involve the use of
nanotechnology for water splitting reaction in order to generate the hydrogen. The
detail of such investigations is discussed in Chap. 2.

1.2.2 Decarbonization of Hydrocarbons

Hydrocarbons are also important source of sustainable hydrogen because of their
price, availability and convenience in transportation and storage. The carbon and
hydrogen are the major constituents of the hydrocarbons, and hence serve as the
promising rawmaterial for the generation of hydrogen. The simple chemical reaction
of the process can be given as.

CH4 + 2H2O → 4H2 + CO2 + energy

Several different methods like steam reforming, partial oxidation, photocatalytic
oxidation, and thermal decomposition are used for the decarbonization of hydro-
carbons for the production of hydrogen generation [17]. Many of these methods
employ nanomaterial for hydrogen liberation from decarbonization of hydrocarbons.
For instance, Al2O3/NiO nanocatalyst in quartz is used for the steam reforming of
methane. The catalyst is prepared by employing sol–gel method. It is found that
the size of NiO crystallite in NiO–SiO2/Al2O3 catalyst varies with the degree of Ni
loading and calcination temperature. Al2O3/NiO nanocatalyst with 10% Ni is opti-
mized for steam reforming of methane [18]. Similarly, Marin et al. have reported that
partial oxidation of Jet-A fuels to hydrogen and carbon monoxide via nanoparticle
of MoO2. These nanoparticles were prepared by the reduction of MoO3 in 1:3 by
volume solution of ethylene glycol and distilled water. The prepared nanoparticle
MoO2 was analyzed with XRD, SEM, BET, and X-ray photoelectron spectroscopy
(XPS).MoO2 nanoparticles depicted∼99% conversion of the fuel (at 850 °C, 1 atm),
and ∼60% yield of hydrogen. In the similar study, the MoO2 catalyst was compared
with the reference Ni catalyst at similar conditions which was deactivated because
of coking in less than 4 h of the process, where MoO2 nanoparticles showed a 10 h
coking resistance [19]. A detailed discussion of nanotechnology and decarbonization
of hydrocarbons is provided in Chap. 3.

1.2.3 Decomposition of Hydrogen Sulfide

Hydrogen sulfide is yet another important source of sustainable hydrogen. H2S is
categorized as a highly toxic pollutant of both natural and anthropic origins. Naturally
Black Sea can be regarded as the one major reservoir of H2S because of its internal
structure [20]. Coal seams can be considered as the second major natural source of
the H2S [21]. Different anthropic activities are the source of the H2S generation, such
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as the extraction processes of petrochemical and oil liberates H2S in large amounts
[22, 23].

General chemical reaction of H2S conversion to hydrogen can be given by
following equations [24]:

H2S + OH− ↔ SH − + H2O

H2S + 2OH− ↔ S2− + 2H2O

2SH− → S2−2 + 2H+

2H+ + 2e− → H2

Different nanomaterials based on transition metal are used in the liberation of
hydrogen from hydrogen sulfide, for instance, the nanostructures of CdIn2S4. A
group of investigators synthesized a cubic spinel chemically stable nanostructure
of CdIn2S4 via simple hydrothermal process as visible-light-active photocatalyst
for the generation of hydrogen by decomposing H2S. For the preparation of these
nanostructures, mixture of Cd (NO3)2·4H2O, In(NO3)3· 3H2O and excessive thiourea
was placed in stainless-steel autoclave lined with Teflon along with double distilled
water at 140 °C for 60 h. The product was obtained in form of yellow precipi-
tates. The obtained product was given ethanol wash and was dried at 70 °C. The
marigold morphology was shown by the samples in aqueous medium samples
whereas nanotubes with 25 nm diameter were formed in organic solvent (methanol)
under similar conditions. Different characterization techniques like XRD, TEM, and
FESEM were used for the analysis of the prepared nanostructures. The nanocatalyst
exhibited excellent photocatalytic activity in both mediums. The CdIn2S4 nanostruc-
tures showed give hydrogen quantum yields of 17.1% with nanotubes morphology,
whereas 16.8%withmarigold-likemorphology in visible light. The promising ability
of the catalyst for the generation of hydrogen is directly associated with the high
crystallinity of the prepared catalyst [25]. More details of nanotechnology and
decomposition of hydrogen sulfide are provided in Chap. 4.

1.2.4 Biomass Decomposition

Biomass is an important source for the generation of sustainable hydrogen. Biomass
is obtained through variety of sources such as crop residues, waste of agricultural
industries, and plants residues like wood and leaves. There are several methods for
the generation of H2 from biomass. These methods can be broadly classified into
two categories, i.e., thermochemical processes and biochemical processes [26].

Both the thermochemical and the biological processes of biomass conversion
for the generation of sustainable H2 involve the extensive use of nanotechnology.
Many studies have used the nanotechnology for the thermochemical conversion of
the algal mass to the sustainable hydrogen [21]. Similarly, various studies of biomass
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fermentation have reported the incorporation of different nanomaterials with inor-
ganic and organic origins for the production of H2. For instance, nanomaterials of
different metal and metal oxides such as Cu, Au, Pd, Ag, iron-iron-oxide, and TiO2

are involved in dark fermentation of the biomass for hydrogen generation [22].Water
gas shift reaction is an important biochemical reaction for the generation of hydrogen
from biomass. In different studies, various nanomaterials have been utilized in the
water gas shift reaction for obtaining high quality and better yield of hydrogen. In a
study, researchers have claimed that gold nanoparticles can be used for the genera-
tion of hydrogen via water gas shift reaction. The study reported that the method of
preparation and the pretreatment of the catalysts are very critical for the functioning
of the catalyst in water gas shift reaction. In order to achieve the catalytic activity
of the Au nanoparticles in the reaction, the close contact between oxide support
and gold is crucial. The close contact is associated with the zerovalent atoms of Au
which is necessary for the high catalytic activity. The abovementioned hypothesis is
supported by the in situ extended X-ray absorption fine structure (EXAFS) measure-
ments [27]. A detailed discussion of nanotechnology and hydrogen generation from
biomass is provided in Chap. 5.

1.2.5 Hydrogen Generation from Miscellaneous Sources

Other than water and fossil fuels, here are several other important substances that
generate H2 via chemical or physical treatment. Municipal solid waste is also used as
the source of hydrogen.Different components of thewaste like biological substances,
organic materials, and other undesirable components like plastic debris are involved
in the generation of hydrogen. Similarly, several chemical substances like hydrides
yield hydrogen via different methods. Variety of the processes involved in hydrogen
generation frommiscellaneous sources use nanotechnology. For instance, a study has
reported the use of nanosized platinum dispersed on LiCoO2 for the generation of
hydrogen from the solution of lithium borohydride. The substrate (LiAlH4) liberated
a stoichiometric amount of Hydrogen when allowed to react with water, over the
prepared 4 nanocatalysts.. The chemical equation for the reaction can be given as.

LiBH4 + 4H2O → LiBO2 · 2H2O + 4H2

The said nanocatalysts were prepared by calcining the lithium cobalt powder
250 °C for 5 h, followed by the coating of Pt by employing the oxide of themetal. The
said materials were characterized with wide angle X-ray diffraction (XRD), trans-
mission electronmicroscopy (TEM), and energy-dispersiveX-ray spectroscopy [28].
More discussion on nanotechnology-based hydrogen generation frommiscellaneous
sources is provided in Chap. 6.
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1.3 Storage of Hydrogen and Nanotechnology

One of the major reasons of why hydrogen is still not used as the primary source
fuel is the limitations in storage of hydrogen. The storage of the hydrogen should be
reversible at ambient conditions or it can be released from the storage material on
demand. When the hydrogen gas comes in the vicinity of the hydrogen-adsorbing
material, some of the approaching molecules (depending upon the nature of the
adsorbent) develop physical association or weak van der Waals interaction with the
material surface and get physisorbed on it. When sufficiently high energy is provided
either by altering the temperature or pressure, the molecules of hydrogen dissoci-
ates into atoms and form chemical bonds with the adsorbent, i.e., chemisorption.
Reversing the conditions of temperature or pressure releases the adsorbed hydrogen
[29].

1.3.1 Physisorption

Physisorption is a non-dissociative surface association of the hydrogen gas with the
solid surfaces. The interactions involve weak van der Waals associations between
the gaseous hydrogen molecules and the adsorbent. Different nanomaterials like
carbons nanotubes (both single walled and multiwalled), zeolites, activated carbons,
(COFs), fullerene (nanocages), and covalent-organic frameworks are capable of
storing hydrogen by physisorption [3–5]. Different studies have made use of these
nanomaterials for physisorption of hydrogen. For instance, an investigation employed
first-principle calculation within density functional theory (DFT) for studying the
hydrogen storage capability in Jahn–Teller slanted Ti-modified fullerenes. It is
observed that Ti atoms make two hexagonal pyramidal structures because of their
high cohesive energy. Each Ti atom adsorbed four hydrogen molecules via Kubas
interactions, with 0.33–0.76 eV adsorption energy per molecule of hydrogen. The
calculationsmade in the study and the van’tHoff desorption temperature depicted that
molecules of hydrogen are reversibly adsorbed under feasible thermodynamic condi-
tionswith 10.5wt.% of hydrogen [13]. Several other studies that use nanotechnology
in physisorption of hydrogen are elaborated in Chap. 7.

1.3.2 Chemisorption

Chemical adsorption or chemisorption is another important mechanism of hydrogen
storage. In terms of hydrogen storage, any material when gets attached to the
hydrogen it becomes a hydride. Over the last few years, the scope of materials to get
hydrogenatedor hydride formationhas immensely expanded.The advancement in the
formation of hydrides is accompanied by the fast development in the nanotechnology.
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The coupling of the both has led to the remarkable progress in the field of hydrogen
storage [1]. Different investigations and analysis have reported the use of nanotech-
nology for chemisorption of hydrogen. For instance, ZhiGang et al. have reported the
barrierless physisorption to chemisorption of hydrogen molecules on the fullerenes,
doped with lightweight elements. The study employed local density approximation
(LDA) in density functional theory (DFT) as process. The DFT process is capable
of large systems at low computational costs. In practice, C35B fullerene is brought
onto the space of C35B − H2 stable system. The two C35B molecules now behave
like forceps with each attaching itself to the opposite side of the small H2 molecules
resulting into its dissociation to H, H (with one H attached with each of C35B).
This is barrierless physisorption to chemisorption. The study suggested that H–H
bond breaking occurs because of energy discharge as C35B gets near to the C35BH2.
The evolved energy increased the bond length between H–H ultimately leading to
chemisorption of H2 molecules in the hydrogen storage method. Overall the energy
decreases monotonously during this procedure [11]. Many other investigations that
employ nanotechnology in chemisorption of hydrogen are discussed in Chap. 8.

1.3.3 Fuel Cells

Fuel cells are regarded as the green power houses of the modern century. They are
thought as small sources with the ability to turn hydrogen energy or economy into
reality. The depletion of existing energy sources and increased pollution caused by
their production and use are the major reasons behind the immense research in the
area of hydrogen fuel cells [1, 2]. A typical hydrogen fuel cell consists of two elec-
trodes (cathode and anode) and an electrolyte membrane (mostly proton exchange
membrane, i.e., PEM).Thehydrogen andoxygen enter through the anode and cathode
of a fuel cell, respectively [6]. The hydrogen fuel cells utilized nanotechnology in
variety of ways. In the last few years, fuel cells have exhibited remarkable consis-
tency and lower prices owing to the inclusion of nanomaterials in their production.
The involvement of nanotechnology in the fabrication of fuels cells allows high
aspect ratio, greater surface area which leads to more power generation, high energy
densities, easy miniaturization, and longer shelf life. All of these characteristics are
vital for the preparation of powerful fuel cell for transportable electric devices [8,
9]. Some of the fuel cells involve the use of nanomembranes [10] while other uses
nanomaterial as electrodes [11]. Nanomaterials are also used as catalysts in some of
the fuel cells [12]. A detailed study of nanotechnology and its applications in fuel
cells is provided in Chap. 9.

The book aims to discuss in detail the applications of nanotechnology and nano-
materials in various areas of sustainable hydrogen production and storage. Themajor
aimbehind thework is to assist the scientists and researchers in the field of sustainable
energy.
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Chapter 2
Water Splitting Reactions
and Nanotechnology

2.1 Water Splitting Reactions

Sustainable hydrogen can be produced from the water by splitting the molecule
directly into its elements. The process is known as water splitting reaction. The
general reaction is.

2H2O 2H2 + O2

The splitting of H-O-H bonds in the water splitting reaction can be achieved by a
variety of different methods, and each method fundamentally varies from the other
in the source of power, as energy is required to break the bonds. There are different
power sources involving in the splitting of the molecules like electrical energy,
thermal energy, or electromagnetic radiation, normally mentioned as electrolysis,
thermolysis, and photolysis.

Electrolytic splitting of water is obtained by the conversion of electrical energy to
chemical energy as the current is passed through the water. The conversion of energy
takes place at thewater and electrode interface [1]. The redox reaction occurs, and the
hydrogen is obtained at cathode. 3.9% demand of the world hydrogen is fulfilled by
this process. The reaction has only oxygen as by-product and “zero” CO2 emission,
and hence it is consideredmore environmental friendly as compared to the traditional
“steam methane reforming” (SMR). Electrochemical cells in which electrolysis of
water takes place are run by electricity which is primarily generated by coal or natural
gas combustion both ofwhich involves the release of CO2. Hence, research nowadays
is focused on using renewable technologies like photovoltaics or wind turbines for
the operation of electrochemical/catalytic water splitting.

Photocatalytic or photochemical splitting of water is a remarkable alternative
for the generation of hydrogen. These processes are oriented toward the reduction
of CO2 emission, as they involve the use of renewable sources like sunlight and
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water. The electronic bandgap of the photosensitive material must be in alignment
with the oxidation and reduction potential of water for photochemical splitting of
water [2]. Generally, transition metal cations with d0 electronic configuration like
Ti4+, Ta5+, Nb5+, Zr4+, Ta5+, Mo6+, and W6+, or transition metal cations with a d10

electronic configuration like Sn4+, In3+, Ge4+, and Ga3+ are found to be significant
for photocatalytic substances. The vacant sp- or d-orbitals develops the base of their
particular conduction bands [3].

Thermochemical or thermal splitting of water is another technology for the gener-
ation of hydrogen with little or no greenhouse gas release. This technique has been
widely explored by the scientist and about 300 plus water splitting sequences along
with their features, applications, and limitations have been reported. Thermochem-
ical splitting of water needs high temperatures ranging from 500 °C to 2000 °C for
the water splitting chemical cycles. The chemicals employed in the methods are used
again and againwithin the cycle, hence forming a loop that useswater only and gener-
ates oxygen and hydrogen. This technology uses heat from existing nuclear power
stations pathway or concentrated energy from heliostats (solar power) for splitting
of water [4]. These are some of the methods by which hydrogen is produced by the
splitting of water.

Many of these processes involve nanotechnology at one point or another. In fact,
the nanomaterials are frequently employed as the catalysts and electrodes in water
splitting reactions. For instance, thermal decomposition of methane. Monometallic
nanocatalysts like NiO, Co3O4, ZrO2, and ZnO are used for the purpose. These
catalysts are synthesized by a solution combustion process and are characterized by
different techniques like Brunauer–Emmett–Teller (BET), X-ray diffraction (XRD),
and scanning electron microscopy (SEM). These nanomaterials are able to liberate
hydrogen from methane at 850 °C temperature because of their large surface
area, highly electropositive nature, fine-tuning of bandgap, and thermal stability.
Nanocubanes are employed for the effective splitting of the water and nonporous
materials are also employed for the purpose. Photoelectrocatalytic conversion of solar
energy also liberates sustainable hydrogen via application of nanomaterials. Photo-
electrochemical (PEC) splitting of water employs p- and n-type semiconductors. In a
study, these two different photoelectrodes were joined together and hence the redox
reactions can occur simultaneously for the efficient use of light. In order to enhance
the effectiveness of the PEC, recombination of the photogenerated carrier must be
minimized. If nanomaterials are employed then the charge carriers are produced
at their surface due to their shape, enhanced surface-to-volume ratio, and precise
morphology and hence the splitting of water will take place at the surface. It is
observed that the efficiency of PEC increased by 50–90% with the use of nanomate-
rials. Similarly, several other processes are there which employ nanotechnology for
the production of sustainable hydrogen [5]. The present chapter explains the utiliza-
tion of different nanomaterials like nanotubes, metallic nanoparticles, nanocubanes,
etc. in water splitting reaction.
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2.2 Quantum Dots and Water Splitting Reaction

Quantum dots are very significant nanoentities. They are nanoscale crystals with the
ability to transport electrons. They have widespread applications in water splitting
reactions. In a study conducted by Wang et al. a useful set of quantum dots were
discovered which have proven their worth as promising electrocatalysts for water
splitting reaction and liberation of hydrogen. In this investigation, a hybrid structure
of carbon quantum dots attached to the single-layer C3N was studied. The first-
principle calculations have depicted that the hybrid is capable of gathering visible
and infrared light. These hybrid structures were also able to prevent the mixing of
hydrogen and oxygen after their liberation from water splitting. This was due to the
fact that the hybrid has sites where redox reaction can occur, and this ensured fast
deliveries of the photogenerated holes and electrons to the outer C3N monolayer and
inner quantum dots of carbon. The electrostatic forces of attraction forced the protons
to penetrate through the monolayer and enter the quantum dots to liberate hydrogen
during electrolysis. As no oxygen or hydrogen entered the hybrid, the mixing of the
gases was prevented. These metal-free quantum dots-assisted hybrids are appealing
candidate for solar energy-driven water splitting reactions with minimum or no
mixing of the gases [6].

Quantum dots prepared with copper oxide and supported on titanium oxide
nanosheets are reported to have excellent hydrogen liberation ability via water split-
ting reaction. The hybrid of CuO quantum dots and TiO2 has shown the hydrogen
liberation rate of ∼0.04 mmol h−1 which is approximately 20 times greater than
pure nanosheets of TiO2. This CuO/TiO2 hybrid was prepared by mixing of tita-
nium (IV) butoxide and HCl. This mixture after stirring for 30 min was placed in
Teflon autoclave where hydrothermal reaction occurs, and precipitates were formed
which were separated by centrifugation. The residual fluoride ions were removed
by treatment of the product with NaOH, and afterward the product was rinsed with
deionized (DI) water and fine powder of TiO2 was obtained. Later on, CuO quantum
dots were deposited on the prepared nanosheets by the general hydrothermal proce-
dure. In this process, CuCl2 was added in the ethanol suspension of TiO2 nanosheets.
After continuous stirring for 5 h, ethanol was evaporated in drying oven. Later on,
the product was calcinated at 400 °C in muffle furnace, as the product cooled the
CuO quantum dots accumulated on the TiO2 nanosheets. The prepared product was
characterized with XRD,XPS, SEM, TEM, andUV–vis diffusion reflectance spectra
(DRS) [7].

Ye et al. have reported Pt quantumdot ornamentedαFe2O3 nanosheets for efficient
liberation of hydrogen gas from electrochemical splitting of water. These nanos-
tructures were found to be very efficient in water splitting reaction as they have
several active sites, and they exhibited low overpotential i-e 90 mV@10 mA cm−2

for hydrogen evolution reaction and a considerably low voltage of 1.51 V in alkaline
electrolyte. The flower-like nanostructure was prepared by the electrodeposition and
impregnation deposition. The pretreated Ni-foam and graphite were used as cathode
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and anode, and the mixture of FeSO4·7H2O, Na2SO4, and cetyl trimethylammo-
nium bromide (CTAB) was used as the electrolyte. By passing the 10 mA current
through the electrochemical cell, αFe2O3/Ni electrode was obtained. Afterward, it
was immersed in the solution of H2PtCl6 for impregnation deposition and was later
soaked inNaBH4 for the reduction of Pt. The productwaswashedwith deionized (DI)
water. These flower-like Pt quantum dot ornamented αFe2O3 nanosheets were char-
acterized with TEM, XRD, field-emission scanning electron microscope (FESEM),
and X-ray photoelectron spectroscopy (XPS) [8].

Graphene quantumdots also have favorable electrocatalytic effects in awater split-
ting reaction. In an investigation, a group of researchers have shown the water split-
ting abilities of graphene hydrogel/B-doped graphene quantum dots (GH-BDGQD).
These quantum dots have high porosity, large surface area, numerous active sites,
improved ion diffusion, andmass transport. Because of this theGH-BDGQDexhibits
advanced trifunctional electrocatalytic ability including hydrogen liberation, oxygen
liberation, and oxygen reduction along with the greater stability as compared to the
available commercial counterparts [9].

Z-scheme system of black and red phosphorous quantum dots is capable of
achieving water splitting reaction for evolution of hydrogen in the absence of sacri-
ficial agents. In a study, wet-chemistry path was followed for the fabrication of
Z-scheme system of black/red phosphorus quantum dots (BRPQD). These quantum
dots were fabricated by the conversion of red phosphorous into black phosphorus
with reflux reaction between red phosphorous and ethylenediamine. After which
phase transformation reaction was allowed to occur and the product was centrifuged
at 6000 rpm in order to remove large particles. Later on, Tyndall effect of the particle
was observedwhich indicated fabrication of the stable quantumdots. The synthesized
product was characterized with TEM, XPS, UV–Vis spectrometer, UV photoelec-
tron spectroscopy (UPS), time-resolved transient absorption spectroscopy (TAS),
and inductively coupled plasma atomic emission spectroscopy (ICP-AES) [10].

A successful research has suggested solenoid nitridation reduction process for
the generation of α-MoC1−x quantum dots encased in carbon doped with nitrogen
(α-MCNCQD). The frog egg-shaped quantum dots were to promote H2 evolution
in water splitting reaction at all pH levels, with the overpotential of 118 mV, and
10 mA cm−2 was obtained in alkaline solutions. The α-MCNCQD also depicted
rapidly increasing current density (which was much greater than the commercially
available Pt/C electrocatalysts). These quantum dots showed equally promising
results in neutral and acidic solutions. α-MCNCQDwere prepared bymixing of urea
and ammonium molybdate tetrahydrate under the temperature-controlled reduction.
Nitrogen atmosphere was provided during the thermal process, which helps in the
achievement of N-doping of the mixture; afterward, the product was sonicated and
α-MCNCQD were achieved. The prepared quantum dots were characterized with
XRD, XPS, FESEM, and TEM and the composition of the catalyst was determined
with ICP-AES [11].
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2.3 Nanoparticles and Water Splitting Reactions

Nanoparticles have been the integral part of water splitting reaction for evolution
of H2 since the introduction of the reaction for gas liberation. Several studies have
reported the use of nanoparticles for the generation of H2 by splitting of water. Ni
and Ru core–shell nanoparticles ornamented on carbon nanosheets (Ni@Ru/CNS-x)
have depicted superior photocatalytic activity in splitting of water for liberation of H2

at all pH levels.Ni@Ru/CNS-xwere prepared by facile by usingmetal organic frame-
work (MOF) as a sacrificial precursor wet-chemistry technique. The Ni@Ru/CNS-x
nanoparticles were characterized by SEM and TEM. The prepared catalysts exhib-
ited 10 mA cm−2 HER for low overpotential of 20.1 mV in alkaline environment
which is far superior than the commercially available Pt/C and RuO2 [12].

In an investigation conducted by Yu et al. exo-solution of Ag nanoparticles on
AgTaO3-SrTiO3 is reported as remarkable plasmonic photocatalysts for splitting of
water. Polymers of AgTaO3 and SrTiO3 salts were prepared by standard polymerized
complex method. The brown resin obtained was grounded to powder and pressed
into pellets which were calcined in muffle furnace, and the material was powdered
again. Afterward, the Ag nanoparticles were grown on the freshly prepared powders
by making the suspension of the solid powder in ethylene glycol. For the termi-
nation of the reaction, the mixture was transferred to the ice water. The product
thus obtained was centrifuged several times and rinsed with DI water and dried for
24 h. The prepared material was characterized with XRD, TEM, XPS, and UV–Vis
spectrophotometer. Photoelectrochemical analysis of these nanoparticles has shown
improved photocatalytic activity and better charge separating conditions [13].

