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FROM NANOMATERIALS
AND NANOTECHNOLOGIES
TO THE ALTERNATIVE ENERGY

The use of alternative energy sources in various areas of industry and in everyday
life is becoming increasingly important. This is due to the depletion of the sources
of hydrocarbon raw materials and, at the same time, the use of fossil fuel leads to
environmental degradation and environmental pollution. Among the various pos-
sible sources of renewable energy, solar and hydrogen energies are considered the
most promising. The main obstacle to widespread use and distribution of them is
the lack of materials, which can effectively convert the energy of Sun and hydrogen
into electricity and heat. The main requirements for such materials are the high-
energy capacity, structural stability, and low price. These properties are inherent
in nanocrystalline materials and, therefore, many studies of recent decades have
been devoted to them. In this review, a special attention is focused on the three
types of nanocrystalline objects of greatest interest for power engineering, namely,
solar cells, lithium-ion batteries and solid-state hydrogen storage. Their structural
features, manufacturing techniques as well as the relationship between structure
and energy capacity are considered. The state and prospects of application of nanoc-
rystalline structures in renewable energy are analysed.

Keywords: alternative energy, nanomaterials, solar cells, lithium-ion battery, hy-
drogen storage.

Introduction

Life on the Earth and its beginning are inconceivable without the en-
ergy that it and all living beings receive from the Sun as the main
source of primary energy. Due to this energy for millions of years, there
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was an accumulation of secondary hydrocarbon energy sources: coal, oil,
gas, and wood. These energy resources meet the needs of humankind by
90% . At the same time, the rate of their use catastrophically exceeds
the rate of their accumulation in Earth’s crust, in particular, this ex-
cess for oil reaches 10° times. In this regard, the predictions that large
problems with fossil energy sources will arise by 2050 appear to be very