In a recent study, a super-fast synthesis technique of CoS nanoparticles has been
reported for the HER by splitting of water. Chen et al. have reported ~7 ms high-
temperature treatment method chalcogenide nanoparticles. For the preparation of
these nanoparticles, cobalt acetate and thiourea were dissolved in DI water. Later on,
graphene oxide ink was added to the solution and the mixture was sonicated and was
casted on the glass plate. The graphene sheet was removed after an hour and was
annealed in Ar atmosphere and was later on subjected to the thermal shock of about
2000 K which instantly cut the film into small particles. The prepared nanoparticles
were characterized with SEM, TEM, XPS, and XRD. CoS and graphene core–shell
nanoparticles depict excellent water splitting activity of 10 mA cm−2 at a low over-
potential of ~1.77 V without any loss in the activity for continuous 60-h operation
[14].

2.4 Nanotubes and Water Splitting Reactions

Nanotubes of different materials are also proven to be very efficient in a variety of
water splitting mechanisms. For instance, crystalline nanotube of TiO2. It is one of
the most classic materials to improve the efficiency of the water splitting reactions
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due to their chemical inertness, photostability, and low cost. In a study, it is found that
crystalline nanotube of TiO2 shows increased generation of hydrogen by PEC water
splitting as compared to the amorphous TiO2 nanotube. However, the amorphous
nanotubes can be converted to the crystalline form at high temperatures like 300 °C.
Highly ordered TiO2 nanotubes show increased hydrogen generation by PEC water
splitting. In order to obtain these nanotubes, the anodization of 0.1-mm-thick titanium
foils was performed in ethylene glycol containing NH4F, H2O in the presence of Pt
counterelectrode, and 50 V potential difference. The experiment took 5 h. Afterward,
the newly formednanomaterialswere ultrasonicatedwith acetone so as to separate the
anodized TiO2 nanotubular from the titanium substrate. After rinsing with DI water,
second anodization was conducted on the titanium substrate at the same temperature
for the additional growth of nanotubes and the rest of the procedure was repeated.
After repeating the whole process again, the obtained nanotubes were dried in the
stream of nitrogen. The annealing of the nanotubes was carried out at 300–600 °C.
The nanotubes were characterized SEM and XRD [15].

Niobium-doped TiO2 has also been reported to aid the water splitting reaction
by PEC. These doped nanotubes are obtained by growing them on the Nb-Ti alloy.
These doped nanotubes depict 2.5 times higher current as compared to the undoped
TiO2 nanotubes [16]. In another study, carbon-doped nanotubes have been developed.
These nanotubes depict 20 times more higher photocurrent densities, as compared
to the undoped TiO2 under visible light illumination [17].

In nickel–cobalt bimetal phosphides, nanotubes are also found important for solar-
driven water splitting reactions. These nanotubes were prepared by two steps solid-
state reaction, where first being the oxidation reaction occurring at 350 °C in normal
air atmosphere (for the development of CoxNiyO) from metal organic framework
(MOF)-74 cobalt–nickel substrate and the second reaction involves the phosphoriza-
tion and calcination at 300 °C with NaH2PO2 in a pure N2 atmosphere to afford (for
the development ofCoxNiyP).Distinctive phases of bimetal phosphideswere attained
from altering the Co/Ni ratios in the precursor of MOF. SEM was used to determine
the phosphorization of theMOF-74. It was observed that despite phosphorization and
calcination the MOF retained its original nanorod morphology. However, the images
showed that the modified MOF has the rough surface as compared to the original
substrate. From the transmission electron microscope (TEM) images of Co4Ni1P, a
tubular arcade was found running across the nanorods forming morphology was
observed that, usual nanotube structure. The Co4Ni1P nanotubes have depicted
remarkable hydrogen emission reaction (HER) and oxygen emission reaction (OER)
through water splitting. In alkaline solution, the catalyst was found to achieve 10 m
A cm−2 current density at a voltage of 1.59 V for both electrodes [18].

Non-metallic nanotubes are also proven to improve efficiency of HER fromwater
splitting. In a study N, S-co-doped carbon nanotubes (CNT) were prepared in situ
by using polydopamine. The prepared N, S-CNT were simultaneously applied as
the electrocatalysts for HER and OER. These nanotubes depicted excellent activity
both for the HER and OER from splitting of water. For the fabrication of N, S-CNT,
dopamine (DA) was mixed with oxidized CNT dispersion and afterward dissolved
into thewater and subjected to sonication. Then, phosphate buffered salinewas added
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at room temperature with continued stirring for a day. Later on, 2-mercaptoethanol
was added to the mixture and was stirred for half a day. The carbonization of this
mixture in N2 atmosphere resulted in the formation of N, S-CNT [19].

A study has determined that p-type Zn-doped α-Fe2O3 nanotube formed on a
transparent conductive has excellent photoelectrochemical abilities and assists the
overall water splitting reaction. For developing these nanotubes, ZnO nanorod arrays
on FTO-coated glass sacrificial templates and Zn sources were used, and FeCl2
aqueous solution was employed as the electrolyte. Afterward, anodic potential of 1 V
was applied on the ZnO nanorods for so as to assist the oxidation of ferrous to ferric
subsequently leading to the precipitation of the Fe3+ as amorphous γ-FeOOHonZnO
nanorod surface. Some of the dissolved Zn ions were deposited on γ-FeOOH and
were later on annealed for 120 min in N2 atmosphere in order to convert γ -FeOOH
into α-Fe2O3 nanotubes [20].

In an investigation, 1D-1D metal-free multiwalled carbon nanotubes
(MWCNT)/SiC nanowires were fabricated via an in situ chemical mechanism
between silicon powder and MWCNTs. These nanoheterostructures were grown via
vapor–liquid–solid (VLS) mechanism. The (MWCNT)/SiC nanotubes were char-
acterized for their structure, composition, and morphology by XRD, TEM, thermal
gravimetric analysis (TGA), and UV–Vis analysis. In the study, the photoactivities of
the prepared nanostructures were also determined for the evolution of H2. The results
depicted better activity of metal-free MWCNTs/SiC 1D-1D nanoheterostructures as
compared to the simple SiC nanowires in visible light irradiation. The high-efficiency
MWCNTs/SiC in liberation of H2 from water splitting is attributed to its promising
separation of photogenerated electron–hole pair, improved visible light absorption,
enhanced crystallinity, and distinctive 1D-1D nanoheterostructures [21].

A study reported camphor sulfonic acid doped polyaniline-WO3 (CSPA-WO3)
nanocomposites modified with reduced graphene oxide (rGO). The CSPA-WO3 was
able to reduce GO to rGO photoelectrochemically due to its semi-conductive nature.
The morphology, chemical composition, and structure of CSPA-WO3-rGO were
characterized by X-ray photoelectron spectroscopy (XPS), XRD, Fourier transform
infrared (FTIR) spectroscopy, Raman spectroscopy, field-emission scanning electron
microscopy (FESEM), and TEM. The influence of rGO addition on the solar. CSPA-
WO3 depicted remarkable photoelectrochemical current density and photoconver-
sion efficiency visible light illumination. For the fabrication of these nanostructures,
a suspension of WO3 nanoparticles and camphor sulfonic acid was made in distilled
water. Afterward, distilled aniline was added at 4 °C with continuous stirring. Later
on, an oxidizing agent (ammonium persulfate) was slowly added and the prepared
CSPA-WO3 was filtered and washed with water. GO was prepared with modified
Hummer’s method. For the preparation of CSPA-WO3-rGO, CSPA-WO3 and rGO
were sonicated separately in water afterward both suspensions were stirred together
in a homogenized mixture and were later irradiated by a 300 W Xenon for 60 min
while stirring slowly. The material thus obtained was washed and dried at 60 °C [22].
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2.5 Nanosheets and Water Splitting Reactions

Nanosheets are also proven to be very effective in water splitting reactions. In a
study conducted by Zhou. et al. SiC ultrathin nanosheets covered with GO have been
reported. The sheets were prepared by vapor–solid mechanism. These nanosheets
have shown promising photocatalytic activities as assessed by HER from pure water
and water containing Na2S.SiC/GO nanosheets showed 10 times better photocat-
alytic activity in H2 generation as compared to the SiC nanocrystals. The improved
photocatalytic of the nanosheets is related to the two-dimensional structure of
nanosheet, large surface area, improved visible light absorption, and fast SiC-to-
graphene interfacial charge transfer. For the fabrication of these sheets, graphene
sheets were mixed with Si powder and were placed inside the tube furnace and
heated up to 1320 °C in Ar atmosphere. In the end, the excess Si was removed by
treating them with the mixture of HNO3 and HF and dried at 100 °C. The nanosheets
were characterized by XRD, UV–Vis spectroscopy, Raman spectroscopy, TEM, etc.
[23].

Semiconductors of tantalate are promising photocatalysts for liberation of
hydrogen by photocatalytic splitting of water, as their conduction band involves
5d orbital, which has greater negative as compared to the H + /H2 half reaction.
Bi3TaO7 is a stable tantalate, having appropriate bandgap for visible light illumina-
tion under acidic or alkaline conditions. Nanosheets made of Bi3TaO7 are found to
be significant for hydrogen generation from splitting of water. They are prepared by
mixing the ethanol suspensions of Bi (NO3)3·5H2O and TaCl5. Afterward, the pH of
the solution was adjusted aqueous solution of KOH. Later on, the mixture was placed
in Teflon-lined stainless-steel autoclave for a day at 180 °C. In the end, the Bi3TaO7

nanoparticles were obtained, they were cooled at room temperature and washed with
water. Bi3TaO7 nanosheet was generated by the liquid exfoliation process. For this
purpose, suspension of Bi(NO3)3 · 5H2O nanoparticles was made in distilled water
having sodium dodecyl sulfate (SDS) as the surfactant. The non-polar hydrocarbon
tail of the SDS combined with the surface of the nanosheet and the polar head of
SDS combined with the water lead to the formation of steric repulsion-resistant
nanosheets. Later on, the sheets were sonicated and centrifuged. These nanosheets
were characterized with XRD, Raman spectroscopy, SEM, and EDS. Nanoparticles
of Bi3TaO7 depicted no hydrogen liberation; however, Bi3TaO7 nanosheets showed
∼2.1 μ mol/h liberation of hydrogen in water splitting reaction [24].

In a study, nanosheets of Ni and rGO were prepared for photothermal effect-
driven water splitting reaction. The hydrogen and oxygen liberation from the water
was studied simultaneously by the use of Ni/rGO nanosheets. Over the nanosheets
of Ni/rGO, under the illumination of visible light, both hydrogen and oxygen liber-
ations were increased promisingly as the overpotential reduced to 49 and 50 mV
at 10 mA cm−2, respectively. The rGO absorbed incident irradiation for improving
the conductivity of electrocatalyst and heating the supported active entity (i.e Ni).
The hot active entity can enable the thermodynamics and kinetics of electrocatalytic
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reactions and hence highly improve electrocatalytic performance. For the prepara-
tion of these nanosheets Ni (OH)2 nanoparticles were prepared first over the surface
of rGO by hydrothermal process. Later on, the Ni/rGO composite was made by the
reduction of Ni(OH)2/rGO at 500 °C in Ar/H2 atmosphere. These nanosheets were
characterized by infrared (IR) imaging, TEM, XRD, Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) [25].

In a relatively new research, cauliflower-like nanosheets have been developedwith
superior photocatalytic activity for generation of hydrogen with water splitting reac-
tion. Ternary ZnS/CuS/g-C3N4 cauliflower-like composite nanosheets were fabri-
cated via hydrothermal, cation exchange process along with ultrasound supported
wet impregnation techniques. These nanosheets have proven to be very efficient
for generation of hydrogen. Maximum hydrogen liberation rate of 9868 μ mol h−1

g−1 was obtained. The hydrogen liberated by ternary ZnS/CuS/g-C3N4 is almost
double than the amount generated by simple CuS/ZnS. This is maximum amount
of hydrogen generated by g-C3N4-based nanocomposites. This remarkable perfor-
mance is attributed to the exclusive heterostructure of ternary CuS/ZnS/g-C3N4

which have possibly restrained the rejoining of electron/hole pairs. The nanosheets
also showed remarkable recycling performance. For the preparation of ternary
ZnS/CuS/g-C3N4, ZnS, CuS/ZnS nanocomposites, and g-C3N4 were prepared sepa-
rately by hydrothermal method, cation exchange method, and heating the melamine,
respectively. Afterward, the nanosheets were fabricated by ultrasonic-aided wet
impregnation technique. The prepared nanostructures were characterized by FTIR,
XRD, XPS, SEM, TEM, etc. [26].

Snowflake-like multi-channel Ru/Cu nanosheets are also reported for their effi-
ciency as electrocatalysts for HER and OER via water splitting reactions. These
metallic nanosheets were composed of amorphous Cu and crystalline Ru which
depicted efficient liberation of hydrogen and oxygen from water splitting in both
alkaline and acidic conditions at lower onset and overpotential as compared to the
commercially available Ir

/
C

∥∥Pt
/
CIr/C||Pt/C electrocatalyst. These nanosheets have

also shown excellent stability in both alkaline and acidic environments as indicated
by the chronoamperometry measurements. These nanosheets were prepared by the
one-pot process with RuCl3 · xH2O and CuCl2 · 2H2O. Oleylamine and octadecene
were employed as solvents and phloroglucinol as the reducing agent. The prepared
nanosheets were characterized by TEM, AFM, EDX, dark-field scanning TEM, etc.
[27].

2.6 Other Nanomaterials and Water Splitting Reaction

Other than abovementioned nanomaterials there are several other nanoscale
substances that are involved in the water splitting reaction for the generation of
hydrogen. Some of them are listed in Table 1.1.
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Table 1.1 Water splitting reaction for the generation of hydrogen and nanotechnology

Material Nanotechnology Function References

BaTiO3 Ferroelectric
nanoparticles

Ultrasonic vibrations
for water splitting

[28]

SrTiO3 Nanocubes Electrochemical
water splitting

[29]

SmMn2O5 Nanocuboids Electrochemical
water splitting

[30]

Cobalt phosphide Nanopolyhedrons Electrochemical
water splitting

[31]

Ni/NiCoP Nanoheterojunction Electrocatalytic water
splitting

[32]

Brass Nanopatterning Photoelectrochemical
water splitting

[33]

GaN Nanowires Photoelectrochemical
water splitting

[34]

CoS2–MoS2 Nanoflakes Electrochemical
water splitting

[35]

MoxW1-xO2/MoxW1-xS2/MoxW1-xP Nanooctahedrons Electrocatalytic water
splitting

[36]

MoS2/Co9S8/Ni3S2/Ni Nanoassembly Electrocatalytic water
splitting

[37]

2.7 Conclusion

The above study has explained the use of various nanomaterials in water splitting
reaction for the generation of hydrogen. A wide variety of nanomaterials including
the normalmetal nanoparticles, the transitionmetal-based nanomaterials, the carbon-
based nanostructures, etc. are found to improve the efficiency of the water splitting
reactions. In some cases, the nanomaterials have found to increase the hydrogen
liberation rate by 20-folds as compared to the bulk material (the quantum dots of
CuO/TiO2 hybrid). The study concludes that the nanomaterials are integral for future
endeavors in the area of water splitting for hydrogen generation. The need of the hour
is to look for the processes which enable the economical synthesis of the nanomate-
rials and also the alternatives for expensive raw materials (such as noble metals) for
the synthesis of nanomaterials must be researched.
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Chapter 3
Fossil Hydrocarbon Decarbonization
and Nanotechnology

3.1 Fossil Hydrocarbon Decarbonization

Sustainable hydrogen can be produced from a variety of substances other than water
such as fossil fuels (natural gas, oil derivatives, coal, and other hydrocarbons) [1].
Fossil fuels can serve as the source of sustainable hydrogen because of their price,
availability, and convenience in transportation and storage. Carbon and hydrogen are
the major constituents of the hydrocarbons, and hence serve as the promising raw
material for the generation of hydrogen. Hydrogen can be generated by a variety
of different methods from hydrocarbons and their derivatives. These processes are
commonly termed as fossil hydrocarbon decarbonization. Some of the commercially
employed fossil hydrocarbon decarbonization methods are discussed below.

Steam reforming of natural gas is the most effective and the commonly employed
method for the generation of hydrogen. This process involves the catalytic conversion
of methane (which is a chief constituent of the hydrocarbon feed) and water (steam)
into the oxides of carbon and hydrogen. This process is generally operated at very
high pressure (35 atm) and temperature (850–950 °C). The chemical reaction for the
process can be given as.

CH4 + 2H2O → 4H2 + CO2 + energy.

Another important method for hydrogen generation from fossil hydrocarbons is
partial oxidation. In partial oxidation, oxygen, fuel, and sometimes steam are mixed
in fixed ratios which result in the conversion of fuel into amixture of oxides of carbon
and hydrogen. The partial oxidation of hydrocarbons is used with several alterations
depending on the type of composition of the substrate fossil hydrocarbons. The
overall process is exothermic, and the reaction can proceed with or without catalysts.
In the presence of catalyst, this reaction proceeds at lower temperatures (600–900 °C),
whereas in the absence of the catalyst the reaction requires very high temperature
(1100–1500 °C) to proceed along with the production of high molecular weight coal

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2021
S. Farrukh et al., Nanotechnology and the Generation of Sustainable Hydrogen,
Green Energy and Technology, https://doi.org/10.1007/978-3-030-60402-8_3

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60402-8_3&domain=pdf
https://doi.org/10.1007/978-3-030-60402-8_3


26 3 Fossil Hydrocarbon Decarbonization and Nanotechnology

and oils. The reaction can be given by the following reactions:

CH4 + 1
/
2O2 → CO + 2H2 + energy.

CH4 + O2 → CO2 + 2H2 + energy.

Steam iron process is also used for the production of hydrogen from a large
range of hydrocarbon. Even coal can be used as the raw material for hydrogen
generation by using this process. Reduction–oxidation regenerative system is used
for the generation of ultrapure hydrogen with different catalysts. Modified form
of steam iron process also has fuel cell applications. This method requires high
temperature and involves several steps.

Photocatalytic activation of hydrocarbons also results in the generation of H2. The
specific photocatalysts activate the hydrocarbon molecule by absorbing the near-UV
photons of the solar spectrum. The photocatalytic activation involves photoinduced
charge transfer in photoactive catalysts,which lead to the formationof active electron-
deficient entities which extract the proton from hydrocarbon molecule leading to the
generation of hydrogen molecule and other by-products.

Thermal decomposition is another process inwhichhydrocarbons are decomposed
into hydrogen and carbon. Pyrolysis temperature of ~ 400 °C is required for thermal
decomposition, and this much high temperature is achieved from fuel–air flame
while the air being cut off. At these conditions, the hydrocarbons get pyrolyzed into
hydrogen and carbon-black particles, as thermal decomposition is a cyclic process
and was formally employed for the production of hydrogen. The major problem in
production of hydrogen from the fossils fuels is the emission of CO2. The concentra-
tion of CO2 would increase gradually in the earth atmosphere due to increased energy
demands. Nevertheless, of the procedure employed for the generation of hydrogen
from hydrocarbons all the carbon (present in the hydrocarbon) will be converted
into oxides of the carbon and mostly CO2. This is the major challenge toward using
hydrocarbons for the production of sustainable hydrogen from hydrocarbons [2].

The decarbonization of fossil hydrocarbons cannot be discussed without the
production of CO2. This chapter is focused on the use of nanotechnology in the
hydrogen generation from hydrocarbons and CO2 reduction, which is produced
during the process of decarbonizationof fossil fuels.A simplified schemeof hydrogen
generation from fossil hydrocarbons is shown in Fig. 3.1: Simplified scheme of
hydrogen generation from fossil hydrocarbons.

3.2 Steam Reforming

Several studies have reported the use of nanotechnology in steam reforming of the
hydrocarbons and their derivatives. In a study, Ni/Cu/Al2O3 nanocatalysts were
employed for the steam reforming of natural gas for the production of hydrogen.
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Fig. 3.1 Simplified scheme of hydrogen generation from fossil hydrocarbons

The study has shown that with the increase in temperature along with the introduc-
tion of additional steam increase the production of the hydrogen gas from the shale
gas over Al2O3 sustained Ni/Cu nanocatalysts. In this study, the nanocatalyst was
prepared by impregnation and co-precipitation method. Al (NO3)3 · 9H2O was used
for obtaining Al2O3 where Cu and Ni were obtained from Cu (NO3)3 · 3H2O and Ni
(NO3)2 · 6H2O, respectively. In impregnation method, the Al2O3 was impregnated
and calcined prior to the addition of Ni and Cu, whereas in co-precipitation method
all the reactants were first dispersed in water and later precipitated with K2CO3. The
catalytic activity of the catalysts prepared by impregnation method was higher as
compared to the other [3].

Ethanol is a derivative of ethane and can be used for the production of sustain-
able hydrogen by catalytic steam reforming. The major issue faced in this process
is catalytic deactivation. Chunfei et al. have reported the steam reforming of ethanol
by employing nano-Ni/SiO2 catalyst. Sol –gel and impregnation methods were used
for the preparation of the catalyst. For sol–gel method, Ni (NO3)2.6H2O and citric
acid were dissolved in ethanol, and more ethanol was added afterward along with
the DI water which is followed by the dropwise addition of tetraethyl silicate. In
case of impregnation method, Ni (NO3)2 · 6H2O was dissolved in deionized (DI)
water and mixed with silica, and later it was dried and calcined in the air for 3 h. All
the prepared catalysts (both methods) were reduced in hydrogen atmosphere at 600–
700 °C. The catalysts were characterized with scanning electron microscope (SEM)
coupled with energy-dispersive X-ray spectrometer (EDXS), Brunauer–Emmett–
Teller (BET), and thermal gravimetric analysis (TGA). A fine dispersion of Ni and
largeBET surface areas of > 700m2 g−1 were achieved for sol−gel catalysts, whereas
for impregnation catalyst small BET surface area of 1 m2 g−1 was obtained. The
catalyst prepared by sol–gel method generated double the amount of hydrogen as
compared to the impregnation catalysts. This can be explained by the fact that the
catalyst obtained by sol–gel method showed uniform dispersion of Ni, whereas irreg-
ular dispersion of the metal was observed in the catalysts prepared by impregnation
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method. The sol–gel catalyst was also found to be stable than the other when used
repeatedly in the steam reforming of the ethanol [4].

Another study has reported use of Al2O3/NiO nanocatalyst in quartz for the steam
reforming of methane. The catalyst was prepared by employing sol–gel method. It
was found that the size of NiO crystallite in NiO–SiO2/Al2O3 catalyst varies with
the degree of Ni loading and calcination temperature. The study determined that the
nanocatalyst with 10% Ni is finest for steam reforming of methane. The catalyst
was prepared by making the solution of tetraethyl orthosilicate (TEOS) in ethanol
and nickel nitrate hexahydrate (amount depending upon the required Ni loading) in
aqueous ethanol. Afterward, both solutionswere slowlymixed togetherwith constant
stirring. The solution was allowed to stir at 25 °C for ~ 5–6 h. The product thus
obtained was aged for 7 days. After aging, the catalyst was dried and calcined at
specific temperature. For the introduction of Al2O3, NiO–SiO2 and alumina were
mixed together, and bentonite was added as the powder. SEM, transmission elec-
tron microscope (TEM), X-ray diffraction (XRD), BET, temperature-programmed
reduction (TPR), and thermal conductivity detector (TCD) were used for the char-
acterization of the product. The catalyst is found to be stable up to 500–700 °C. At
optimized conditions, 95.7% conversion of methane to hydrogen was achieved [5].

Keshavarz et al. reported Ni/MgAl2O4 nanocatalysts for the steam pre-reforming
of natural gas. In this investigation, the catalysts were prepared by the deposition
precipitation process, which involves the surfactants. Different parameters which
effect the activity of catalyst and the dispersion of the Ni like aging time, nature of
surfactant, precipitation temperature pH, and of solution were also studied. The best
conditions for the preparation of catalysts were found to be the 5 h aging time, sodium
stearate as the surfactant, 30 °C temperature, and pH 10. At 500–550 °C, 100%
ethane and propane conversions were achieved. For the preparation of the catalyst,
firstly,MgAl2O4 was prepared by co-precipitationmethod by using polyvinylpyrroli-
done (PVP) and capping agent. Later on, 21% Ni loading was achieved via depo-
sition precipitation. For this purpose, surfactant and Ni (NO3)2 · 6H2O were stirred
together in DI water followed by the addition of MgAl2O4 and NaOH. Later on, the
product was dried and calcined at high temperature. Different characterization tech-
niques were employed for the analysis of the catalysts like H2-TPR, XRD, BET, N2

adsorption/desorption, TPR, inductively coupled plasma optical emission spectrom-
eter (ICP), temperature-programmedoxidation (TPO), and temperature-programmed
desorption (TPD) [6].

3.3 Partial Oxidation

Nanotechnology has also found its applications in partial oxidation of the hydro-
carbons and their derivatives. Several studies have reported the partial oxidation of
different hydrocarbons for generation of sustainable hydrogen by employing certain
nanostructures. A novel catalyst consisting of three-dimensional honeycomb-like
SiO2 enclosed by ZrO2 layer was reported to assist the partial oxidation of methane.
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This ZrO2/SiO2 was synthesized by sol–gel coating process. The prepared material
has average diameter of ~ 10 nm. The silica structure was prepared with pluronic,
trimethylbenzene, and tetraethoxysilane. The prepared honeycomb-like assembly
of the silica was modified with zirconium n-propoxide, and glacial acetic acid, in
order to add the ZrO2 encasing. Afterward, dispersed Ni nanoparticles were incorpo-
rated on ZrO2/SiO2 assembly by impregnation method by using Ni (NO3)2 · 6H2O.
The prepared catalysts were analyzed with N2 adsorption–desorption, TEM, SEM,
H2-TPR/TPD, TGA, and XRD. The fabricated nanocatalyst depicted better coking
and anti-sintering ability in comparison to the traditional counterparts. The rate
of methane conversion by employing honeycomb ZrO2/SiO2-Ni was found to be
90–92%. This superior performance of these catalysts is associated with the better
metal dispersion in three-dimensional honeycomb SiO2, thermal stability of the Ni
nanoparticles, and the multiple interfaces between Ni, ZrO2, and honeycomb support
[7].

Marin et al. have reported the partial oxidation of Jet-A fuels to hydrogen and
carbon monoxide via nanoparticle of MoO2. These nanoparticles were prepared
by the reduction of MoO3 in 1:3 by volume solution of ethylene glycol and distilled
water. The prepared nanoparticleMoO2 was analyzed with XRD, SEM, BET, and X-
ray photoelectron spectroscopy (XPS). MoO2 nanoparticles depicted ∼99% conver-
sion of the fuel (at 850 °C, 1 atm) and ∼60% yield of hydrogen. In the similar study,
the MoO2 catalyst was compared with the reference Ni catalyst at similar conditions
which was deactivated because of coking in less than 4 h of the process where MoO2

nanoparticles showed a 10-h coking resistance [8].
Ni nanoparticles are known for their ability to partially oxidize methane to

generate hydrogen. In a study conducted in 2019, the stability of the Ni nanocat-
alysts was enhanced by using the reactive oxygen species (ROS) in certain metal
oxides. The Ni nanoparticles were immobilized inside the different mesoporous
metal oxides such as Yb2O3, La2O3, CeO2, and ZrO2. This was done via evaporation-
induced self-assembly method by utilizing honeycomb-like silica as substrate. The
honeycomb-like silica structure was synthesized with pluronic, trimethylbenzene,
and tetraethoxysilane, and the mesoporous oxides were formed with propoxide of
the particular metal oxide, glacial acetic acid, and hydrochloric acid. Later on, the
Ni catalyst was immobilized on them by wet impregnation method via Ni (NO3)2
· 6H2O. The highly activated nanoparticles were characterized with TEM, SEM,
and H2-TPR. The metal oxide-supported Ni nanocatalysts showed superior catalytic
stability, and this stability can be attributed to the strong interaction between Ni and
metal oxides, high dispersion of the active metal, and the confinement effect. By
using these enhanced catalysts, 90–92% methane conversion was achieved. Abun-
dant hydrogen production was reported by the use of this improved Ni nanocatalyst
via partial oxidation of methane [9].

The catalytic activity of the Pt nanoparticles was improved by confining them on
pores of silicalite-1 zeolite. Lichao et al. synthesized these improved Pt nanopar-
ticles for the partial oxidation of methane to syngas (a mixture of fuel gases with
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hydrogen as the major component). The improvement in the ability of the nanoparti-
cles was achieved by crystal transformation of Pt/silicalite-1 zeolite. Parent silicalite-
1 zeolite was synthesized by stirring together the tetrapropylammonium hydroxide,
tetraethyl orthosilicate, and water at 80 °C. The product thus obtained was later
autoclaved. Metal nanoparticles supported on the silicalite-1 zeolite surface were
then prepared by incipient-wetness impregnation. This was achieved by making the
solution of H2PtCl6 · 6H2O in DI water. This solution was then added to the vacuum
dried prepared silicalite-1 zeolite. The hollow Pt/silicalite-1 zeolite was prepared by
adding Tetra-n-propylammonium hydroxide in product followed by ultrasonication
and autoclave placement at 170 °C. The prepared nanoparticles were character-
ized with XRD, H2-TPR, SEM, N2/Ar adsorption–desorption, CO adsorption, TGA,
TEM, and ICP. The improved nanoparticles showed remarkable conversion of CH4

with significant reduction in the diffusion path of the chemical reaction [10].
In a study, production of hydrogen by the partial oxidation of methanol has been

reported by using the Au nanoparticles maintained on the metal oxides. H2 and
CO2 were obtained as the major product of the reaction, whereas CO as minor
product and H2O as the by-product in sufficient quantity. Metal oxides like Fe2O3–
MOx were used where M can be Al, Zn, or Zr. The catalysts were synthesized in
two steps. The first step involves the formation of composite oxide supports by
impregnation of the Al2O3, ZrO2, or ZnO support on the aqueous solution of Fe
(NO3)3 · 9H2O. Later on, Au was dispersed on the fabricated support materials by
deposition–precipitation process. The catalytic activity was shown by Au/Fe2O3-
Al2O3 (conversion: 100%, H2 selectivity: 48%), whereas the minimum activity was
shown by Au/Fe2O3- ZrO2. Al2O3 was found to be responsible in preventing the Au
nanoparticles against sintering through calcination as verified from TEM analysis.
With the increase in calcination temperature the concentration of the metallic Au in
the catalyst increases. The pretreatment of the catalyst was also found to have effect
on its activity, for instance, un-calcined Au/Fe2O3-Al2O3 depicted greater selectivity
for H2, whereas the calcined Au/Fe2O3-Al2O3 has shown poor performance in this
regard. The synthesized catalysts were analyzed with XPS, XRD, TGA, and TEM
[11].

One of the major problems faced during partial oxidation of hydrocarbons
for hydrogen generation is carbon deposition and catalyst deactivation because
of sintering. A bimetallic nanocatalyst Ni-Mo immobilised on ceria-zerconia was
prepared by Bkour et al. and used for the partial oxidation of isooctane. These cata-
lysts are found to cope with the problems of carbon deposition and deactivation. The
catalyst was prepared by co-impregnation process. Theywere employed as proficient
catalyst for partially oxidizing isooctane. The preparedmaterialwas used to formabi-
layer anode for micro-reforming on a traditional solid oxide fuel cell. The bimetallic
catalysts were characterized with TCD, TEM, XRD, TPR, energy-dispersive spec-
troscopy (EDS), and scanning transmission electron microscopy (STEM). The intro-
duction of Mo in the catalysts increases the conversion of the substrate to syngas,
along with increase in stability and dispersion of Ni catalysts. Carbon tolerance of
the Ni was also found to be increased with increased concentration of Mo. These
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nanocatalysts depicted 75% yield of H2 and 100% conversion in 24 h by partial
oxidation of isooctane [12].

3.4 Photocatalytic Activation

Photocatalytic activation of different hydrocarbons and their derivatives for genera-
tion of H2 involves the extensive use of nanotechnology.

VO2 is recognized as semiconductor with 0.7 eV bandgap, and this ability makes
it a promising candidate for the photocatalysis.Wang et al. reported a body-centered-
cubic, nanostructuredVO2,with remarkable photocatalytic activity for the generation
of hydrogen from ethanol and water mixture. This ability of the VO2 nanostruc-
tures can be attributed to their very high optical bandgap (∼2.7 eV). These nanos-
tructures were prepared by thermal oxidation process; the nanostructures of VO2

were deposited on Si substrate. The Si substrate was selected because it has low
substrate temperature for producing extensive arrays of aligned nanorods and nanos-
tructures of VO2 (also for other metal oxides) on its surface. The prepared nanos-
tructures were studied with SEM, TEM, XRD, electron energy loss spectrometry
(EELS), Rutherford backscattering spectrometry (RBS), and selected area (electron)
diffraction (SAD). The VO2 nanostructures depicted the quantum yield of ∼38.7%
when fabricated and utilized as nanorods. The production rate of hydrogen can be
improved by adjusting the UV-incident angle on VO2 nanorods (aligned in the form
of film). By correctly adjusting the angle of incident UV light with power density
of ∼27 m W/cm2, a high hydrogen production rate of 800 mmol/m2h−1 is achieved
[13].

Pt/TiO2 (B) nanofibers are noted for their photocatalytic activity in the production
of hydrogen from hydrocarbons. In a study, they are used for the generation of H2

from neat ethanol. For the synthesis of Pt/TiO2 (B) nanofibers, firstly, nanofibers of
H2Ti3O7 were synthesized via hydrothermal process in NaOH at 130 °C followed
by acidic wash and subsequent drying at 110 °C. Afterward, H2Ti3O7 nanofibers
were calcined at 300 °C which resulted in the development of TiO2 (B) nanofibers.
Later the Pt was impregnated to these fibers. It was observed that with the increase in
calcined temperature by 100 °C, the crystallinity of the TiO2 (B) nanofibers improved
whereas the dimension and morphology of the fibers remained same. The nanofibers
were characterized with field-emission scanning electron microscope (FE-SEM),
TEM, and Raman spectroscopy. The FE-SEM shows that many of the H2Ti3O7 and
TiO2 (B) nanofibers are tightly held together in the form of fiber bundle. The study
showed that the catalyst which was calcined at 400 °C has the H2 production rate
similar to the standard P-25 TiO2 whereas the catalysts which were calcined at above
or below 400 °C had shown comparatively poor results [14].

TiO2 nanofilms decorated with Pt are also involved in the photocatalytic gener-
ation of H2 from methanol gas. TiO2 films were developed with tetrabutyl ortho-
titanate in ethanol followed by the addition of chlorohydric acid. The films were
fabricated by spin coating method on the surface of quartz and calcined at 400 °C.
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Pt was incorporated on the films by infusing them in solution of H2PtCl6 for 6 h.
The excessive H2PtCl6 was removed by treating the films with formaldehyde. The
films were characterized with XRD and SEM. The photocatalytic degradation of
methanol gas was carried out in continuous-flow tank with Pt/TiO2 films. In this
process, maximum H2 production rate of 4.675 mmolh−1 was achieved [15].

Hydrogen can be generated from triethanolamine via the photocatalytic activation
using eosin Y-sensitized Pt-loaded nanotubes Na2Ti2O4(OH)2. The photocatalytic
activity of eosin Y-sensitized Pt-loaded is reported by Li et al. under visible light
irradiation with wavelength ≥ 420 nm. These nanotubes were synthesized by the
hydrothermal synthesis process whereas the eosin Y-sensitized NTSwas synthesized
by the impregnation process. Pt nanoparticles were by impregnated in situ with
H2PtCl6 by photodeposition process. The prepared catalysts were analyzed by TEM,
solid-state diffusion reflectanceUV–vis spectrometer (UV–vis/DRS), andXRD. The
catalyst exhibited 14.97% quantum efficiency, 100 h stability (in 10 consecutive
rounds) [16].

In an investigation, a photocatalytic bi-crystalline mixture of two nanostructures
was used for the production of hydrogen from neat ethanol. For the preparation
of first set of nanostructures, nanotubes of sodium titanate were transformed into
nanotubes of monoclinic TiO2 (B) by washing with HCl and then drying at 300 °C.
When the calcination temperature of prepared nanotubes was increased to 400 °C
these nanotubes start to change into anatase nanoparticles resulting in the formation
of bi-crystalline combination consisting of nanotubes of TiO2 (B) and nanoparticles
of anatase. The prepared nanostructures were characterized with XRD and FE-SEM.
Scherrer equation was used to determine the principal particle size of the anatase
nanoparticles, which were assessed to be ~10 nm. When the bi-crystalline structures
were loaded with 1% Pt, their photocatalytic ability was improved drastically. They
generated 25%more H2 by photocatalytic dehydrogenation in UV light as compared
to the reference P-25 TiO2. The promising efficiency of the bimetallic catalysts
can be attributed to the fact that the photocatalyst which consists of two phases
provides better separation of photogenerated electrons and holes, leading to the better
photocatalytic activity [17].

3.5 CO2 Sequestration

Fossil decarbonization for the production of sustainable hydrogen always produces
oxides of the carbon relative to the amount of carbon present in the hydrocarbon.
The CO2 is produced as the major oxides. This is one of the biggest disadvantages
of the fossil hydrocarbon decarbonization. Several solutions have been proposed for
the mitigation of the problem. Nanotechnology is also involved in many of these
solutions.

Li et al. have reported the simultaneous generation of H2 and the carbon nanotubes
from the fossil decarbonization of ethanol over Fe/Al2O3 catalyst. For the decar-
bonization of ethanol, fresh Fe/Al2O3 catalyst was placed in quartz tube (at constant
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temperature zone) inside fixed reactor. The temperature of catalysts was then
increased up to 500 °C and followed by the flow of Ar and H2 for 1 h at rate of
40 mlmin−1. H2 flow is turned off after reduction, whereas Ar is allowed to flow
again. After attaining the constant temperature, ethanol is introduced in the gasifi-
cation room at controlled rate. Here decomposition of ethanol takes place, resulting
in the liberation of hydrogen gas and carbon deposition on the surface of the cata-
lyst. Different characterization techniques such as Raman spectroscopy, TEM, and
SEM proved that the deposited materials on the surface of the catalysts are carbon
nanotubes. Carbon nanotubes thus formed not only reduce the CO2 emission but also
have several advantages of their own in multiple fields [18].

The CO2 emitted during decarbonization of hydrocarbons can also be converted
into single-walled carbon nanotubes over Fe/MgO catalyst. In an investigation, a
derivative of Feitknecht-compound precursor is used as catalyst. The catalyst was
synthesized with co-precipitation process. The Feitknecht-compound precursor is
known for the development of strong metal–support association which allows the
development of fine quality single-walled carbon nanotubes on its surface during
decarbonization of ethanol for hydrogen production. TEM was used for the surface
characterization of the prepared carbon nanotubes [19].

3.6 Conclusion

The hydrocarbons can be used for the production of hydrogen. The decarbonization
of hydrocarbons is achieved by using different processes such as partial oxidation,
photocatalytic activation, steam reforming, etc. The evolution of hydrogen from
hydrocarbons is accompanied with the production of carbon dioxide. Nanomaterials
are aiding both the liberation of hydrogen and mitigation of carbon dioxide, which
is produce as the result of decarbonization of the hydrocarbons. The current study
proposed the use of comparatively less consumed fractions from the obtained crude
oil refining, instead of already useful hydrocarbon such as natural gas. Extensive
research is needed in this area. A very little research is done in the area of carbon
dioxide mitigation, obtained as by-product during decarbonization. Along with the
conversion of carbon in carbon nanotubes, other mitigation processes must also be
used for handling of the gas. As only the conversion of generated carbon dioxide is
not enough for large-scale decarbonization of the hydrocarbons.
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Chapter 4
Hydrogen Sulfide Decomposition
and Nanotechnology

4.1 Hydrogen Sulfide Decomposition

Hydrogen sulfide is yet another important source of sustainable hydrogen. H2S is
categorized as a highly toxic pollutant of both natural and anthropic origins.Naturally,
Black Sea can be regarded as the one major reservoir of H2S because of its internal
structure. The upper layer is aerobic and runs down to the length of 150 m. The lower
layer consists of the anoxic sea where the concentration of the compound increases
and with the increase in depth, it is ultimately reached to the constant concentration
of ~9.5 mg/L. Sulfur-reducing bacteria are responsible for this high concentration
of H2S [1]. Coal seams can be considered as the second major natural source of the
H2S. The presence of the compound in the coal mines is also responsible for the large
number of deaths of the mine workers. The presence of large quantity of H2S is either
due to the thermochemical reactions or because of the bacterial sulfate reduction [2].
Different anthropic activities are the source of the H2S generation, mainly petro-
chemical and oil extraction processes. The crude oil is enriched with large quantity
of sulfur-containing compounds including disulphides, thioethers, polybenzothio-
phenes, etc. and their derivatives. Hydrodesulfurization of these compounds in the
process of purifying crude oil results in the formation of H2S [3, 4]. H2S is produced
as a dangerous chemical effluent from various industries, hence presenting a serious
threat of poisoning to the industrial workers [5]. H2S is also produced in the biomass
gasification plants as sulfur is present in the combined form in the feedstocks [6]. It
can also be produced from the wastewater treatment because of anaerobic oxidation
of the dissolved sulfur compounds in the feed [7].

H2S can be used as the promising source for the generation of sustainable
hydrogen. The decomposition of H2S serves two important purposes. Firstly, it elim-
inates one of the most toxic pollutants, and secondly it generated the sustainable H2.
There are several methods for the decomposition of H2S for the liberation of H2.
Some of them are briefly discussed here.

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2021
S. Farrukh et al., Nanotechnology and the Generation of Sustainable Hydrogen,
Green Energy and Technology, https://doi.org/10.1007/978-3-030-60402-8_4

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60402-8_4&domain=pdf
https://doi.org/10.1007/978-3-030-60402-8_4


38 4 Hydrogen Sulfide Decomposition and Nanotechnology

Photocatalytic dissociation of H2S liberates the hydrogen, in the presence of some
suitable photocatalyst and light. The photodissociation of H2S normally occurred
in liquid phase. The particular photocatalysts stimulate the substrate molecule by
attracting the near-UV light of the spectrum. This stimulation involves the photo-
induced transfer of charge in photocatalysts, which generated dynamic electron-
deficient species which extract the proton from H2S molecule leading to the
production of H2 molecule and other products. The chemical reactions of H2S
photodissociation in aqueous medium can be given as.

H2S + OH ↔ SH− + H2O.

H2S + 2OH− ↔ S2− + 2H2O.

2SH− → S22− + 2H+

2H+ + 2e− → H2.

Thermolysis is another technique for the decomposition of hydrogen sulfide. This
technique is commonly employed due to its simplicity and easy operational condi-
tions. In this technique, the decomposition of H2S is carried out at high temperatures.
The thermal decomposition of H2S occurs at varying temperatures depending upon
the applied pressure and initial concentration of the substrate [8]. The digramatic
explaination of pyrolysis of H2S is shown in Fig. 4.1.

Thermocatalytic methods involve the use of both temperature and the catalyst for
the liberation of theH2 fromH2S.Claus process is normally used for thermal catalytic
cracking of H2S. The choice of the catalysts for this process depends upon the
advantages of short residence time andmaterial resistance. At low optimal pressures,
the commonly employed catalysts for the process are sulfides of transitionmetals like
Mo,W, V, Fe, Co, Ni, Cu, and Zn [9]. Bimetallic catalysts like sulfides of Ru–Mo, Cd

Fig. 4.1 Diagrammatic explanation of pyrolysis of H2S
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chalcogens, activated carbon, and perovskites of transition and rare earth metals are
also used for the purpose. Fluidized catalysts have shown better catalytic activities
as compared to the bed catalysts due to the enhanced cleaning effect on the surface
of catalyst and improved intraparticle mass transfer [10–12].

H2S molecule can also be dissociated into sulfur and sustainable hydrogen via
electrochemistry technique. In this process, the hydrogen is liberated at cathode
(reduction reaction) where sulfur is obtained at anode (oxidation reaction), and the
deposition of the sulfur at anode also results in the severe passivation of anode.
Therefore, heat is used in the electrochemical assembly for the transfer of sulfur into
sulfur steam [13]. The chemical reactions for the process can be given as.

H2S + 2e− → H2 + S2− (reduction half reaction).

S2− → S + 2e− (oxidation reaction)

H2S
− → H2 + S (overall reaction)

Multistep thermochemical processes are also available for the decomposition of
H2S to generate H2. These processes involve two-step mechanism depending upon
H2S adsorption (via a single metal or group of metals) and methods that are taken
from water splitting reactions. The well-known multistep thermochemical processes
for decomposition of H2S are sulfurization of metals, inorganic sulfides or oxides,
thermochemical sulfur–iodine cycles, and revamping of CO or COS cycles [14–16].

Several H2S decomposition processes involve the use of nanotechnology. The
common nanomaterial involved in the dissociation of H2S molecule involves the
transition metal-based nanomaterials such as nanoparticles of different Cd chalco-
gens. Some carbon- based nanomaterials such as graphene oxide (GO) powder also
involve in the decomposition of the compound. The current chapter will explain the
frequently used nanomaterials inH2Sdecomposition for the generation of sustainable
hydrogen.

4.2 Cadmium-Based Nanomaterials and Hydrogen Sulfide
Decomposition

Cd salts with different materials, particularly sulfur, are used as the catalyst for
the conversion of H2S to H2. However, they are susceptible to photo-corrosion.
Different studies have suggested different solutions to the problem. In a study, the
nano-CdS powder was synthesized in hetero-matrix solid-state polymer-inorganic
reaction. The nano-CdS powder eliminated the problem of photo-corrosion along
with the improved photocatalytic ability due to the presence of charge transfer. These
thermally stable nanocrystallites of CdS restrained on polyphenylene sulfide (PPS)
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matrix were prepared by using cadmium iodide and PPS. The mixture of the two
compounds was heated at 285 °C (melting point of PPS) in a Pt crucible for 48 h.
The product thus obtained was analyzed with X-ray diffractions (XRD), transmis-
sion electron microscopy (TEM), and field-emission scanning electron microscope
(FESEM). The characterization of the product showed that the CdS nanocrystallites
of 6 to 28 nm in size were restrained on PPS matrix. 19.7% quantum yield of H2

production was achieved with the prepared nanomaterials [17].
Yao et al. have reported a facile method for the production of Pd–Cr2O3/CdS

nanocomposite to be used as a photocatalyst for the generation of H2 from H2S.
For the preparation of the nanocomposites, the aqueous solution of H2PdCl4 and Cr
(NO3)3. nH2Owas allowed to react with NaBH4. The accumulation of the nanoparti-
cles during H2PdCl4 reduction was prevented by the addition of polyvinylpyrolidone
(PVP) in the solutionwith thoroughmixing.Afterward,CdSwas added to the solution
with vigorous stirring resulting in the formation of Pd–Cr2O3/CdS nanocomposite.
A quantum yield of H2 increased from 37.3% to 55.6% at 420 nm by optimizing
chromium oxide loading of CdS in nanocomposite catalyst. The prepared catalysts
depicted better photocatalytic ability as compared to the pristine Pd. This can be asso-
ciated to the presence of interface for charge transfer. No characterization analysis
of the prepared composites was reported in the study [18].

Nanostructure of spinel semiconductors of varying morphologies has huge signif-
icant applications as photocatalyst. A group of investigators synthesized a cubic
spinel chemically stable nanostructure of CdIn2S4 via simple hydrothermal process
as visible light active photocatalyst for the generation of hydrogen by decomposing
H2S. For the preparation of these nanostructures, mixture of Cd (NO3)2 · 4H2O,
In(NO3)3· 3H2O, and excessive thiourea was placed in stainless-steel autoclave lined
with teflon along with double distilled water at 140 °C for 60 h. The product was
obtained in form of yellow precipitates. The obtained product was given ethanol
wash and was dried at 70 °C. The marigold morphology was shown by the samples
in aqueous medium whereas nanotubes with 25 nm diameter were formed in organic
solvent (methanol) under similar conditions. Different characterization techniques
like XRD, TEM, and FESEM were used for the analysis of the prepared nanostruc-
tures. The nanocatalyst exhibited excellent photocatalytic activity in both mediums.
The CdIn2S4 nanostructures showed give hydrogen quantum yields of 17.1% with
nanotube morphology whereas 16.8% with marigold-like morphology in visible
light. The promising ability of the catalyst for the generation of hydrogen is directly
associated to the high crystallinity of the prepared catalyst [19].

A quantum dot-glass nanosystem of CdS0.5Se0 and CdSe was prepared and used
for the hydrogen production from hydrogen sulfide by Sanjay et al. The synthesized
nonensemble was grown on germanate glassmatrix via facile melt quench technique.
The glass used for the preparation of the nanosystem consists of GeO2, Na2O K2O,
ZnO, TiO2, and B2O3.Al2O3. The CdSe and CdS0.5Se05 were used as dopants on
the glass surface. The nanosystem was prepared by making the adequately homog-
enized mixture of host glass powder and the dopant CdS0.5Se0.5/CdSe. Electrical
furnace was used for melting of the mixture at 900–950 °C for 2 h. Later on, the
product was quenched and annealed at 425 °C in an adjustable furnace. Afterward,
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the product is allowed to grow on the pieces of blank glass at 425 °C–475 °C for
8 h. The increase in temperature caused the increase in the size of quantum dots of
CdS0.5Se0.5/CdSe as the growth is dependent on temperature because of nucleation
and growth mechanisms. XRD and Raman spectroscopic analysis of the sample
revealed that the CdS0.5Se0.5 and CdSe are monodispersed in quantum dot-glass
nanosystem and have hexagonal structure. CdSe quantum dots have size in the range
of 2–12 nm. TEM and UV–Vis spectroscopy were used to determine the quantum
confinement of CdS0.5Se0.5 and CdSe. The control of CdS0.5Se0.5 quantum dot size
allowed the adjustment of bandgap from 3.6 eV to 1.8 eV. This improved the absorp-
tion of visible light, which resulted in the enhanced catalytic activity. 21 and 26%
apparent quantum yields of hydrogen liberation were achieved by using CdSe and
CdS0.5Se0.5 quantum dot–glass nanosystems, respectively, for the decomposition of
H2S [20].

4.3 Titanium-Based Nanomaterials and Hydrogen Sulfide
Decomposition

Titanium-based photocatalyst is frequently used in the decomposition of H2S for
the generation of H2. In a study, a nanocomposite was fabricated with bulk CdS
and nanocrystalline TiO2 as the photocatalyst for the generation of hydrogen from
aqueous solution of H2S under visible light of the solar spectrum. For the preparation
of theCdS, aqueous solutionofNa2SwasmixedwithCd (NO3)2 and further dissolved
in isopropyl alcohol. A precipitated product was obtained which was calcined at
800 °C for 1 h. The calcination was performed in helium atmosphere so as to enhance
the crystallinity of CdS. For the synthesis of CdS/TiO2 bulk-nanocomposite photo-
catalyst, the prepared CdSwas added to isopropyl alcohol and titanium isopropoxide,
waterwas added slowly afterward, and themixturewas stirred. The composite formed
was calcined at 800 °C for 2 h in the flow of air for enhancing the TiO2 crystallinity.
The prepared composite was characterized with XRD, TEM, and UV–Vis diffuse
reflectance spectrometer. The study suggested that the use of the prepared cata-
lysts is helpful in hydrodesulfurization plants and Claus plant gas steams for the
simultaneous production of H2 and removal of H2S [21, 22].

In an investigation, a titanium dioxide film-coated reactor wasmade via heat treat-
ment and sol–gel process as the potential candidate for the photocatalytic degradation
of H2S. The prepared compound depicted excellent H2S degradation capability for
the generation of H2. Tetrabutyl titanate was used as the precursor for the synthesis
the TiO2. Solution of tetrabutyl titanate wasmade in absolute ethanol followed by the
addition of a mixture containing distilled water, glacial acetic, and absolute ethanol.
This resulted in the formation of semi-transparent sol, which was allowed to age
for 7 days. A quartz pipe (cleaned with sulfuric acid, distilled water, and ultrasoni-
cation) was used as the base for the deposition of TiO2 film. The prepared sol was
discharged into the quartz pipe (the pipe was wrapped with plastic from outside),
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and this resulted in the deposition of the film onto the inner surface of the pipe. Six
layers were applied in the similar manner, and the pipe was dried for 5 min before the
application of the next layer. Afterward, the TiO2-coated quartz pipe was calcined
at 500 °C for 2 h. This quartz pipe coated with TiO2 film was used as the photo-
chemical reactor. The prepared films were analyzed in XRD, X-ray photoelectron
spectroscopy (XPS), and SEM. From the characterization, it was found that the TiO2

film with mean crystalline size of 24 nm was formed [23].
Nilima et al. have developed nanostructures of N-doped TiO2 in marigold-like

morphology with solvothermal process for H2 generation from H2S. The N-doped
TiO2 was prepared making the solution of titanium tetra-isopropoxide in methanol
followed by the addition of hydrazine hydrate. This resulted in the formation of white
precipitate indicating the formation of complex between Ti4+ and hydrazine hydrate.
Later on, solution of guanidine carbonate in acetic acid was added in the mixture,
which dissolved the formed complex (white precipitates). The whole mixture was
then placed in the solution in sealed autoclave with Teflon lining at 150° C for 9–16 h.
The product thus obtainedwaswashed and dried at 80 o C. The structural examination
of the prepared nanomaterials has shown that the Ti is present in anatase form in the
synthesized nanostructures. The N-doping in the nanostructures is confirmed by
photoluminescence and photoemission spectroscopy. The microscopic analysis has
shown that the thickness of petal in N–TiO2 marigold-like nanostructures is around
∼2–3 nm. These nanostructures have been proven to be effective photocatalyst for
the dissociation of H2S for the generation of hydrogen under sunlight [24].

4.4 Zinc-Based Nanomaterials and Hydrogen Sulfide
Decomposition

Zinc-based photocatalysts are also involved in the decomposition of the H2S for
evolution of H2. Nanostructured ZnIn2S4 has been found to be very active in the
photocatalytic decomposition of H2S for the production of sustainable hydrogen. In
an investigation, hydrothermal process was employed for the fabrication of ZnIn2S4
nanoparticles. The said nanostructures were developed by placing the mixture of Zn
(NO3)2.6H2O, In(NO3)3.5H2O, and excessive thiourea and double distilled water in
stainless-steel autoclave linedwith Teflon, alongwith double distilledwater at 150 °C
for 30 h. Yellow precipitates were obtained as product. The obtained product was
given ethanol wash andwas dried at 70 °C. Themarigoldmorphology of the prepared
nanostructures was studied with FESEM, and it was found that the nanomaterials
have marigold-like morphology with the size of flower in the range of 3–5 µ m
and the thickness of the petal was ~ 3–5 nm. 5287 µ mol/h evolution of hydrogen
was achieved by utilizing these nanostructures via the decomposition of H2S under
visible light radiations. The chemical reaction for the evolution of hydrogen with the
said catalyst can be given as [25].
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H2S + OH− ↔ SH− + H2O.

ZnIn2S4 → h+ + e− (
h+ = valence band hole; e− = conduction band electron

)
.

2SH− + 2h+ → S2−2 + 2H+ (oxidation reaction).

2H+ + 2h+ → S2−2 + 2H+ (oxidation reaction).

Thecore–shell nanomaterialswith the core ofTiO2 and shell ofCdS–ZnSnanopar-
ticles were prepared for the generation of H2 via decomposition of H2S. TiO2

nanotubes were developed by heating the mixture of titania powder, water, and
sodium hydroxide at 110 °C for 20 h. The nanotubes were attained by washing
the prepared product with 6% of nitric acid, isopropanol, and water for the removal
of sodium ions. The nanotubes were then converted into nanorods by placing the
aqueous solution of nanotubes in autoclave at 175 °C for 48 h. The CdS-ZnS/TiO2

core–shell nanoparticles were prepared via co-precipitation process. In a typical
method, thiourea was added to the solution of cadmium acetate and zinc acetate, and
afterward Na2S and synthesized TiO2 nanorods were gradually added and the whole
mixture was stirred for ~15 h. This resulted in the formation of crystallized nanopar-
ticles which were recovered by ultracentrifugation. Later on, the prepared nanoparti-
cles were washed with deionized (DI) water and isopropyl alcohol and dried in oven
at 110 °C. The core–shell nanoparticles were characterized with XRD, TEM, SEM,
FESEM, Brunauer–Emmett–Teller (BET), and XPS. The prepared nanomaterials
were also analyzed for the determination of specific surface area, molecular vibra-
tions, particle size, bandgap energy, and binding energy.When CdS–ZnS/TiO2 core–
shell nanoparticles were used as catalyst for production of hydrogen, from aqueous
solution of sulfide and sulfite ions, an evolution rate of 29 mL/h was observed. Under
optimized conditions, maximum 30% conversion was obtained [26].

An investigation has reported green synthesis of p-type N-doped ZnO nanostruc-
tures with the ability to decompose H2S into sustainable hydrogen under sunlight.
The catalyst was prepared via wet chemical method. In the typical method, solution
of ZnCl2 in absolute ethanol was prepared and urea was added to it with continuous
stirring. Later on, the solution was placed in oven at 150 °C and a white hygro-
scopic product was formed. The product was preserved in a desiccator. Afterward,
the product was annealed at high temperatures ranging from 500 °C to 800 °C for 3 h.
This resulted in the formation of non-hygroscopic brown products. After annealing
the product waswashedwith hot distilledwater for the removal of excessive chlorine.
The structural analysis of the p-type N-doped ZnO showed that the lattice of the said
material is hexagonal wurtzite. The N-doping of the nanomaterials was confirmed
by optical studies which indicted a severe shift in bandgap from 3.19 eV to 2.3 eV
in the visible region of the spectrum. The evidence of N-doping of the ZnO cata-
lyst was also supported by Raman scattering and XPS analysis. The p-type N-doped
ZnO were characterized morphologically with FESEM, TEM. The particle size of
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the nanostructures was in the range of ∼4–5 nm. The nanostructure showed ∼3957
µ mol/h rate of hydrogen evolution [27]. The chemical reaction for the evolution of
hydrogen with p-type N-doped ZnO from H2S can be given as.

H2S + OH− ↔ SH− + H2O.

N − ZnO → h+ + e− (
h+ = valence band hole; e− = conduction band electron

)
.

2SH− + 2h+ → 2S2− + 2H+ (oxidation reaction).

2H+ + 2e− → H2 (reduction reaction).

4.5 Other Nanomaterials and Hydrogen Sulfide
Decomposition

In an investigation, hierarchical nanostructure-like dandelion flowers and nanorods
of Bi2S3 were developed by solvothermal process. The Bi2S3 nanomaterials were
developed making the solution of Bi (NO)3 · 5H2O and thiourea in a mixture of water
and ethylene glycol and were stirred for 1 h. The whole mixture was then placed in
stainless-steel autoclave linedwith Teflon at 150 °C. After the completion of the reac-
tion, the system was allowed to cool at room temperature. Black precipitates were
obtained in the form of product which were washed with water and ethanol at 80 °C.
FESEM, XRD, and TEM analysis were used for the characterization of the synthe-
sized nanomaterials. The prepared nanomaterials were utilized for the photocatalytic
decomposition of H2S for H2 generation under visible light. The prepared Bi2S3 hier-
archical nanostructure depicted remarkable hydrogen generation of 8.88 mmol/g/h
under daylight (between 11.30 am and 2.30 pm on bright sunny day) whereas the
nanorods generated 7.08 mmol/g/h of hydrogen under similar conditions from the
decomposition of H2S. This can be associated to the fact that the hierarchical nanos-
tructure has multiple surface defects which improve the separation of the charge
carriers [28].

In another study, CuGaO2 and its indium-doped analogue CuGa1−0.065In0.065O2

delafossite oxides co-catalysts nanostructures were fabricated and utilized for the
generation of hydrogen from H2S. The nanocatalysts were prepared via solid-state
process. XRD analysis of the materials depicted that they have hexagonal rhom-
bohedral structure. The morphological analysis with FESEM of the nanocatalysts
indicated that CuGaO2 has deformed plate-like particles while CuGa1−0.065In0.065O2

have systematic hexagonal rod-like arrangements. The prepared catalysts were able
to decompose hydrogen sulfide in aqueous KOH solution in visible light radiations.
At the incident radiation of λ = 550 nm, quantum yield of 13.6% for hydrogen
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Table 4.1 Nanomaterial and generation of the H2 from H2S

Material Nanotechnology Function References

CdS in HY zeolite
pores

Nanoparticles Photocatalytic
decomposition of H2S

[30]

Oxynitride
Nb2Zr6O17−xNx

Nanoparticles Photocatalytic
decomposition of H2S

[31]

CdS sensitized
CdWO4

Nanoparticles grown on
nanorods

Photocatalytic
decomposition of H2S

[32]

CdS Nanosized and capsule Photocatalytic
decomposition of H2S

[33]

generation was achieved. The study used following formula for the determination of
quantum yield [29]:

Quantum yield = 2xNumber of Hydrogen molecules evolved

Number of incident photon
x100

Some other nanostructures for the generation of the H2 from H2S have been
reported which are listed in Table 4.1.

4.6 Conclusion

Hydrogen sulfide, which is a major environmental pollutant can be uses as the potent
source of hydrogen. In this way, not only the harmful pollutant is eliminated but
also clean energy is generated. Transition metal-based nanomaterials are actively
involved in the liberation of hydrogen from hydrogen sulfide. The major problem
is the capturing of the hydrogen sulfide gas from various natural and anthropogenic
sources. Themodern researchers should focus on developing the systemswhich assist
the efficient capturing of H2S from various sources, so that considerable amount of
hydrogen can be obtained from H2S.
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Chapter 5
Biomass Decomposition
and Nanotechnology

5.1 Biomass Decomposition

Biomass can be used as the potential alternative for the generation of sustainable
hydrogen. It is not considered the best candidate to be used as the feedstock for the
generation of hydrogen because of very low hydrogen content (~6% against 25% of
methane). The content of H2 is smaller in biomass due to large (40%) oxygen content.
Despite the low hydrogen contents biomass is still used as the important source for
the generation of sustainable hydrogen as it is renewable and absorbs atmospheric
CO2, which makes it a better option than the fossil fuels [1] because the fossils fuels
are finite and depleting. Fossil fuels also produce considerable amount of CO2 during
the generation of H2 resulting in global warming and other environmental issues [2].
Biomass is obtained through variety of sources such as crop residues, waster of agri-
cultural industries, and plant residues like wood and the crops [3]. There are several
methods for the generation of H2 from biomass. A diagrammatic classification of
various hydrogen generation methods is given in Fig. 5.1. These methods can be
broadly classified into two categories, i.e., thermochemical processes and biochem-
ical processes [4]. Biochemical processes are appropriate for the biomass enriched
with starch or sugar but do not work well with the lignocellulosic-based biomass.
Contrary to this, thermochemical processes are suited for the broad range of biomass
feedstocks [5, 6]. Some of the important methods for the generation of H2 from
biomass are discussed here.

Fast pyrolysis of biomass is a thermochemical process in which H2 is produced
from biomass. This kind of pyrolysis results in the formation of small amount of
gaseous hydrogen and pyrolytic oil is also referred as bio-oil, which is later on
converted to hydrogen by steam reforming. Fast pyrolysis is usually followed by
steam reforming for the recovery of the H2 from the pyrolytic oil. The oil is separated
into two fractions depending upon the miscibility in water, namely, the water-soluble
fraction and the water-insoluble fraction. The water-soluble fraction is used for the
liberation of hydrogen whereas the other part cannot be employed for the purpose
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Fig. 5.1 Various processes for generation of hydrogen from biomass

but can be used in the preparation of the adhesives. There are some disadvantages
associated with this process such as low efficiency and production of by-product like
char and tar. Char contaminates the gaseous products where tar is responsible for the
clogging of the equipment pipes as it is an oily emulsion [7].

Gasification is another thermochemical processwhich generatesH2 frombiomass.
This process utilizes different materials as the gasifying medium for the production
of hydrogen gas such as steam, air, and oxygen. The gasification of the biomass
is always preceded by pyrolysis as the rate of the later is greater than gasification
process. Pyrolysis results in the formation of char (residue) when it reacts with
gasifying agent. Steam gasification is considered as a remarkable technique for the
generation of H2-rich fuel gas. The composition of the average fuel gas generated
by steam gasification is stated to be 40% H2, 8% CH4, 25% CO, 25% CO2, and
2% N2. On the weight basis of biomass, the theoretical yield of H2 is calculated
to be 17% maximum. Gasification can produce syngas with 50–55% of H2 [8–11].
Gasification of the biomass involves a series of reactions during the generation of
H2 from biomass. The important reactions are given below [12–16]:
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Major Pyrolysis Reaction

Biomass → char + H2 + CO + CO2 + CH4 + hydrocarbon + tar

Oxidation Reactions

C + 1
/
2O2 → CO + 1

/
2O2 → CO2

H2 + 1
/
2O2 → H2O

Carbon Gasification (Boudouard Reaction)

C + CO2 → 2CO

Methane Formation

C + 2H2 → CH4

Water Gas Reactions

C + H2O → CO + H2

C + 2H2O → CO2 + 2H2

Steam Reforming Reactions

CH4 + H2O → CO2 + 3H2

CH4 + H2O → CO2 + 3H2

Carbon Monoxide Shift Reaction

CO + H2O → H2

Cracking Reactions

CXHY + nH2O → nCO2 + (
n + 1

/
2
)
H2

Tar + H2O → CO2 + H2 + CO + lowmolecular weight hydrocarbons

Supercritical water gasification (SWG) is another thermochemical process for
hydrogenproduction. The gas and liquid phases ofwater become completelymiscible
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when treated at supercritical conditions (>22.1 MPa and > 374 °C). In these condi-
tions, the oxygen in the water behaves as an oxidant. When the supercritical water
is allowed to react with the biomass (a carbonaceous material) it will oxidize the
carbon of the biomass resulting in the generation of CO. After further oxidation,
the CO results in the formation of CO2. When carbon of the biomass is utilized,
the H2 and O2 of both biomass and water were liberated. This method appears very
promising but is very costly and is only suitable for biomass with high moisture
content [17, 18].

Fermentation is common biological process for the generation of hydrogen from
biomass. There are two types of fermentation for the evolution of hydrogen from
biomass, i.e., the light fermentation and the dark fermentation. The light fermentation
utilizes photoheterotrophic microorganisms whereas the dark fermentation makes
use of the anaerobic microbes for the fermentation of the biomass. In the process of
fermentation, the first step is hydrolysis (either enzymatic or acidic) of the biomass to
produce the concentrated solution of sugars which is later on fermented to hydrogen,
oxygen, and volatile fatty acids with anaerobic organisms. The organic acids present
in the concentrate are additionally fermented by the photoheterotrophic bacteria such
as Rhodobacter sp. and liberate H2 and CO2. When light and dark fermentation are
used collectively greater amount of H2 is generated from the carbohydrates [19]. The
chemical reaction for the conversion of carbohydrate to H2 by fermentation can be
given as.

C6H12O6 + 2H2O2 → 2CH3COOH + 2CO2 + 4H2

C6H12O6 → CH3(CH2)2 · COOH + 2CO2 + 2H2

Biomass is also converted to H2 via photosynthesis process. Different phototropic
microbes like cyanobacteria, green bacteria, and purple bacteria and numerous algae
are utilized for the generation of hydrogen from biomass in the presence of sunlight.
Green algae and other microbes absorb the sunlight and produce electrons, and the
photosystem sends these ferredoxin electrons.

Biological water gas shift reaction is yet another biochemical process in which
the particular microbes like Rubrivivax gelatinosus are used for the conversion of the
biomass to sustainable hydrogen. These microbes are capable of carrying out water
gas shift reactions with biomass at optimized temperature and pressure. The general
reaction of the process can be given as [20].

Biomass → H2O + CO → CO2 + H

Both the thermochemical and the biological processes of biomass conversion
for the generation of sustainable H2 involve the extensive use of nanotechnology.
Many studies have used the nanotechnology for the thermochemical conversion of
the algal mass to the sustainable hydrogen [21]. Similarly, various studies of biomass
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fermentation have been reported which employ different nanomaterials of both inor-
ganic and organic origins for the production of H2. For instance, nanomaterials of
different metal and metal oxides such as Cu, Au, Pd, Ag, and iron-iron-oxide. TiO2

are involved in dark fermentation of the biomass for hydrogen generation [22]. The
current chapter is based on the applications of nanomaterials that are used in H2

generation from biomass.

5.2 Thermochemical Conversion of Biomass
and Nanotechnology

Nanomaterials are commonly employed as catalysts in various thermochemical reac-
tions for the generation of hydrogen from biomass, such as gasification, supercritical
water gas formation, and steam reforming. In a study, trimetallic Ni-La-Fe/γ-Al2O3

nanomaterials were used for biomass gasification reaction. The nanomaterial was
prepared for the removal of tar in biomass steam gasification for the production of
improved quality gas. The said nanomaterials were prepared by deposition–precip-
itation (DP) method. For the preparation of the materials, γ-Al2O3 substrate was
depressurized at few torr for 1 h. This was done for the removal of air from the pores
of the substrate. On the other hand, solution of Ni(NO3)2.6H2O, La(NO3)3.6HO,
Fe(NO3)3.9H2O, and urea was made in distilled water and stirred at room tempera-
ture until a homogenized mixture is formed. Afterward, the mixture was transferred
on the γ-Al2O3 substrate which was sealed in the glass vessel and heated in the oil
bath at 115 °C for 2.5 h. The product was obtained in the form of brown deposition
on the surface of the substrate. After the completion of the reaction, the product
was cooled at optimized conditions and washed with deionized (DI) water until
the colorless product was obtained. The colorless nanomaterials were first dried at
90 °C for 6 h and then calcined at 550 °C for 1 h. Scanning electron microscope
(SEM) and X-ray diffractometer (XRD) were used to determine radial cross section
of the disk and morphology. The particle size was analyzed with transmission elec-
tron microscopy (TEM) and the metal content was determined by energy-dispersive
spectroscopy (EDX). The catalyst activity of the prepared material was evaluated
by conducting the gasification experiment with saw dust (as the biomass) with and
without the nanocatalysts. When the catalysts were used, 99% removal of the tar and
10% volume increase in the generation of H2 were observed [23].

In a study, biomass was used as the raw material for the production of biodiesel,
and crude glycerol was obtained as the significant by-product. Afterward, hydrogen
was produced from this crude glycerol in the presence Ni (OH)2 decorated on TiO2

nanotubes under sunlight. In the practice, the TiO2 nanotubes were prepared first by
hydrothermal method, and later on they were deposited by Ni(OH)2 quantum dots
via wet impregnation method. For this purpose, TiO2 particles were dissolved in the
solution of NaOH and placed in the autoclave lined with Teflon at 130 °C for 20 h.
The white product thus obtained was washed with distilled water, dilute HCl, and
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ethyl alcohol. The washed product was calcined at 350 °C for 5 h. Afterward, Ni
was loaded on the prepared nanotubes by using the aqueous solution of Ni (NO3)2 ·
6H2O. Themixturewas constantly heatedwhile being stirred to remove the excessive
solvent. At the end of the reaction, fine productwas obtainedwhichwas dried at 80 °C
and calcined at 350 °C for 3 h. The prepared product was analyzed with XRD and
TEM. The characterization of the product showed that the TiO2 nanotubes have
length and diameter in the range of 100–300 nm and 4.9–9.8 nm, respectively. The
quantum dots of Ni(OH)2 decorated on nanotubes showed the average particle size
of 8.4 nm. The XPS studies indicated that Ti and Ni are present in the oxidation
state of Ti4+ and Ni2+ in the prepared nanomaterials. 4719 μ mol/h H2 generation
was achieved under solar irradiation from the biomass-based glycerol via the use of
prepared nanomaterials [24].

Some studies have used different nanomaterials in supercritical water gasification
of biomass for the generation of hydrogen. Dennis et al. have reported the use of Pt-
carbon nanotubes in the generation of sustainable hydrogen from supercritical water
reforming of acetic acid and ethylene glycol (biomass products). For the preparation
of the nanomaterials, pre-made carbon nanotubes were used without any additional
purification. H2PtCl6.6H2O was used for the loading of the Pt on the nanotubes with
wet impregnation method. In the practice, the solution of H2PtCl6.6H2O was made
in acetone and added to the carbon nanotubes. The excessive solvent is evaporated by
placing the system in vacuum at 100 °C. Afterward, the nanocatalysts were subjected
to 500 °C temperature for 15 h in reducing atmosphere of H2 and N2. The loading of
the Pt on the nanotubes was determined by X-ray fluorescence spectrometer (XFS);
surface area was determined by Brunauer–Emmett–Teller (BET); and the surface
morphology of the pure nanotubes and the loaded nanotubes was determined by
SEM, X-ray photoelectron spectrum (XPS), TEM, XRD, and Raman spectroscopy
[25].

Ethylene glycol is a simple modeled compound of ethylene biomass-derived
liquids. It can be used for the production of sustainable hydrogen via steam reforming.
In an investigation, Ni-Pt bimetallic nanocatalysts were used for the steam reforming
of ethylene glycol. The study reported 60% conversion of the hydrocarbon and 27%
yield of the hydrogen at optimized conditions. The bimetallic catalysts were synthe-
sized by the wet impregnation method. For this purpose, firstly the solutions were
made from Ni (NO3)2 · 6H2O and H2PtCl6 · 6H2O and were later on mixed with
γ -aluminum oxide and stirred in a rotary evaporator at 60 °C. The reaction was
allowed to take place for 5 h. Afterward, the product was collected, dried (90 °C),
and calcined (600 °C) for 6 h. The synthesized catalysts were analyzed with TEM,
BET, XRD, H2-chemisorption, and H2-TPR. The introduction of the Pt in the lattice
of the Ni increased the reducibility of the catalyst which leads to the improved metal
dispersion, greater coking resistance, and better oxygen consuming activity. This
leads to the better conversion of the hydrocarbon and improved yield [26].
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5.3 Biochemical Conversion of Biomass
and Nanotechnology

Several studies have reported the use of wide-ranging nanomaterials for the fermen-
tation of biomass for the production of hydrogen. In a study, hematite nanoparticles
were used for the fermentation of sucrose in order to generate hydrogen. The nanopar-
ticles were prepared by using the solution of FeCl3. The solution was placed in the
oven at 100 °C for 72 h which resulted in the formation of red precipitates which
were separated by centrifugation. The obtained product was washedwith ethanol and
water. Afterward, the synthesized nanoparticles were resuspended in aqueous media
via ultrasonication. The prepared nanoparticles were characterized with TEM and
XRD. The TEM analysis revealed that the hematite nanoparticles have the average
diameter of ~ 55 nm. The XRD studies indicated that the nanoparticles are in hexag-
onal form. Clostridium butyricum was used for the fermentation, and the microbe
was employed as inocula without additional pretreatments. The study reported that
the maximum 3.57 mol of H2 were obtained per mole of sucrose when 200 mg/L of
the nanoparticles were used [27].

As mentioned earlier, water gas shift reaction is an important biochemical reac-
tion for the generation of hydrogen from biomass. Different studies have employed
varying nanomaterials in the water gas shift reaction for obtaining better yield and
high-quality hydrogen. In a study, researchers have claimed the use of gold nanopar-
ticles for the generation of hydrogen via water gas shift reaction. The study reported
that the method of preparation and the pretreatment of the catalysts is very critical
for the functioning of the catalyst in water gas shift reaction. In order to achieve the
catalytic activity of the Au nanoparticles in the reaction, the close contact between
oxide support and gold is crucial. The close contact is associated with the zerova-
lent atoms of Au which is necessary for the high catalytic activity. The abovemen-
tioned hypothesis is supported by the in situ extended X-ray absorption fine structure
(EXAFS) measurements [28].

An investigation has determined the effects of zerovalent Fe and Ni nanoparti-
cles against the divalent Fe2+ and Ni2+ ions on the proficiency of dark fermenta-
tion mesophilic reaction from glucose on the pretreated anaerobic sludge for the
generation of hydrogen. The sludge was treated with heat-shock. For the fermen-
tation experiment, glucose solution (5.5 pH) was taken in dark glass bottle and the
supplemented metal particles (separately) were added in the varied concentrations.
Afterward, the nutrient solution and inoculum were also added along with the partic-
ular amount of deionized water. The bottles were covered with butyl rubber cap.
Before the determination of the results the bottles were also incubated. The zerova-
lent Fe nanoparticles depicted 8% increase in the hydrogen yield, and this is probably
because of the fact that Fe0 improved the activity of ferredoxin electron transfer and
hydrogenase; however, contrary to the Fe nanoparticles, Ni nanoparticles showed
insignificant improvement (~0.9%) in the generation of hydrogen [29].

In another study, nanoparticles ofmaghemite (magnetite+ hematite) were used in
the fermentation of starch wastewater for the generation of hydrogen. The magnetite
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nanoparticles were synthesized by making the collective solution of FeCl3 · 6H2O
and FeCl2.4H2O in distilled water. In a separate beaker, NaOH was heated at 80 °C
and Ar was flown in it, and the formally prepared solution was added to it dropwise
resulting in the formation of homogenized small particles. After the completion
of the reaction, black precipitates were formed which were crystallize. Hematite
nanoparticles were prepared by making the solution of FeCl3 in distilled water.
The solution was then placed in oven at 100 °C for 72 h. Afterward, the solution
of magnetite nanoparticles and hematite nanoparticles was mixed together to obtain
maghemite nanoparticles. Thepreparedmaghemite nanoparticleswere analyzedwith
SEM and particle dimensions were found to be in the range of 55 nm. When the
nanoparticles were employed in the fermentation it was observed that the amount of
hydrogen generated by employing maghemite nanoparticles along with the bacteria
culture was greater (104.75 ± 12.39 mL-H2/g) than the amount generated with the
bacteria culture (66.22±4.88mL-H2/g) alone.The improvedproductionof hydrogen
by using the maghemite nanoparticles is associated with their ability to enhance the
bioactivity of hydrogen-generating microbes [30].

Zhidan et al. reported the use of carbon nanotubes for the generation of hydrogen
form biomass via Ruminococcaceae fermentation. The study employed hydrogen
producing reactors instead of microbial consortium with retained hydrogen product
was used. Carbon nanotubes improved the retention of the microbes. Seed sludge
with inactivated methanogenic bacteria was used as the biomass in the study. The
biomass was treated with alkali for the adjustment of the pH. Pre-made carbon
nanotubes with 12 nm diameter were used for the process. The study concluded
that the carbon nanotubes noticeably intensified the biomass retention and reduced
the startup time of the reaction. Carbon nanotubes also offered larger flocculation
capacity to Ruminococcaceae, hence improving the yield of hydrogen [31].

Laurent et al. used metallic and metallic oxide nanoparticles restrained on the
porous silica and added them on Clostridium butyricum-assisted biomass fermenta-
tion for hydrogen generation. For the preparation of nanoparticles, metallic salts of
Ag, Cu, Pd, and Fe were used. The prepared nanoparticles were encapsulated inside
the porous silica with co-gelation process. The process allows the doping of cations
with inorganic matrix at the molecular scale in a single step. Congelation allows the
simultaneous hydrolysis and condensation of two alkoxy silanes. All the metallic
nanoparticles anchored in silica were calcined at a high temperature for the removal
of organic moieties. After calcination as the final step, the products were reduced in
hydrogen atmosphere. All the prepared nanoparticles showed greater production of
H2 as compared to the blank experiments and the nanoparticles without silica matrix.
The Pd/SiO2, Ag/SiO2, Fe/SiO2, and Cu/SiO2 nanoparticles liberated ~95.8, ~93.8,
~119.4, and ~103.9 mL, respectively, of H2 from the 5 g/L of glucose, where the
referenced culture generated ~87 mL of H2 [32].

There are many other studies which involve the use of nanotechnology in biomass
conversion to hydrogen either by biochemical or thermochemical process. A brief
account of the few is given in Table 5.1: Nanotechnology in biomass conversion to
hydrogen.
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Table 5.1 Nanotechnology in biomass conversion to hydrogen

Biomass Method of H2 generation Nanotechnology References

Artificial wastewater Fermentation Gold nanoparticles [33]

Lignin Gasification Nanoparticle catalyst [34]

Glucose Fermentation Ni nanoparticles [35]

Cellulose Catalytic hydrothermal
conversion

SnO2 and ZnO
nanoparticles

[36]

Glucose Fermentation TiO2 and magnetic
hematite nanoparticle

[37]

Gasification/pyrolysis Nano-NiO/γ-Al2O3 [38]

Wastewater Fermentation Ag nanoparticles [39]

Anaerobic sludge/sucrose Fermentation Mesoporous Fe3O4
nanoparticles

[40]

5.4 Conclusion

Hydrogen can also be obtained from biomass along with several other sources. There
are different methods, such as thermochemical and biochemical, for the generation of
hydrogen from biomass. Nanotechnology is used in almost all of these processes for
the generation of hydrogen. Amount of hydrogen obtained from the biomass is very
small as compared to other sources. The biomass with high moisture content must
be investigated for better production of hydrogen. The advanced nanomaterials like
graphene sheets and carbon nanotubes must also be investigated for the generation
of hydrogen from a variety of biomasses.
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Chapter 6
Hydrogen from Miscellaneous Sources
and Nanotechnology

6.1 Introduction

Apart from the sources mentioned in the previous chapters, there are several other
important substances that generate H2 upon chemical or physical treatment. For
instance, when aluminum andNaOH are allowed to react they result in the generation
of hydrogen. Al is the most abundantly found crustal metal. The metal can be fully
recycled, and hence is also called as “viable metal.” Al is a very lightweight metal
which has several characteristics for being used in the generation of sustainable
energy. It is also used in energy storagebatteries.When employedwith highly alkaline
electrolyte the reduction potential of pure Al can be as low as−2.33 V relative to the
standard hydrogen potential [1]. The formation of hydrogen in corrosion reaction of
Al leads to the use of Al in generation of sustainable hydrogen. Aluminum-based
generation of hydrogen requires 2% energy and the emission of carbon dioxide is 4%
of the amount generated by the traditional methods of hydrogen generation. Al and
Al-based alloys are excellent candidates of onboard vehicle hydrogen generation [2].
In strongly alkaline solution, the hydroxide ions (OH−) are generated. These ions
are capable of destroying the protective layer of the oxide formed on the surface
aluminum, resulting in the formation of AlO2

−. Because of this the Al and the Al-
based alloys dissolved readily in the alkaline solutions. The reaction of the Al with
alkalis occurs at room temperature resulting in the formation of hydrogen. In the
chemical reactions below, it is shown that how Al reacts with NaOH (a strong alkali)
for generation of hydrogen [3].

2Al + 6H2O + 2NaOH → 2NaAl(OH)4 + 3H2

NaAl(OH)4 → NaOH + Al(OH)

2Al + 6H2O → 2Al(OH)3 + 3H2
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Municipal solid waste is also used as the source of hydrogen. Different compo-
nents of the waste like biological substances, organic materials, and other unde-
sirable components like plastic debris are involved in the generation of hydrogen.
Different studies have reported the use of these materials collectively and individual
for the preparation of hydrogen. In a study, post-consumer waste plastic obtained
from the municipal solid waste was used for the hydrogen generation by catalytic
steam reforming coupled with the gasification [4]. Waste plastic is one of the biggest
environmental hazards of the modern age. Conversion of the plastic into hydrogen
reduces the pollution on one hand and provides the clean energy on the other hand.
Several studies have reported the use of the plastics for the generation of sustain-
able hydrogen. A study has reported the use of mechanochemical treatment for the
generation of sustainable hydrogen from the waste plastic [5]. A study has reported
the simultaneous conversion of plastics into hydrogen-rich syngas and the carbon
nanotubes [6]. The waste plastic is commonly recycled chemically either by pyrol-
ysis or by gasification or by both of them for the generation of important hydrocar-
bons. When the plastics are subjected to gasification, syngas is produced with large
percentage of hydrogen. Additionally, the plastics comes with a higher hydrogen
content and heating value, as compared to other types of municipal solid wastes and
biomass, hence making them the most suitable candidate for hydrogen generation
from the whole solid wastes [7].

Ammonia is another source of hydrogen generation. Ammonia and many of its
derivatives are used as the potential source of sustainable hydrogen. Ammonia as
the source of hydrogen seems appealing as it does not generate oxides of nitrogen
or carbon (carbon dioxide or carbon monoxide) as the by-product, and also the
concentration of the unreactive ammonia during the chemical reaction can be lowered
to 200 ppb by employing appropriate adsorber [8]. It has been reported that the
generation of H2 by the decomposition of ammonia is economically more feasible
as compared to the reformation of methanol [9]. The evolution of hydrogen from
ammonia requires high temperature and suitable catalyst [10]. A chemical reaction
for the generation of hydrogen from ammonia can be given as [11].

2NH3 + 6OH− → N2(g) + 6H2O + 6e−

6H2O + 6e− → 3H2(g) + 6OH−

Oxidation frommetal alloys of salt solution results in the generation of hydrogen.
Magnesium alloys are notably important in this regard. It was found that the binary
alloys of Mg are capable of reacting with solutions of sodium chloride in water
[12]. Transition metals like Fe, Cu, Co, or Ni when mixed with Mg even in the small
composition like 0.2 wt.% result in the improved oxidation ability of the magnesium.
This can be associated to the high reduction potential of the transition metals [13].
A simple reaction of magnesium reacting with salts for the generation of hydrogen
is given in the equation below [14]:
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2NH4Cl + Mg → MgCl2 + 2NH3 + H2

Similarly, different hydrides like sodium borohydride are also capable of gener-
ating the sustainable hydrogen. Hydrides of metals liberate hydrogen when decom-
posed thermally. A striking characteristic of hydrides is that they can be generated
again in a reversible reaction. However, the hydrides have very small percentage
of hydrogen production. The hydrides of magnesium-based alloys exhibit higher
percentage of hydrogen production, at considerably high temperatures, hencemaking
their use impractical for generation of hydrogen. Another major problem of the
hydrides when used as the source of hydrogen is high air sensitivity. The general
chemical reaction of hydrogen liberation from hydrolysis of hydrides can be under-
stood by the following reaction using sodium borohydride (NaBH4) as the hydrogen
source:

NaBH4 + H2O → NaBO2 + 4H2

NaBH4 is one of the important hydrides of boron. The compound is stable in
dry air and is easy to handle as compared to the other chemicals of such nature.
Hydrogen can be generated by the action of catalysts or by hydrolysis of sodium
borohydride. Sodium borohydride is commonly employed hydride for the gener-
ation of hydrogen because of its several advantages over the others such as the
solutions of the compound are non-flammable; the chemical reactions liberate envi-
ronmentally benign products, the reactions of sodium borohydride allow the rate
control of H2 production, the by-product of the reaction NaBO2 can be easily recy-
cled, and the reactions occur at comparatively low temperatures. In the hydrolysis of
the sodium borohydride, the amount of hydrogen released is 10.8 wt.%, where half
of the hydrogen comes from the water [15]. Different catalysts have been reported
for the generation of hydrogen with NaBH4. Ru(acac)3 was used as the catalyst for
hydrolysis of NaBH4, Keceli et al. [16]. Silica-supported ferromagnetic compounds
have also been found to assist the hydrolysis of the compound as catalysts [17].
Transition metals like Ni, Pt/C, and Ru/C also serve as the important catalysts of the
reaction [18–20]. Other than NaBH4 important hydrides like LiBH4 and KBH4 are
also employed for the generation of hydrogen [21].

Hydrous hydrazine is also used as the rawmaterial for the generation of hydrogen.
It is a derivative of ammonia. Hydrous hydrazine is a compound in liquid state at
room temperature. It has high contents of hydrogen. About 8.0 wt.% of hydrogen
can be obtained from the decomposition of hydrazine at mild conditions of reaction.
The compound only generates nitrogen as the by-product on complete dissociation.
The chemical equation for the reaction can be given as [22].

N2H4 → N2 + 2H2

The use of the suitable catalyst is an absolute necessity for obtaining hydrogen
form hydrazine because the reaction is capable of proceeding in more than one
pathway. For instance, if the decomposition is not controlled by appropriate catalysts
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it can proceed in the following manner [23]:

N2H4 → 4NH3 + N2

Various metallic catalysts are used for the decomposition of the hydrazine for the
generation of hydrogen.

Several of abovementioned processes involve the extensive use of nanotechnology
in the liberation of hydrogen. This chapter will explain the involvement of several
nanomaterials in generation of hydrogen from miscellaneous sources.

6.2 Nano Hydride-Based Hydrogen Generation

Hydrogen can be obtained from the wide variety of the hydrides upon hydrolysis
over certain types of catalysts. A study has reported the use of nanosized platinum
dispersed on LiCoO2 for the generation of hydrogen from the solution of lithium
borohydride. The substrate (LiAlH4) liberated stoichiometric amount of hydrogen
over the prepared nanocatalysts. 8.6 wt.% of the hydrogen is generated when the
amount of water is considered in the calculations. The chemical equation for the
reaction can be given as.

LiBH4 + 4H2O → LiBO2.2H2O + 4H2

The said nanocatalysts were prepared by calcining the lithium cobalt powder
250 °C for 5 h, followed by the coating of Pt by employing the oxide of the metal.
The said materials were characterized with wide angle X-ray diffraction (XRD),
transmission electronmicroscopy (TEM), and energy-dispersive X-ray spectroscopy
[24].

Bimetallic magnetic nanoparticles of Ni and Ru constrained on the resin beads
were fabricated and used as the catalysts for production of hydrogen from alka-
line solutions of sodium borohydride. The said nanomaterials were fabricated with
chemical reduction and electroless deposition processes. For the synthesis of the
nanomaterials, resin beads were immersed into the RuCl3 solution at the room
temperature so that the chelating reaction can occur. The system was allowed to
stir for 1 h. Afterward, the Ru-chelated beads were washed with deionized water,
so as to remove the excessive product. The product was then heated at 70 °C and
followed by the reduction of Ru3+ to Ru. In this way, electroless deposition of Ni
became possible which is basically an autocatalytic reaction and only occurs on the
conductive metal surfaces. The prepared nanomaterials were analyzed with scanning
electron microscopy (SEM), EDS, X-ray photoelectron spectroscopy (XPS), and
magnetometer. The nanocatalysts can be recovered with spent solution of NaBH4

with permanent magnets. This is due to the inherent soft ferromagnetic nature of the
prepared nanomaterial. The recovery of the catalyst leads to the cost reduction of
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process. 400 mL/min/g of hydrogen was achieved from 10 wt.% solution of NaBH4

with 5 wt. % NaOH at 35 °C 5 wt. % NaOH using the fabricated nanocatalysts [25].
As mentioned earlier, Al and the Al-based alloys are very significant in the gener-

ation of hydrogen. Nanocrystalline Al hydrides also known as alanates are very
significant hydrogen storage substances for proton exchange membrane fuel cell
applications. In order to use the alanates for the hydrogen storage or generation
applications, several factors like amount of reversible hydrogen, thermodynamic and
kinetic parameters have to be optimized. Ti catalysts have seen to improve the uptake
and release of kinetics of hydrogen. In an investigation, different nanocrystalline Al
hydrides like magnesium alanate Mg (AlH4)2 have been synthesized which contains
9.3 wt.% calculated amount of hydrogen. The fabricated alanate when allowed to
decompose at ~160 °C, the three-fourth of the hydrogen is generated, and the last
part of the hydrogen can also be obtained at temperatures as high as 300 °C, which
is not suitable for proton exchange membrane fuel purposes. The chemical reaction
for the process can be given as.

MgH2 → Mg + H2

Afterward, the Mg reacts with Al to give the following reaction:

Mg + 2Al → 12Al3Mg2 + 12Al

The formation of the intermetallic compound is confirmed by the XRD analysis.
The equations give the rough estimation of the decomposition of the material [26].

Nanoclusters of intrazeolite cobalt were used in an investigation for the hydrogen
liberation from sodium borohydride. The nanoclusters were fabricated via the ion-
exchange method. In practice, the Na+ ions of the zeolite were exchanged by the
Co2+ ions, followed by the subsequent reduction (of Co2+ ions inside the zeolite-Y)
with NaBH4 as imitator at room temperature. The product thus formed was separated
as solid material. The formed product was analyzed with XRD, inductively coupled
plasma optical emission spectrometry (ICP-OES), SEM, TEM, XPS, Raman spec-
troscopy, and N2 adsorption technique. The nanoclusters were evaluated for their
catalytic activity in the hydrolysis of sodium borohydride solution with and without
the base. The nanoclusters have depicted better results in the basic solution. The
study reported the record production turnover of hydrogen from the hydrolysis of
the sodium borohydride in alkaline solution [27].

Nurettin et al. have reported the use of ruthenium and magnetic iron nanoparticles
as the catalyst for the hydrolysis of NaBH4. The nanoparticles in the study were used
in the formof composites on the hydrogelmatrix. The hydrogelswere prepared from -
acrylamido-2-methyl-1-propansulfonic acid,N,N′-methylenebisacrylamide (MBA),
and 2,2′-azobis(2-methylpropionamidine) dihydrochloride as monomer, crosslinker,
and UV initiator, respectively. The resulting hydrogel is pH sensitive, hydrophilic,
and have the ability to absorb the metal ions. The Ru and Fe nanoparticles inside
the hydrogels were prepared separately. The prepared product was characterized
with TEM. The study found have that the repetitive use of the prepared material
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resulting in the leeching of the metal particles; however, they can be loaded again,
and maximum efficiency can be achieved. The catalysts were later on used to reduce
the NaBH4 in the alkaline environment. Chemical equation for the reaction can be
given as [28].

NaBH4 + H2O → NaBO2 + 4H2

Similar studies with same hydrogel matrix containing cobalt and nickel nanopar-
ticles have also been reported for the hydrolysis of alkaline sodium borohydride
solution for the generation of sustainable hydrogen [29, 30].

6.3 Waste Material-Based Hydrogen Generation

Different waste materials that are involved in the generation of hydrogen require
extensive use of nanotechnology. In case of the plastics, nanomaterials are involved
in different ways. In some cases, the nanomaterials are produced simultaneously
from the polymeric waste plastic along with sustainable hydrogen (normally carbon
nanotubes are obtained by the process). However, some studies have reported the
recovery of metallic nanoparticles from the plastics but no hydrogen was obtained
alongwith them [31]. Some studies have reported the formation of particular nanopar-
ticles from different types of waste plastics which are involved in the generation of
hydrogen. Some of these works will be discussed here.

A study published in 2012 reported the generation of simultaneous generation
of hydrogen-rich synthesis gas and supreme quality multiwalled carbon nanotubes
from the waste plastics. The conversion was achieved through gasification instead
of thermal recycling. The process of the conversion was designed in a manner so
that it can be altered so as to achieve desired end product. In the practice, the waste
polypropylenewas used as thewaste plastic and the steamgasification of the substrate
was achieved byNi/Zn–Al and Ni/Ca–Al catalysts in a two-step reaction. The carbon
nanotubes were obtained in the form of deposition on the surface of the catalysts
and were characterized with Raman spectroscopy, SEM, and TEM. The mass of
the obtained nanotubes was determined through temperature-programmed oxidation
(TPO) of the catalyst with product deposition. The percentage yield of sustainable
hydrogen obtained through the steam gasification of the polymer was found to be
34.1 vol. %. The study proposed 16,800 Nm3 per day generation of the hydrogen by
the process if the plants are installed with 10 tons per day capacity of the plastic [6].
A graphical explanation of plastic conversion into carbon nanotubes and sustainable
hydrogen is given in Fig. 6.1.

In another study, novel waste polyethylene-based nanomaterials were created and
were employed in the generation of hydrogen from electrochemical reactions. These
nanomaterials involve carbon nanotubes decoratedwithNi/Pd nanoparticles. In prac-
tice, the nanomaterial was prepared by disintegrating the polyethylene waste plastic
in supercritical CO2 at high temperatures. This led to the formation of a mixture
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Fig. 6.1 Conversion of plastic in carbon nanotubes and sustainable hydrogen

aromatic hydrocarbons, CO2 and CO. Supercritical CO2 ensured the complete and
quick dissociation. In a parallel reaction, Ni acetate tetrahydrate was also pyrolyzed
so as to get theNi nanoparticles. Ni nanoparticles are excellent catalyst for the growth
of carbon nanotubes. The nanotubes were then allowed to grow by tip-growth model
via the Ni nanoparticle-supported small organic molecule thermal decomposition.
The Pd nanoparticles were allowed to develop on the surface of the nanoparticles
by using the aqueous solution of PdCl2 (liquid phase synthesis followed by the
subsequent reduction of the adsorbed Pd2+ ions. The prepared nanomaterials were
employed in electrochemical hydrogen evolution reaction via the splitting of water.
The carbon nanotube performance was poor when employed as catalyst; however,
it improved drastically when decorated with the Pd nanoparticles [32]. This can be
associated to the high reduction potential of the Pd.

A group of researchers have reported a work which addresses the simultaneous
production of carbon-black nanospheres and hydrogen from the thermal pyrolysis
of different waste polymers. For the purpose, the samples of the four different
waste plastic polymers, i.e., polyvinyl chloride, polypropylene, acrylonitrile buta-
diene styrene, and polyethylene, were charged into a furnace with twin thermal
plasma jet. This led to the pyrolysis of the substrate polymers. The pyrolysis resulted
in the formation of different gases and residues. The formed gaseous components
were analyzed with optical emission spectrometer (OES) and gas chromatography
[33] for the determination of the composition of the components. The analysis indi-
cated that the gaseous product contains H2, CH4, C2H2, C2H6, C2H4, C3H8, C3H6,
C4H10, C5H12, and C4. Analysis of all four polymers gaseous products showed that
the hydrogen has maximum concentration among all other gases. Another important
fact revealed by the analysis is that none of the gaseous mixture showed the pres-
ence of carbon monoxide. The formed solid residue was analyzed with XRD, TEM,
and SEM. The characterization showed the ultrapure carbon-black nanospheres were
formed by the acrylonitrile butadiene styrene pyrolytic decomposition [34].
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6.4 Ammonia/Ammonium-Derivative-Based Hydrogen
Generation

As stated, earlier ammonia and its derivative are important source of hydrogen
liberation. Some of the ammonia derivatives employ nanotechnology for hydrogen
generation.

Serdar et al. have used ceria-supported rhodium nanomaterials for the hydrolysis
of ammonia borane to liberate hydrogen. The researchers elaborated the effect of
different oxides on the catalytic ability of rhodium nanoparticles during the hydrol-
ysis of ammonia borane for hydrogen generation. Different oxide supports like CeO2,
SiO2, Al2O3, TiO2, ZrO2, and HfO2 were used. However, ceria offered the best
catalytic with rhodium nanoparticles for ammonia borane hydrolysis. The said nano-
material consisted of Rh(0) nanoparticles restrained on nanoceria, i.e., Rh(0)/CeO2.
Thenanomaterialswere synthesizedvia impregnationprocess. In practice, theRh(III)
ionswere allowed to deposit on the ceria surface by usingRhCl3·3H2O, and the depo-
sition was followed by the reduction of ions to Rh(0) with sodium borohydride at
room temperature. The nanomaterials thus obtainedwere separated via centrifugation
and analyzed with inductively coupled plasma optical emission spectroscopy (ICP-
OES), TEM, SEM, and XPS. The catalytic ability of the prepared nanomaterials was
determined at different wt.% loading of the Rh nanoparticles in nanoceria for the
hydrolysis of ammonia borane. The catalysts depicted best activity with 0.1 wt.%
loading of Rh nanoparticles. The nanoparticles showed record turnover frequency
value of 2010/min at ~25 °C. The remarkable catalytic activity of thematerial is asso-
ciated to the reducible nature of nanoceria. The prepared nanomaterials are reusable
catalysts with the ability to retain 67% initial activity even in the fifth cycle [35].

Another investigation has reported the use of Pd nanoparticles maintained on
cobalt ferrite (Pd(0)/CoFe2O4) as a catalyst for the hydrogen generation via hydrol-
ysis of ammonia borane. The catalyst depicted turnover frequency of 290/min at
25 °C. The stability of the substance was enhanced with the use of polydopamine-
covered cobalt ferrite in place of exposed cobalt ferrite. The coating of polydopamine
was obtained via pH-dependent self-polymerization with dopamine hydrochloride
at 25 °C. The Pd nanoparticles were loaded on the support material (polydopamine-
coated cobalt ferrite) via two-step process involving impregnation and reduction. The
materials were characterized with Fourier transform infrared (FTIR), XRD, atten-
uated total reflectance [36], TEM, SEM, EDS, ICP-OES, and Brunauer–Emmett–
Teller (BET). The analyzation revealed that Pd nanoparticles have average size of
~1.4 nm and have complete dispersion on polydopamine layer, where the thickness
of the layer was found to be ~ 8.6 nm. The value of turnover frequency was deter-
mined to 175/min at ~25.0 °C. The chemical equation for the reaction can be given
as [37].

NBH6 + 2H2O → NH4+ + BO2− + 3H2
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Production of hydrogen from hydrazine also involves the extensive use of
nanotechnology. Different studies have reported the use of various nanomaterials
in hydrogen generation from hydrazine. Modified silver nanoparticles designated as
C60(Ag@C60) are regarded as remarkable electrocatalysts for hydrazine oxidation
to generate hydrogen [38]. Similarly, titanate nanotubes enclosing Ni nanoparticles
have the ability to catalyze selective oxidation of hydrazine for hydrogen generation
[39].

6.5 Conclusion

There are several miscellaneous sources which contribute toward the generation of
hydrogen in varying amounts. As proven from the above discussion, nanotechnology
is paving the path for easing the generation of H2, both in terms of time and cost from
these miscellaneous sources. Efforts must be made for the use of the miscellaneous
sources as portablemediums that can be employed in batteries and other small devices
for the generation of hydrogen.
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Chapter 7
Physisorption

7.1 Introduction

One of the major reasons of why hydrogen is still not used as the primary source
fuel is the limitations in storage of hydrogen. The storage of the hydrogen should
be reversible at ambient conditions or it can be released from the storage material
on demand. Physisorption can be described as non-dissociative surface association
of the hydrogen gas with the solid surfaces. The interactions involve weak van der
Waals associations between the gaseous hydrogen molecules and the adsorbent [1].

The adsorption of hydrogen either chemical or physical involves varying energy
changes. A simplified version of these energies is shown in Fig. 7.1 chemically or
physically bonded to the surface. When the hydrogen gas comes in the vicinity of the
hydrogen-adsorbing material, some of the approaching molecules (depending upon
the nature of the adsorbent) develop physical association or weak van der Waals
interaction with the material surface and get physiosorbed on it. When sufficiently
high energy is provided either by altering the temperature or pressure, the molecules
of hydrogen dissociate into atoms and form chemical bonds with the adsorbent,
i.e., chemisorption. Reversing the conditions of temperature or pressure releases the
adsorbed hydrogen. There is a large array of substances that are involved in hydrogen
physisorption. The specific surface area and bonding energy (expressed in m2g−1)
are the major performance indicators of any material to be used for physisorption of
hydrogen [2].

Different carbon materials like carbons nanotubes (both single walled and multi-
walled), zeolites, activated carbons, COFs, fullerene (nanocages), and covalent-
organic frameworks are capable of storing hydrogen by physisorption [3–5]. This
ability of the carbon nanomaterials can be attributed to their sufficientmicro-porosity,
large surface areas ranging from 1000 to 3000 m2g−1, low mass, and fine adsorp-
tion ability. However, at ambient conditions, small amounts of hydrogen (1–3%
maximum) get weakly physiosorbed on carbon surfaces [6]. Better outcomes can
be achieved by lowering of temperature and pressure. Liquid nitrogen (−196 °C)
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Fig. 7.1 Energy distribution diagram of hydrogen adsorption on solid material, where Ea =
activation energy required for chemisorption, Eb = physisorption energy, Ed = dissociation energy

is commonly employed for standard low-temperature value and 20 bars hydrogen
pressure is used. In these conditions, with large surface area carbons (~3000 m2g−1)
~5 wt.% gravimetric densities of hydrogen physisorption have been reported [7].

Metal organic frameworks (MOFs) have also been employed as the potential
hydrogen storage material. MOFs are extremely porous organometallic hybrid struc-
ture. MOFs are nanoporous substances with high specific area and low density. They
are formed by the linking of metal oxide species with the organic moieties [8]. MOFs
are actively involved in the storage of hydrogen. Promising storage capabilities,
greater than 8 wt.%, have been shown by nanoporous metal benzenedicarboxylate
at −196 °C and 1.6 MPa [9].

Many physisorbing substances have noteworthy gravimetric densities and suffi-
cient adsorption and desorption kinetics but they need cryogenic temperatures for
proper functioning. Need of the hour is to prepare new substances which are capable
of hydrogen storage applications at ambient temperature while keeping other impor-
tant characteristics required for modern storage applications of the gas [2]. It should
bementioned that physisorption singly is not enough for the development of hydrogen
storage containers, additional developments are needed in this area. Nanomate-
rials are actively involved in the physisorption of hydrogen. Some of the important
nanomaterials with extensive use in physisorption of hydrogen are discusses here.
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7.2 Hydrogen Physisorption and Fullerenes

Fullerenes are nanomaterials with sp2 hybridized hollow carbon cages. Commonly
found as C60, but other order materials like C70, C78, C28, and C36 are also known
[10]. Fullerenes are actively involved in the physisorption of hydrogen.

ZhiGang et al. have reported the barrierless physisorption to chemisorption of
hydrogen molecules on the fullerenes doped with lightweight elements. The study
employed local density approximation (LDA)within density functional theory (DFT)
as process. The DFT process is capable of large systems at low computational costs.
In practice, C35B fullerene brought onto the space of C35B–H2 stable system. The two
C35Bmolecules nowbehave like forcepswith each attaching itself to the opposite side
of the small H2 molecules resulting in its dissociation to H, H (with one H with each
of C35B). This is barrierless physisorption to chemisorption. The study suggested
that H–H bond breaking occurs because of energy discharge as C35B gets near to
the C35BH2. The evolved energy increased the bond length between H–H ultimately
leading to chemisorption of H2 molecules in the hydrogen storage method. Overall
the energy decreases monotonously during this procedure [11].

In an interesting investigation, fullerene nanocages were filled with hydrogen to
determine the hydrogen storage capacity of endohedral fullerenes. The nanocages
of general formula Hn@Ck were analyzed for their hydrogen-storing capacities via
DFT. When large amount of hydrogen molecules were filled inside the nanocages, a
few of them get chemisorbed with carbon atoms on the interior of the nanostructures.
At most, 58 hydrogen atoms were found in interior of C60 nanocage in metastable
structure. The breaking mechanism of the fullerene was studied employing ab initio
molecular dynamics simulations. The pressure of hydrogen in the nanocage was
assessed and it was found that this pressure is few times less than hydrogen metal-
lization pressure. The study also developed the effect of hydrogen on C−C bond
stretching in fullerene nanocages of random radii. This can help in assessing the
amount of hydrogen that can be stored in larger radii fullerenes [4].

In an investigation, hydrogen storage capability of 3D periodic fullerene pillared
graphene nanocomposites was studied for their hydrogen storage ability. The 3D
nanomaterials consisted of fullerene entities covalently combined between the layers
of graphene. Fullerenes were used as pillars in between the consecutive layers of
the graphene. They were employed for adjusting the porosity and improving the
hydrogen storage capabilities of the projected nanostructures. The volumetric and
gravimetric hydrogen storage of the nanomaterials was studied by employing Monte
Carlo calculations at both high and low pressures varying from 0.01 to 100 bars and at
different temperatures, i.e., −196 °C and 25 °C. The results of simulations depicted
that substantial improvement in hydrogen adsorption ability of the nanomaterials can
be achieved with fitting assortment of fullerene size and the conditions of hydrogen
loading. The calculation also showed that the said nanomaterials can store up to 10.3
wt.% hydrogen at −196 °C. Additionally, the nanomaterial capacity of releasing
hydrogen surpassed 7.8 wt.% for the charge at −196 °C and 100 bar pressure. The
discharge of the gas was achieved at −113 °C, 5 bar pressure [12].
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Another investigation employs first-principle calculation within DFT for studying
the hydrogen storage capability in Jahn–Teller slanted fullerenes modified with Ti.
It is observed that that Ti atoms make two hexagonal pyramidal structures because
of their high cohesive energy. Each Ti atom adsorbed four hydrogen molecules via
Kubas interactions, with 0.33–0.76 eV adsorption energy per molecule of hydrogen.
The calculationsmade in the study and thevan’tHoff desorption temperature depicted
that molecules of hydrogen are reversibly adsorbed under feasible thermodynamic
conditions with 10.5 wt. % of hydrogen [13].

In an investigation, a novel carbon-based nanomaterial was analyzed for the
hydrogen adsorption capacities. The nanoporous material can be described as the
small fullerene units covalently enclosed by parallel layers of graphene in the form
of sandwich. The fabricated nanomaterials have high surface-to-weight ratios and
promising structural stability due to the mesoporous and microporous morphology
of the nanostructures. The 3D nanomaterial model was prepared by fusing the small
fullerene entities between the consecutive layers of graphene and then by stacking up
the fullerene infused layers of graphene upon each other. The heat welding process
run by molecular dynamic simulations was used for the preparation of the mate-
rials. Grand canonical Monte Carlo calculations were used for the determination of
hydrogen adsorption abilities of the prepared nanostructures. In simulations, distinc-
tive fullerene entities such as C180, C320, and C540 were regarded as the core of
sandwich. The effects of lithium incorporation to the nanomaterials on hydrogen
adsorption were also studied during simulations. The simulation analysis depicted
sandwiched like nanostructure doped with lithium in Li-to-carbon ratio of 1 to 8
can surpass the gravimetric hydrogen storage capability of 5% whereas the undoped
samples can attain 3.83% at −193 °C temperature and 1 bar pressure [14].

7.3 Hydrogen Physisorption and Carbon Nanotubes

Different material nanotubes are involved in physisorption of hydrogen; however,
carbon nanotube is one of the best materials for the purpose. This is associated
with large surface area, adjustable features, and lower mass density of the carbon
nanotubes [15]. Here involvement of carbon nanotubes as well as other nanotubes in
physisorption of hydrogen will be discussed.

Another investigation discovered the hydrogen adsorption ability of boron
nanotubes and boron sheets via DFT calculations. The study also explained the elec-
tronic structure and geometry of both the boron nanotubes and sheets. The materials
possessed discontinuous ups and downs in the layers of boron atoms forming buckled
surfaces. The buckled surfaces have the height of ~ 0.8 Å, with 0.20 eV/atom more
stabilization as compared to the corresponding flat materials. The ups and downs are
not present in all of the boron nanotubes because the nanotubes with helicity do not
allow this specific arrangement of the atoms. Despite having different geometries
and the bonding features, both flat and buckled nanostructures are of metallic nature.
The nanotubes depicted 30–60 meV/molecule H2 physisorption energies on boron
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nanotubes and sheets. These energies are less than the energies exhibited by carbon
nanotubes and graphene. The study found the 1 eV/molecule energy barrier from
molecular physisorption to dissociative chemisorption of H2 on these materials [16].

Different studies have reported different concentrations of hydrogen adsorption
on carbon nanotubes. In an investigation, purified and modified samples of carbon
nanotubes have been reported for up to 8 wt.% storage of hydrogen. Temperature-
programmed desorption (TPD) spectroscopy was used for the analysis of adsorption
of H2 in carbon nanotubes. The characterization depicted that the hydrogen gets
adsorbed in the empty cavities and canals of the carbon nanotubes. The same study
has also envisioned that the carbon nanotubes with length and diameter of 2 and
1.63 nm, respectively, may achieve the target set by the USA Department of Energy
[17].

Ye et al. have reported the physisorption of hydrogen on crystalline ropes on
single-walled carbon nanotubes, with the hydrogen-storing capacity of more than 8
wt. %. The study elaborated that the H2 first gets adsorbed at the exterior surfaces of
the carbon nanotubes that are exposed. However, when the conditions of pressure and
temperature are altered to 40 bar and−193 °C, a phase transition takes place and all
the nanotubes get separated from each other and all their surfaces become exposed,
allowing hydrogen to physiosorbed on them. A nanotube–nanotube cohesive energy
is obtained due to the pressure of phase transition for most of the material of 5 meV
per carbon atom. The crystalline order in the nanotubes has strong effect on this
small cohesive energy. It was reported in the investigation that the H to C atoms ratio
of about 1.0 was achieved for carbon nanotubes at −193 °C and > 12 MPa pressure
[18].

Different types of carbon nanofibers were analyzed by Chambers et al. for the
adsorption of hydrogen. They reported that the tubular nanofibers can store 11 wt.%,
platelet form can adsorb 45wt.%, and the herringbone can store 67wt.% of hydrogen
at 25 °C and 12 MPa pressure. The release of the hydrogen from these materials
can be achieved by successive lowering of the pressure to approximate atmospheric
conditions at 25 °C [19].

In a study,molecular dynamics simulationwas used for physisorption ofmolecular
hydrogen on single-walled vacant defect carbon nanotubes. The study focused on the
effects of different parameters like size of vacant defect, pressure, and temperature on
hydrogen physisorption. It was found that hydrogen can be stored inside the carbon
nanotube via the vacant defect when the size of the defect is more than the threshold.
The vacant defect size control allows the researchers to extract molecular hydrogen
from a mixture of gas and stock it up inside the carbon nanotubes. The physisorption
was found to be favored by high pressure and low temperature. Moreover, the storage
proficiency of the materials was also enhanced by the introduction of more defects,
which in practice is the reduction in carbonnumber of single-walled carbonnanotubes
[5].

In an investigation, a combination study with semi-empirical research, force-
matching and theoretical method was made for the determination of the optimal
hydrogen adsorption ability of an open-ended single-walled carbon nanotube, as a
function of diameter. Semi-empirical analysis was done to establish the adsorption
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isosteric heat and monolayer coverage value from existing thermodynamic statis-
tics. Quantum mechanical studies were performed for the determination of adsorp-
tion energy on the inner and outer surfaces of the single-walled carbon nanotubes.
Lastly, force-matching and classical Lennard–Jones potential standard was used for
determining the values of specific surface area, monolayer coverage, and adsorp-
tion capacity. The physisorption of hydrogen was analyzed on zigzag single-walled
carbon nanotubes at temperature of−40 °C and 25 °C and pressures of 0.1 to 10MPa.
All the data of the adsorption were explained via Toth model. The exterior physisorp-
tion energyof single-walled carbonnanotubeswas in the rangeof 1.35–1.62kcal/mol,
whereas the interior physisorption energy ranges from 1.22 to 2.43 kcal/mol at opti-
mized diameter of 8–12 Å. At the optimized conditions and diameter, 1.75 wt. % of
hydrogen adsorption was obtained [20].

7.4 Physisorption of Hydrogen and Graphene

Graphene and graphene-based nanomaterials are actively involved in hydrogen
adsorption studies. It is understood that the large surface area; defect sites such as
carbon vacancy,wrinkles, and sheet edges; and presence ofπ-electron density out-of-
plane of graphene sheet favor physisorption of incoming gas molecules. Therefore,
the hydrogen uptake capacity of graphene depends on how it has been processed.
Some of the studies that involve use of graphene for adsorption of hydrogen are given
in Table 7.1.

7.5 Physisorption of Hydrogen and Metallic Nanomaterials

Differentmetallic nanomaterials either in pure form or in the form of nanocomposites
are proving themselves useful in the area of hydrogen storage. In this section, different
metallic nanomaterials involved in the physisorption of hydrogen are discussed.

Metal organoclays are also used in hydrogen storage. A study has reported the
metal organoclays fabricated with integration of Boltorn polyol dendrimer H30 (a
polyalcohol) in Na+-exchanged montmorillonite (NaMt). The polyalcohol addition
in the substrate claywas followedby in situ loading ofCu (0) andPd (0) nanoparticles.
The polyalcohol-modified organoclays showed promising ability of CO2 retention
(3.6–11.1 μmolg−1) because of several OH− groups of the added alcohol. However,
the integration of the metals in the clay drastically reduced the CO2 retention but
caused amomentous increase in hydrogen uptake (51.8–508.2μmolg−1) whereOH−
groups served as themetal-stabilizing sites. Themetal stabilization occurs because of
the increase in the formation of HO: Cu (0) and HO: Pd (0) associations and decrease
in HO: CO2 interactions. The hydrogen and carbon dioxide retaining abilities of the
prepared nanomaterials were found to be closely associated with number of hydroxyl
groups of the incorporated polyalcohol moiety. The interactions of hydrogen were
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Table 7.1 Graphene and its derivative involve in storage of hydrogen

Graphene material Description % Adsorption of H2 References

Graphene and carbon
nanotube composites

Physisorption of H2 on
graphene surface and on
exterior of carbon
nanotubes

8.4 wt.% [20]

Li-adsorbed graphene Li ions turn
semi-conductive graphene
to good metal substance

12.8 wt. % [21]

Ti on graphene oxide Ti atoms were able to bind
with hydrogen molecules

4.9 wt. % [22]

Ti graphene, Li graphene Strain on graphene caused
increased adsorption of
metals, hence hydrogen

9.5 wt. %, 15.4 wt.%,
respectively

[23]

Pd-decorated graphene,
Pt-decorated graphene

Pt and Pd nanoparticles fill
the voids in graphene

0.15 wt.% and 0.156
wt.%, respectively

[24]

Ni–B nanoalloy-doped
graphene

Graphene was doped with
nanoalloy by chemical
reduction method

4.4 wt.% [25]

Ca-restrained-B-doped
graphene

Clustering issue of
Ca-doped graphene was
resolved by doping the
nanomaterials with boron

8.38 wt.% [26]

found to be of physical nature as an easy release of gas was found at 20 °C and
75 °C or even at room temperature under vacuum. This demonstrates unequivocally
the reversible capture of hydrogen. Room temperature gas release was also obtained
under vacuum. There was an increase in hydrogen uptake with the increase in contact
time. This is the evidence of diffusion due to structure compaction caused by metal
integration. The study proposed the prepared nanomaterials as low cost, biodegrad-
able, and reversible hydrogen storage materials with remarkable future prospects
[27].

Zhao et al. have used three activated carbon units with visible surface areas of
2450 to 3200 m2g−1 doped with varying concentrations of Pd nanoparticles for
the hydrogen adsorption applications. The activated carbons were integrated with
varying concentrations of Pd nanoparticles ranging from 1.3 to 10.0 wt.%. The
hydrogen adsorption capabilities of the nanomaterials were determined at 8 MPa
pressure and −193 °C and 25 °C temperatures. The study found that the hydrogen
loading is dependent upon concentration of Pd nanoparticles and high pressure
of 2–3 MPa at room temperature. The storage ability of the material is less than
<0.2 wt.% below these conditions. The hydrogen storage capacity is controlled by
volume of micropores at higher pressure. Pd nanoparticles doping at−193 °C exhib-
ited negative effect on hydrogen adsorption regardless of the pressure applied. The
prepared nanomaterials were characterized with nitrogen adsorption at −193 °C,
temperature-programmed reduction (TPR), X-Ray diffraction (XRD), transmission
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electron microscopy (TEM), and hydrogen chemisorption with higher surface area
which produced smaller metallic nanoparticles at a given Pd content [28].

In an investigation, computational studies have proposed enhanced hydrogen
adsorption abilities of carbon–metal nanocomposites. The study determined the
hydrogen adsorption capacity of arranged porous carbon material supporting Pd
nanoclusters. The said nanomaterials were attained via chemical impregnation of
carbon template with the solution of H2PdCl4 followed by subsequent reduction. In
the carbon porous material, 10 wt.% of palladium nanoclusters with average size of
2 nmwas homogeneously dispersed. Hydrogen isotherm adsorption calculations and
thermal desorption spectroscopy (TDS) characterization were made for the determi-
nation of thermodynamic hydrogenation properties of pristine carbon template as
well as the 10 wt.% Pd nanocluster loaded carbon templates. The carbon templates
with Pd nanoparticles do not increase the hydrogen uptake at −193 °C tempera-
ture and 1.6 MPa pressure. In these conditions, the hydrogen was being stored via
physisorption; however, at 25 °C and0.5MPamoderate pressure the carbon templates
of 10 wt.% nanocluster of Pd depicted eight times higher uploading of the hydrogen
as compared to the pristine carbon support. TDS analysis credited rapid increase of
hydrogen adsorption to the Pd nanoclusters [29].

The hydrogen adsorptions on metallo-carbohedrene Ti8C12 and nanocrystals of
Ti14C13 were investigated usingfirst-principles calculations. The formation of carbon
hydrides was not possible in the absence of Ti atoms which acts as the catalyst
to facilitate the dissociation of hydrogen. Titanium atoms present on nanocarbide
surface formcomplex coordinatewith severalmolecular hydrogen ligands.Hydrogen
adsorption capabilities of 6.1 wt.% 7.7 wt. % for Ti8C12 and for Ti14C13, respec-
tively, were achieved with above than 80% of the hydrogen adsorbed in the energy
ranging 0.17–0.89 eV per molecule of hydrogen. After the formation of macro-
scopic substance by the nanoparticles (due to hydrogen adsorption), chemisorption
of the hydrogen starts declining; however, more hydrogenmolecules are adsorbed via
physisorption. The study suggested TiC nanoparticles as potential hydrogen storage
material at approximate ambient conditions [30].

7.6 Conclusion

Physisorption is a remarkable hydrogen storage phenomenon. Physisorption allows
the adsorption of the hydrogen on various material surfaces via van der Waals link-
ages. Nanomaterials have revolutionized the area of hydrogen storage via physisorp-
tion because of improved storage capacity. Different nanomaterials like nanotubes
and fullerenes allow the adsorption of hydrogen not only on their surface but also
inside the nanomaterials. The advanced research is needed for the utilization of these
nanomaterials in portable applications of hydrogen storage.
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Chapter 8
Chemisorption

8.1 Introduction

As mentioned in the previous chapter, one of the major reasons of hydrogen not be
used as major fuel is due to the limitations in storage of hydrogen. The storage of
the hydrogen ought to be in way that it should be reversible at ambient conditions,
or it can be discharged from the storage medium as required. Chemical adsorption
or chemisorption is another mechanism of hydrogen storage. In terms of hydrogen
storage, any material when gets attached to the hydrogen becomes a hydride. Over
the last few years, the scope of materials to get hydrogenated or hydride formation
has immensely expanded. Simple hydrides subsequently shifted toward complex
hydrides leading to the formation of chemical hydrides. Hydrides are now expanding
from left to the right of the periodic table [1].

Some elements make ionic bonds with hydrogen, many of them combines with
metallic bonds whereas rest of them combine through covalent bonding. The major
chemical substances and compounds that are employed in generation of hydrogen
storage are metal hydrides [2], alanes, and alanates [3]; complex hydrides, borohy-
drides [4]; and imides and amides [5]. In contrast to physisorption, the chemisorption
is capable of storing greater amounts of hydrogen per unit of volume and mass. The
major drawback associated to this mode of storage is less reversibility opportunities.
Chemisorption most of the times requires elevated temperatures to discharge the
absorbed gas with lower kinetics.

Despite the restraints, it is now agreed after several years of investigations and
research in this area that the most favorable hydrogen storage pathway is the usage of
solid substances that can physically adsorb or can chemically react with hydrogen at
volume densities larger than that of liquid hydrogen. Three contrasting characteristics
must be met at same time of the material to be considered as the potential hydrogen
storage medium. First, they should have high volumetric and gravimetric hydrogen
loading densities, secondly the complete reversibility of the stored gas should be
attained at ambient conditions or minimum at moderate temperature. Lastly, the
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Fig. 8.1 Simple mechanism of chemical hydrogen adsorption and desorption with nanomaterials
(where Nps = nanoparticles, M = hydride-forming metal)

material should have high charge per release rates. Additionally, there are some
other important requirements that should also be fulfilled for the material to be used
as hydrogen storage medium, like stability, thermal conductivity, suitable cost, dura-
bility, and no poisoning [6]. A general mechanism of chemical hydrogen adsorption
and desorption is given in Fig. 8.1.

The advancement in the formation of hydrides is accompanied by the fast devel-
opment in the nanotechnology. The coupling of the both has led to the remark-
able progress in the field of hydrogen storage. This chapter discusses important
nanomaterial with the ability to form hydrides as hydrogen storage.

8.2 Chemisorption of Hydrogen and Fullerenes

Fullerenes are nanomaterials with sp2 hybridized hollow carbon cages. Commonly
found as C60, but other order materials like C70, C78, C28, C36 are also known [7].
Fullerenes are actively involved in the chemisorption of hydrogen. Different studies
have been made and reported the use of fullerenes in chemisorption of hydrogen.

In an investigation, the researchers used first-principles electronic structure calcu-
lations for depicting the trapping-mediated dissociative chemisorption of hydrogen.
The chemisorption of the hydrogen was allowed to take place on boron-doped
fullerenes. They are formed by the replacement of six atoms of carbon from C60 with
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six boron atoms making it C54B6. The doped nanomaterial had D3d symmetry. By
employing van’t Hoff–Arrhenius law and Polanyi–Wigner equation, it was optimized
that that the hydrogen will get adsorbed on boron-doped fullerenes and can undergo
dissociation without additional catalysts. The separation of the hydrogen takes place
at ∼0.5 picoseconds at 25 °C. The study reported the boron-doped fullerenes as a
good storage material for atomic hydrogen and poor for molecular hydrogen [8]. A
seemingly similar study reported the use of B and Be-doped fullerenes for hydrogen
adsorption [9]. The fabrication of boron-doped fullerene is reported by Ting el al.
They can be prepared by the laser vaporization treatment of a boron nitride and
graphite mixture. The mixture is used in the form of composite disk of both materials
bound with cement [10].

ZhiGang et al. have reported the barrierless physisorption to chemisorption of
hydrogen molecules on the fullerenes doped with lightweight elements. The study
employed local density approximation (LDA)within density functional theory (DFT)
as process. The DFT process is capable of large systems at low computational costs.
In practice, C35B fullerene is brought onto the space of C35B−H2 stable system.
The two C35B molecules now behave like forceps with each attaching itself to the
opposite side of the small H2 molecules resulting in its dissociation to H, H (with
one H with each of C35B). This is barrierless physisorption to chemisorption. The
study suggested that H–H bond breaking occurs because of energy discharge as C35B
gets near to the C35BH2. The evolved energy increased the bond length between H–H
ultimately leading to chemisorption of H2 molecules in the hydrogen storagemethod.
Overall the energy decreases monotonously during this procedure [11].

Ni-dispersed fullerenes exhibited that they can be a promising alternative to
the reversible hydrogen storage. In a study, it is exhibited that fullerenes covered
with nickel on surface are capable of storing three molecules of hydrogen. There-
fore, fullerenes with dense coating of Ni are thought of excellent storage medium
for hydrogen storage, with the ability to store ∼6.8 wt.% of hydrogen. 6.5 wt. %
of storage is the target that Department of Energy is trying to achieve for auto-
motive purposes. The study reported that the Ni dispersed has 11.8 kcal/mol of
hydrogen desorption activation barrier, which is suitable for several practical H2

storage purposes [12].
Charged fullerenes are also high-capacity hydrogen storage medium. In an inves-

tigation, the DFT was used for making first-principle calculations and the potential
of charged fullerenes for hydrogen storage was analyzed. It was found that both posi-
tively and negatively charged fullerenes depict remarkable increase (0.18−0.32 eV)
in H2 storage capacity at 25 °C. The improved binding of the hydrogen is delocalized
and covered the whole surface of fullerene.When completely covered with hydrogen
the charged fullerene has ~ 8 wt.% hydrogen coverage. The study showed that the
enhancement in hydrogen storage of fullerenes due to metals is less as compared to
the charged fullerene because metals usually get trapped inside the fullerene cage,
and there is less charge distribution on outer surface [13].

A study conducted by HongJiang et al. has reported alkali metal-doped fullerene
for the chemisorption of hydrogen. Fullerene dopedwithLi (Li6C60) andNa (Na6C60)
proved as promising hydrogen storage materials. However, the stabilities, structures,
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and electronic characteristics are still ambiguous. HongJiang et al. have used four
isomers of Na6C60 and Li6C60 and analyzed them for their hydrogen storage capacity
with DFT model. The effect of pressure and temperature was determined in all the
isomers by employing the statistical thermodynamic methods. For the determination
of hydrogen storage capacity, the doped fullerenes were allowed to interact with 36
atoms of hydrogen at 300 0C and 100 bar pressure. The hydrogen binding on the
surface of fullerenes followed two mechanisms with different binding energies. In
the first mechanism, the hydrogen atoms are adsorbed directly onto the surface of
C60 carbon atoms resulting in the formation of chemical bond. The other mecha-
nism involves the hydrogen molecules which gets physically adsorbed onto lithium
or sodium atoms. Hydrogen binds in the molecular form via charge polarization
mechanism as the Li and Na are positively charged because of their metallic nature.
The study concluded that Li-doped fullerene has better hydrogen storage capacity
compared to the Na-doped fullerene because of greater stability of the Li-doped
fullerene. The highest gravimetric density shown by one of the Li-doped fullerene
is 4.5 wt.% where it is 4 wt. % for sodium-doped material [14].

8.3 Chemisorption of Hydrogen and Carbon Nanotubes

Carbon nanotubes are involved actively in the storage of hydrogen. Several studies
have reported the use of carbon nanotubes in chemisorption of hydrogen.Nikitin et al.
have investigated chemisorption of hydrogen in single-walled carbon nanotubes. In
order to determine whether these nanotubes can be used for hydrogen chemisorp-
tion, atomic hydrogen was used for the hydrogenation of the nanotubes. The study
concluded that the maximum hydrogen adsorption of the nanotubes is dependent
on diameter of nanotube. The study claimed that the nanotubes with the diameter
of ~2.0 nm can have up to 100% hydrogenation, with complete stability at 25 °C.
This implies that the particular carbon nanotubes can have 7 wt. % hydrogen storage
capacity via the establishment of reversible C-H bonds [15].

A study has reported the dissociative chemisorption of hydrogen on carbon
nanotubes depending upon the first-principle calculations. The chemisorption of
hydrogen is the result of C-H bond formation after the breakage of the H–H
bond, when high pressure is applied on the two neighboring carbon nanotubes. The
chemisorbed hydrogen is released when the applied pressure is removed from the
nanotubes, hence making the process reversible. Fullerenes also depicts similar type
of behavior in vicinity of hydrogen when pressure is applied [16].

There are three possible types of geometries shown by carbon nanotubes after
the adsorption of hydrogen. The first is arch-type geometry which is shown by the
nanotubes when the ions of hydrogen get adsorbed to the top spots of carbon atoms.
This chemisorption shown by hydrogen ions is exothermic process. The hydrogen
gets adsorbed on the exterior of the carbon nanotubes where each hydrogen atom
gets attached to the carbon atom with sp3 hybridization. This arrangement of the
atoms increases the diameter of the carbon nanotubes to 6.88 nm–7.78 nm. Another
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type of geometry is zigzag, where adsorption of hydrogen takes place both inside and
outside of the carbon nanotubes giving the structure a zigzag appearance. Owing to
less strain on the C–C bonding this geometry is regarded as more stable than the arch
type. There is comparatively less increase in the average diameter to 7.13 nm. This
type of geometry allows large amounts of the hydrogen storage which can increase
with the increase in diameter [17]. However, the greater uptake of hydrogen can
produce repulsive energies resulting in the breakage of the nanotube walls. Lee et al.
reported that repulsive energies determine the stability and hydrogen uptake ability
of the carbon nanotubes [18].

Carbon nanotubes of varying purity were analyzed in a study, for their ability of
hydrogen adsorption at 25 MPa pressure and −196 °C temperature. It was found
that the carbon nanotubes with high purity can adsorb greater amount of hydrogen
as compared to the less pure carbon nanotubes. Additionally, in case of multiwalled
carbon nanotube, the enhanced adsorption of the hydrogen in highly puremultiwalled
carbon nanotubes is associated to high surface area and more available adsorption
spots [19].

In a computational investigation, first-principle calculations were made within
density functional theory (DFT) for the determination of hydrogen chemisorption on
carbon nanotubes.

The study elaborated chemisorption of one and twohydrogen atomson the exterior
walls of varying armchair single-walled carbon nanotubes. The results of the study
showed that the two hydrogen atoms prefer bond formation at adjacent sites instead of
alternate carbon positions [21]. Different results on zigzag nanotubes are reported by
Dinadayalane et al. [22] Commonly, the exothermicity of chemisorption of hydrogen
decreases with the increase in the diameter of armchair nanotubes, whereas the
opposite is true for hydrogen chemisorption on zigzag nanostructures. The adsorption
of one and two hydrogen atoms expressively change the C-C bond distance of the
carbon nanotube. In the presence of hydrogen atoms, the carbon atom(s) adsorbs the
hydrogen atom(s) resulting in the alteration of hybridization of carbon from sp2 to
sp3 at the chemisorption spot(s) [21].

Different studies have reported modified carbon nanotubes for hydrogen storage
applications. For instance, the metal-doped carbon nanotubes have depicted
promising hydrogen adsorption. In some cases, the ability of hydrogen storage shown
40 times more hydrogen storage ability as compared to the pure carbon nanotubes.
The improved hydrogen adsorption can be associated to the fact that in modified
carbon nanotubes the initial hydrogen adsorption is done by the metallic nanoparti-
cles, resulting in the subsequent dissociation of the hydrogen molecule. The atoms
thus formed are then and spilled to the nanotubes. A precise information of some of
metal-modified nanotubes involved in hydrogen storage is given in Table 8.1.

Hydrogen adsorption ability at ambient pressure and room temperature in varying
types of carbonnanotubes is very less than the target aimedby theUSADepartment of
Energy. However, it can be inferred form the data in Table 8.1 that at low temperature
such as−196 °Candhighpressure like 4MPa, somecarbonnanotubes offer hydrogen
storage equal or above the target of energy department. Still that carbon nanotubes it
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Table 8.1 Summary of reported hydrogen storage capacity in activated, nanostructured metaland
metal oxide and hydride CNT composites. (Adapted with permission from Ref [20], Copyright,
Elsevier 2020)

Sample name Hydrogen storage (wt.%) Temperature (K) Pressure (MPa)

KOH-acti-MWCNTs 0.32 298 1.88

KOH-acti-MWCNTs 4.47 298 0.1

Acti-MWCNTs 1.0 293 10

NaOH-acti-CNTs 4.5 77 4

Pd-MWCNTs 0.18 298 1.6

TiO2-MWCNTs 0.4 298 1.8

Ag-MWCNTs 0.86 298 2.3

Pt–Pd alloy −2.0 298 2.0

Pt-MWCNTs 2.9 298 1.67

Ni-MWCNTs 2.27 298 8.0

MgH2-MWCNTs 5.9 673 4.6

Ti-MWCNTs 2.0 298 1.6

Co-Oxide/MWCNTs −0.8 298 2.3

Cu-Oxide/MWCNTs −0.9 298 2.3

Mn-Oxide/MWCNTs −0.94 298 4.0

Ti-Mn-Cr/CNTs 4.6 353 −
LiBH4. NH3/CNTs 6.7 553 −
Pd-CNTs 0.66 298 2.0

V-CNTs 0.69 298 2.0

Fe-Ag/TiO2/MWCNTs 10.94 298 −

is difficult to use carbon nanotubes for commercial applications because of obvious
reasons [20].

8.4 Physisorption of Hydrogen and Graphene

Graphene and graphene-based nanomaterials are actively involved in hydrogen
adsorption studies. It is understood that the large surface area, defect sites such
as carbon vacancy, wrinkles, sheet edges, and presence of π-electron density out-of-
plane of graphene sheet favor physisorption of incoming gas molecules. Therefore,
the hydrogen uptake capacity of graphene depends on how it has been processed.
Some of the studies that involve use of graphene for adsorption of hydrogen are given
in Table 8.2.
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Table 8.2 Graphene-based nanomaterials for adsorption of hydrogen

Graphene material Description Reference

Ca on porous 3D graphene Semiconductor nature of the graphene is
changed due to the gain of electrons from
calcium. 8.4 wt.% adsorption of
hydrogen was achieved

[23]

Chemically altered graphene with
changed configuration of local binding

Molecular simulations were used to
analyze basic effects of hydrogen
chemisorption on mechanical properties
of graphene

[24]

Boron-doped graphene The chemisorption method of H2
adatoms on B-doped graphene was
analyzed via ab initio calculations

[25]

Ca on graphene Kubas bonding takes place between Ca
and H2. 5–6 wt.% adsorption of
hydrogen was achieved

[26]

Graphene-supported Al clusters Mono-vacant defective graphene was
chemically bonded with Al clusters

[27]

Graphene-N2 decorated with Pd
clusters

Buckling induced by the chemisorption
of hydrogen, resulting in the diminishing
of dissociation of H2

[28]

8.5 Chemisorption of Hydrogen and Metallic
Nanomaterials

Several metallic nanomaterials are actively involved in the chemisorption of
hydrogen. From the data analysis in Table 8.1, it is evident that several light metals
as well as transition metals are involved in nanocomposite formation along with the
carbon nanotubes. This highlights the importance of metallic nanomaterials in the
hydrogen storage. Here metallic nanomaterials with hydrogen storage applications,
other than those that are used with the carbon nanotubes, will be discussed.

Metal hydrides are promising option for the storage of hydrogen. It can be stored
effectively in the form of chemical compounds as metal hydrides. The hydrogen
atoms dissociate during metal hydride formation and are inserted in spaces inside
the metal lattice. The metals are capable of reacting directly with the hydrogen at a
particular condition of temperature and pressure. The chemical reaction can be given
as [6].

M + H2 → MH2 + �H

The formation of the hydride is an exothermic and reversible process. The
adsorbed hydrogen in these compounds can be released easily upon increasing the
temperature or/and lowering the pressure. There are several advantages of hydrides as
hydrogen storage medium such as they can surpass the limitations like large volume,
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low temperature, high pressure, and high evaporation losses. However, it is of utmost
importance to use the appropriate metal for the purpose [29]. Mostly the hydrides
with high gravimetric and volumetric capacities have been investigated and employed
as the possible hydrogen medium. Almost all of the hydrides have higher volumetric
capacities. However, magnesium hydrides are only one with required gravimetric
storage abilities, hence making them a promising option for the application.

In an investigation, researchers employed nanostructured magnesium hydride
along with a ZrFe1.4Cr0.6 catalyst for hydrogen storage purposes. The study claimed
that the hydride phases exhibit the remarkable desorption kinetics. In 15 min at
280 °C, 80% of the maximum capacity was desorbed. The proposed mechanism
for the desorption of hydrogen from the nanohydrides suggests the first half of the
reaction to be nucleation orientated, whereas the major part of the reaction is growth
controlled via the hydrogen atom diffusion [30].

MOFs are nanoporous substanceswith high specific area and lowdensity. They are
formed by the linking of metal oxide species with the organic moieties [31]. Metal
organic frameworks (MOFs) are also involved in the chemisorption of hydrogen.
In a study, considerable hydrogen storage was achieved with MOF-5 and IRMOF-
8 via hydrogen splitting and spillover [32]. Another study has also reported Pd
nanoparticles integrated in MOFs for hydrogen adsorption properties [33].

Chenggang et al. have studied hydrogen successive dissociative chemisorption on
sub-nanopalladium clusters. The study was made using first-principle calculations
within DFT. The lowest energy clusters from Pdn (where n = 2–9) were selected for
the study. The chemisorption of dissociative hydrogen and the following migration
of hydrogen atoms on the clear Pd clusters were determined to be barrierless. The
energy chemisorption dissociation and desorption of hydrogen decrease with the
increase in the spread of hydrogen atoms, hence resulting in the decrease of catalytic
efficiency of nanomaterials. At complete saturation of clusters, these energy changes
were identified to vary in small ranges irrespective of the size of cluster size. As
loading of hydrogen on the sub-nanoclusters increases, the nature of bonding in the
clusters slowly shifts from metallic to covalent. The study also determined that with
the increase in size of the clusters the adsorption of hydrogen increases. Moreover,
it was determined that the ability of Pd clusters for hydrogen loading is smaller as
compared to the Pt clusters [34].

Nanoalloys have also been proven useful for hydrogen storage purposes. Different
nanoalloys particularly of Pd are reported in literature for their use as hydrogen
storage material. Abdelmalek et al. have reported the use of Pd-Ir nanoalloys
restrained onmesoporous carbon for the hydrogen storage purposes. The average size
of nanoalloys depends on the composition and the metal in the alloys. In the material
under consideration, the size of the particle is in the range of 2.7–3.5 nm. The struc-
tural analysis suggests that the structure of the nanomaterials is face-centered cubic.
The hydrogen storage properties of the nanoalloy can be controlled by adjusting the
chemical composition of the constituent metals. The nanoalloys with greater amount
of Pd nanoparticles exhibited hydrogen adsorption behavior, whereas the nanoalloys
with greater amount of Ir nanoparticles do not depict hydrogen adsorption under
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ambient conditions of pressure and temperature. The hydride formed with the nano-
materials depicted difference in thermodynamic properties to the bulk counterparts.
Additionally, the nanoalloys (with more Pd nanoparticles) depicted greater hydrogen
absorption capability as compared to the similar composition bulk alloy. This can be
attributed to the greater surface area of nanoscalematerials [35]. Several other nanoal-
loys like Pd–Co nanoalloy supported on mesoporous carbon [36], Pd–Ni nanopar-
ticles dispersed on carbon template, Pd–Au and Pd–Rh nanoparticles supported on
polyvinyl pyrrolidone polymer, Pd–Hg nanoalloys supported on carbon foam, and
Pd–Cd and Pd–Ag nanoalloys immobilized on activated carbon are also reported for
their hydrogen adsorption abilities [37–41, 29].

8.6 Conclusion

Chemisorption is another promising means of hydrogen storage. Chemisorption
allows the development of strong chemical linkages between the hydrogen and the
adsorbent. In the past years, the chemisorption of hydrogen has been improved by
utilizing the advanced hydrides in combination with the nanomaterials. The carbon-
based nanomaterials are the most widely used for the chemisorption of hydrogen.
The current study suggests that the researches should be conducted for the develop-
ment of economical routes for preparation of ultrapure (purity enhances the adsorp-
tion of hydrogen) carbon-based nanomaterials. The required nanomaterials are very
expensive, thus making them impossible to use for practical applications.
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Chapter 9
Hydrogen Fuel Cells and Nanotechnology

9.1 Introduction

Fuel cells are regarded as the green power houses of the modern century. They are
thought as small sources with the ability to turn hydrogen energy or economy into
reality. The depletion of existing energy sources and increased pollution caused by
their production anduse are themajor reasons behind the immense research in the area
of hydrogen fuel cells [1, 2]. Fuel cells when run on pure hydrogen do not generate
pollution and only produce clean heat and pure water as by-products. However,
when mixture of hydrogen-rich reformate gas is used, harmful emissions (though
less severe than fossil fuels) can be expected. The internal combustion engines,
which utilized hydrogen as fuel, work as a mixture with air leading to extremely
small pollution levels [3].

In simple terms, fuel cells are energy conversion tools. They are capable of
converting chemical energy directly into electricity. The conversion of the energy
does not involve any intermediate thermal or mechanical steps. Energy can be
obtained whenever, and the fuel present in the cell is allowed to have the chem-
ical reaction with the oxygen in air. In internal combustion engine, the combustion
reaction takes place resulting in the formation of heat, a part of which is utilized in
doing work, such as moving of the piston. In contrast to this, the fuel cells involve
electrochemical reaction for the generation of energy. The energy is evolved as the
mixture of heat and low-voltage direct current electrical energy. The electrical energy
is involved inwork,whereas the heat iswasted or can be employed for other purposes.
In voltaic cells or galvanic cells, the chemical energy is converted into the electrical
energy via electrochemical reactions. Any type of fuel cell is essentially a galvanic
cell, and also it can be regarded as a battery. However, they are different from electro-
plater or electrolyzer which involves the consumption of electrical energy for driving
a chemical reaction. A fundamental characteristic of fuel cells is that the usage of
hydrogen and oxygen is determined by the electric current load [4].
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Fig. 9.1 Operation of
hydrogen fuel cell

A fuel cell can work with wide range of fuels and oxidants. However, for prac-
tical purposes, hydrogen is regarded as the highly efficient fuel to be employed in
fuel cells. This high efficiency of the hydrogen in fuel cells is associated with its
extremely high electrochemical reactivity as compared to other fuels, like alcohols
or hydrocarbons. The importance of hydrogen as the primary fuel of fuel cells can be
acknowledged from the fact that the fuel cells,which do not directly utilized hydrogen
as fuel, first convert other fuels into hydrogen. As for the oxidants are concerned,
O2 is the apparent choice owing to its abundance and remarkable reactivity [5]. A
diagrammatic functioning of fuel cell is shown in Fig. 9.1.

A typical hydrogen fuel cell consists of two electrodes (cathode and anode) and an
electrolytemembrane (mostly proton exchangemembrane, i.e., PEM). The hydrogen
and oxygen enter through the anode and cathode of a fuel cell, respectively [6].
At anode, the catalyst oxidized the hydrogen molecules and the obtained electrons
move through the electric circuit, whereas the protons pass through the electrolytic
membrane. The electron leads to the formation of electric current and heat, whereas
the protons lead to the formation of water by combining with oxygen and electrons at
cathode (reduction). When pure hydrogen is used as the fuel the chemical equations
for the whole reaction can be given as [7].

At anode: H2 → 2H+ + 2e− (Oxidation)

At cathode: 1
/
2O2 + 2H+ + 2e− → H2O (Reduction)

Thehydrogen fuel cells utilizednanotechnology in avariety ofways. In the last few
years, fuel cells have exhibited remarkable consistency and lower prices owing to the
inclusion of nanomaterials in their production. The involvement of nanotechnology
in the fabrication of fuels cells allows high aspect ratio, greater surface area which
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leads to more power generation, high energy densities, easy miniaturization, and
longer shelf life. All of these characteristics are vital for the preparation of powerful
fuel cell for transportable electric devices [8, 9]. This chapter will discuss various
aspects of nanotechnology that are involved in hydrogen fuel cells.

9.2 Fuel Cell Electrolytic Membranes

Different types of nanomaterials have been employed in the hydrogen generation,
decontamination, and storage in fuel cells [13]. In this passage, the nanostructured
membranes employed in fuel cells will be discussed. Nanostructured membranes
have garnered significant attention, particularly the nanostructured proton electrolyte
membrane (PEM) of fuel cells, which have been extensively researched and studied
[14]. The PEM is regarded as the “heart of the fuel cell.” It is the membrane which
has several important abilities like large proton conduction with electrical isolation,
chemical and thermal stability, sufficient mechanical strength, and improved water
administration features over widespread ranges of humidity and temperature [14].
The most commonly employed PEM in fuel cells is Nafion, which fundamentally
consists of perfluorinated polymer [15]. PEM membranes have the issue of poor
performance at high temperatures and low humidity [16]. Nanomaterials are being
used for the eradication of this problem.

In an investigation, Nafion-silicon oxide-phosphotungstic acid nanocomposite
membrane was fabricated via sol–gel method. The nanocomposite membranes were
fabricated by casting the mixture of Nafion solution, phosphotungstic acid, and tetra
ethoxy orthosilane solution. Infrared (IR) spectroscopic analysis confirms the peaks
of silicon oxide and phosphotungstic acid and other inorganic and organic compo-
nents of the nanocomposite membranes. When the membrane was employed in the
fuel cell for analysis, it showed current density of 82 mA cm−2 at 0.6 V where
pristine Nafion membrane depicted the current density of 30 m A cm−2 at 0.2 V at
40% relative humidity and 90 °C temperature. The internal resistance offered by the
membranes was found to be in direct relation with the inorganic constituents. The
prepared membranes performed better than commercial Nafion membranes in terms
of internal resistance, Tafel constants, and overall performance [17].

In another investigation, modified Nafion nanocomposite membranes were fabri-
cated for the purpose of achieving high proton conductivity and water preservation
at lower humidity (~40%) and elevated temperatures (120 °C) along with enhanced
mechanical and thermal strength of the membranes. The nanocomposite membranes
were prepared by the integration of the metal oxide nanoparticles. Sol–gel method
was used for the fabrication of Zr, Si, and Ti oxide nanoparticles and further these
prepared nanoparticles were integrated in the pores of the Nafion membranes. The
membranes fabricated with nanoparticles were entirely clear and homogeneous in
composition, in contrast to the othermembraneswhich turn cloudydue to castingwith
large size particles. All themodified nanocompositemembranes showed higherwater
retention capacity in comparison to the pristine Nafion membranes at 90 and 120 °C.
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But the better proton conductivity than the Nafion membranes was only depicted by
ZrO2 sol–gel composite. This can be related to the higher acidity of zirconia-based
sol–gel nanocomposite membranes as compared to the similar membranes of Ti and
Si. The results of thermal gravimetric analysis (TGA) and dynamic mechanical anal-
ysis (DMA) showed superiority of nanocomposite membranes over pristine Nafion
membraned in terms of glass transition temperature and decomposition [18].

Marianne et al. have employed SiO2 nanoparticles for modification of Nafion
115 membranes. The prepared membranes were used to analyze the water sorption
effect, effective mobility of proton, concentration of proton, and conductivity of
proton. The membranes were prepared by sol–gel process. The silica nanoparticles
were loaded in the range of 5.9–33.3 wt.% in the Nafion membranes. The density of
themembranes was found to be in reverse relationwith the silica content, and also the
composite membranes depicted small dimensional changes with swelling in water,
hence supporting the theory of rigid scaffolding formation within the membrane.
The retention of the water increases with the increased loading of nanoparticles
because of void formation in the membrane. Greater concentration of water in the
membrane lowers the concentration of proton, hence reducing the conductivity of
proton. Increased silica content resulted in decreased mobility of proton (this can be
associated to enhanced tortuosity of the proton-conduction passage) also contributing
to the reduction in conductivity of proton [19].

In anotherwork, covalently interlinked nanocomposite hydroxide ion transporting
membraneswere fabricated on quaternized polysulfone andmodified graphene oxide
support. Fourier transform infrared attenuated total reflection spectroscopy (FTIR-
ATR) and transmission electron microscopy (TEM) characterization were used to
analyze the structure and morphology of the fabricated membranes. Different prop-
erties of the membrane like water sorption, swelling proportion, ionic conductivity,
and mechanical strength were determined. The prepared nanocomposite membrane
with functionalized graphene oxide content of 2% was found to be flexible and
tough. The membrane depicted 19.44% water sorption and 1.27 × 10−2 S cm−1
ionic conductivity at 60 °C and 14.90 MPa [20].

In an investigation, polybenzimidazole nanocomposite membranes doped with
phosphoric acid and integrated with inorganic nanoparticles were fabricated. The
polybenzimidazole polymer was integrated with varying amounts of different inor-
ganic fillers like titanium dioxide, silicon dioxide, and zirconium phosphate (an inor-
ganic proton conductor) followed by the doping of phosphoric acid. This resulted
in the formation of high-temperature proton exchange membrane fuel cells. The
fabricated membranes were analyzed for acid sorption and acid leaching abilities,
mechanical strength, impedance analyses, and chemical stability in NN dimethylac-
etamide (DMAc). TGA characterization confirms enhanced thermal stability of the
prepared membranes. The inorganic fillers were found to enhance the acid retention
ability of the membranes. Electrochemical impedance spectroscopy (EIS) demon-
strated that the integration of 5 wt. % ZrP or 5 wt. % SiO2 enhances the conduc-
tivity of proton. However, the nanocomposite membrane integrated TiO2 showed low
conductivity values than pure polybenzimidazole membrane. The poor performance
of the TiO2 is associated to its non-uniform structure. The highest conductivity of
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proton was depicted by maximum phosphoric acid-doped ZrP-polybenzimidazole
nanocomposite membrane. Nyquist plot analysis of membranes at varying tempera-
tures revealed good agreement with Randel’s circuit. The study concluded that these
membranes are excellent choice for potential applications in high-temperature proton
exchange membrane fuel cells [21].

9.3 Fuel Cell Electrodes

The fuel electrodes have also been benefitted by nanotechnology. A wide variety of
fuel cells employ several kinds of electrodes for their operations. From thepast several
years, the nanotechnology has infiltrated this area of sustainable energy production.

A dual function of energy generation and storage is performed by a type of fuel
cells, known as solid oxide regenerative fuel cells. They are capable of operating
at high temperatures with minimum effects on environment, and hence an appro-
priate choice for energy managing units. The ability of the electrodes used in these
fuel cells can be considerably enhanced by employing nanomaterials in place of
bulk size materials. However, the use of nanomaterials for the purpose is difficult
because of decrease in stability and control over the nanomaterial at elevated temper-
atures [22]. This problem has been addressed in a study. The study proposed the use
of wet chemical infiltration technology which permits high-level controllability of
nanoscale materials and their stability at high temperatures. In this study, researchers
fabricated Sm0.5Sr0.5CoO3 nanocatalyst electrodes for potential use in solid oxide
regenerative fuel cells. The nanomaterials were fabricated via homogeneous precip-
itation. This was achieved by decomposition of urea in chemical solution, resulting
in improved crystallization along with the efficient redistribution of precursor. The
efficient precursor redistribution allows accurate adaptation of the phase purity and
geometric properties. By adjusting the prime features of the nanocatalysts, an elec-
trode can be produced that is very near to the ideal electrode model. The prepared
electrodeswere analyzed for their durability and performance in both electrolytic and
fuel cells. The study proposed the aforementioned technology as reliable and cost-
effectivemethod for the production of high-temperature operating fuel cell electrodes
[23].

PrBaMn2O5+δ is one of the excellent symmetrical solid oxide fuel cell electrode
forming substances. Yiheng et al. reported the use of PrBaMn2O5+δ as backbone of
both cathode and anode of symmetrical solid oxide fuel cells, and the electrodes
were coated with Pr6O11 nanocatalysts. The material was used as synergic catalysts
to increase the efficiency of the electrodes. PrBaMn2O5+δ powder was synthesized
via citric acid combustion procedure. For the purpose, the solution of Pr (NO3)3
· 6H2O, Ba(NO3)2, and Mn(NO3)2 · 4H2O was made in distilled water. Ethylene
glycol was mixed in the solution as the complexating agent. The pH of the solu-
tion was adjusted to ~8 by the addition of NH3.H2O. Afterward, the solution was
stirred for 2 h, and then heated till the automatic combustion occurred. The product
thus obtained was calcined at 950 °C for 4 h. The powder was then developed into
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electrodes by dry pressing method. For the coating of Pr6O11 nanoparticles, the
infiltration technique was used. In practice, the 1 M solution Pr(NO3)3.6H2O was
prepared and then dripped onto the PrBaMn2O5+δ electrode backbone. The fabricated
electrodes were characterized with hydrogen temperature-programmed reduction
(H2-TPR), field-emission scanning electron microscope (FESEM), X-ray diffrac-
tion (XRD), oxygen temperature-programmed desorption (O2-TPD), X-ray photo-
electron spectroscopy (XPS), and electrochemical measurements. The nanocatalyst-
coated electrodes depicted decreased cathode and anode polarization resistance. The
symmetrical cell power outputs were enhanced by ∼75% at 800 °C by employing
the nanocatalyst-coated electrodes. The electrodes were also found to be very stable
in redox environment [24].

In an investigation, modified nanoflakes of cobalt enclosed with cobalt oxide
were electrodeposited on different types of carbonaceous anodes. In this study, four
forms of carbon anode, i.e., carbon paper, carbon cloth, graphite, and activated carbon
were selected to bemodified and then employed as high-performing anodes inmicro-
bial fuel cells. The characterizations results directed that modified cobalt nanoflakes
that were enclosed by a thin cobalt oxide layer were developed on carbon anode
surfaces. The cobalt oxide-covered nanoflakes of cobalt were deposited on the carbon
electrodes via simple and efficient electrodeposition method, so as to eradicate the
problem of the interfacial electron transfer and hydrophobicity of the electrodes. The
deposition of thin layer of the nanoflakes on the electrodes appreciably improves the
adhesion of microbes, the wettability of surface of the anode, and reduction in elec-
tron transfer resistance. The toxicity of the pristine cobalt is also reduced by the
layer of cobalt oxide. When the modified electrodes were employed in the microbial
fuel cells, they showed significant improvement in power generation. The modified
carbon paper ele, carbon cloth, graphite, and activated carbon depicted 137, 103,
173, and 71% power generation, respectively. This proposed treatment technique
represented a high performance, excellent microbial adhesion, easy fabrication, and
scale-up anodes for MFC [25].

9.4 Fuel Cells and Nanocatalysts

The narrative of the fuel cells is incomplete without the involvement of the nanocat-
alyst. Several modern-day fuel cell technology researches take the route of nanocat-
alyst for the production of better function, efficient, and low-cost fuel cells. Some of
the nanocatalyst utilized in a variety of fuel cells are discussed in Table 9.1.
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Table 9.1 Nanocatalysts and their applications in various fuel cells

Nanocatalysts Fuel cells Property References

Bimetallic zeolitic
imidazolate frameworks on
multiwalled carbon nanotubes

Polymer
electrolyte
membrane fuel
cells

Improves conductivity and
enhances reduction of
oxygen

[26]

Carbon-nanotube-supported
bioinspired nickel catalyst

Enzymatic fuel
cell/proton
exchange
membrane fuel
cell

Depicts reversible
electrocatalytic activity for
the H2/2H+

[27]

Nitrogen-doped
graphene/Co–Ni alloy
enclosed within carbon
nanotubes

Microbial fuel
cells

Shows remarkable catalytic
activity for oxygen reduction

[28]

Pt/Co bimetallic nanotube Proton exchange
membrane fuel
cell

Functions as cathode results
in improved power density

[29]

Pt supported on graphene and
carbon nanotube

Proton exchange
membrane fuel
cell

Shows catalytic activity for
oxygen reduction

[30]

Ni–Fe-Se hydrogenases
supported on functionalized
carbon nanotubes

Hydrogen/air
Enzymatic fuel
cells

The structure of membrane
allowed the efficient
movement of oxygen-tolerant
Ni–Fe-Se-hydrogenase

[31]

9.5 Conclusion

Nanomaterials are extensively involved in the fabrication and funtioning of nanoma-
terials. The fuel cells utillized nanomembranes, nanomaterial-based electrodes, and
the nanocatalysts. The nanomaterials are reducing the size of the fuel cells and and
improving their efficency day by day. Most of the naomaterials that are involved in
fuel cells are based on nobel metals. The need of the hour is to develop the ecnom-
ical alternatives of the nanomaterials that are involved in fuel cells, as many of the
nanomaterials are based on nobel metals. The reduction in the cost and improvement
in efficency of the fuel cells is absolute requirement for the hydrogen evolution.
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Chapter 10
Hydrogen Future: Toward Industrial
Applications

Nowadays the high levels of pollution, contaminated air, change in climate, acci-
dents, obstruction, land usage, and the noise pollution declared modern transporta-
tion as “unsustainable.” In the growingmetro cities across the world, the air pollution
from transportation is becoming serious threat to the human existence. The emission
of greenhouse gases from automobiles and burning of fossil fuel are menacing to
mankind, along with the serious decline in fossil fuel reserves. In the coming years,
a continuous increase in human population is estimated, which will enhance global
fuel demand [1]. Other than this enhanced consumption of fuel leads to increased
emission of carbon dioxide and overall temperature of the earth [2].

The use of hydrogen as the fuel in different areas such as industry and transporta-
tion is an effective measure against increasing pollution and depleting fuel sources.
However, at present, the generation, storage, and use of hydrogen are not econom-
ical. The factors which can affect the hydrogen fuel supply are demand level, avail-
ability of resource, geographic features, and most importantly the technology devel-
opment for hydrogen generation and storage [3]. There are several elements which
should be considered for the supply of hydrogen fuel as the alternative to commonly
employed fuels. These elements are applications for which fuel is required, genera-
tion processes of the fuel, the possible pathways, and the problems linked to the shift
toward large-scale development.

Currently, there are some technical barriers in the path of transition from carbon-
based energy economy to a hydrogen-based system. The first and foremost is the
cost reduction in hydrogen energy, and the production, storage, and delivery. The
overall prices of hydrogen fuel and hydrogen-based system must be controlled and
expensive items must be replaced with more efficient and economical alternatives.
The cost of fuel cell and other hydrogen-based systems must also be reduced [4].
Otherwise, it is near impossible to make hydrogen a commercial alternative to the
carbon-based fuel. Secondly, the hydrogen storage mediums are not enough for both
automobile and stationary (battery) applications. The new and better technology
must be developed with the eradication of shortcomings in previous systems. The
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principle future markets for hydrogen are predominantly based on following factors
[5]:

i. The price of hydrogen fuel.
ii. The relative rate of advancements and developments in different technologies

associated with hydrogen.
iii. Potential constraints on generation or emission of greenhouse gases
iv. The price of contending energy structures.

Hydrogen has scored the prime position in the race of future fuels, owing to its
several economic, social, and environmental advantages. It has a long-lasting ability
to minimize the dependency on fossil oil (which has to be imported at high price in
several cases) and minimizing the emission of carbon oxides and other greenhouse
gases [6].

Many areas in the generation of hydrogen are assumed to be improvedwith the use
of nanotechnology in terms of cost and efficiency. The abovementioned assumption
has been drawn from the ongoing research on nanotechnology, in production and
storage of hydrogen. In the previous chapters, the authors have tried to explain the
importance of nanotechnology in the generation and storage of sustainable hydrogen.
Though nanotechnology is paving the path for the smooth supply of hydrogen to
the consumers for a variety of applications. However, the room for progress and
development is still there for the commercialization of the fuel.

Here some of the potential solutions are listed, which nanotechnology can offer
toward the commercialization of hydrogen:

1. One of the most important sources of hydrogen generation is water. Water liber-
ates hydrogen and oxygen via water splitting reaction. The hydrogen yield
from water splitting reactions has been augmented to several folds by the use
of different nanomaterials. For instance, quantum dots of carbon supported on
monolayer of layer C3N have increased the efficiency of water splitting reaction
without the mixing of the gases [7]. In similar manner, various metallic nanopar-
ticles [8], nanotubes [9], nanosheets [10], and other nanomaterials are serving the
splitting of water for generation of hydrogen. The nanomaterials are better alter-
natives to the conventional catalysts of the reactions. The current study suggests
that the nanomaterials must be optimized on the basis of required application,
geographic location, and the available materials for achieving the efficient water
splitting reaction.

2. Hydrocarbons are also used as the substrate for the generation of hydrogen.
Different processes of hydrocarbon decarbonization for H2 generation utilize
nanotechnology. For instance, steam reforming of hydrocarbons for hydrogen
production is proving to be more resourceful via the use of nanotechnology
[11]. In similar way, the partial oxidation [12] and photocatalytic activation [13]
of hydrocarbons for generation of hydrogen is proven to be benefitted from
nanotechnology. The current investigation proposed the utilization of less used
or harmful hydrocarbons (aromatics) for the production of hydrogen instead
of highly used hydrocarbons (methane). The applications of nanotechnology
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should be investigated for hydrogen generation from harmful or less useful
hydrocarbons.

3. Several investigators have researched the generation of hydrogen from hydrogen
sulfide, assisted with transition metal-based nanomaterials. The nanomaterials
based on Cd [14], Zn [15], and Ti [16] are proven to be very useful in decompo-
sition of hydrogen sulfide for liberation of hydrogen. The authors proposed that
the capturing of H2S should also be studied with nanomaterials along with the
decomposition. The H2S capturing is the major obstacle in the path of hydrogen
generation from the substance.

4. Storage of hydrogen via physisorption and chemisorption is considerably
improved with the utilization of nanotechnology. Different nanomaterials like
fullerenes [17], graphene [18], and nanotubes have played an important role in
this regard [19].

5. Nanotechnology is currently being used for the optimization of materials and
methods, employed in fuel cell development for superior functioning, stability,
and storage of hydrogen [20].

6. The enhancement in catalytic activity of a substance at nanoscale is an established
fact owing to the small size and enhanced surface area of the nanoparticles. In
a comparative study, the researchers at Technical University of Munich have
utilized nanoparticles of Pt and have achieved double catalytic performance in
comparison to the currently available materials in fuel cell applications. The
researchers have found that the cluster of only 40 Pt atoms is sufficient for
producing equivalent results as exhibited by mass of material, hence leading
to considerable cost reductions (as Pt is very expensive) [21]. The researchers
suggested the use of economical cobalt–graphene catalyst as the replacement of
expensive Pt materials in fuel cells [22].

7. There is radical improvement in the performance of the fuel cells by using the
nanomembranes. Several studies have claimed that nanomembranes are better
option as compared to the conventional membranes for fuel cell applications
[23].

In short, the nanotechnology is actively providing useful services in the commer-
cialization of hydrogen. In this work, the authors tried to represent the current picture
of nanotechnology in generation and storage of hydrogen. The aim of the work is to
aid the researchers and scientists to explore new dimensions in the field of sustain-
able energy based on nanotechnology. In this way, the researchers can follow the
path of nanotechnology to overcome shortcomings and problems, hindering the way
to clean and sustainable hydrogen.
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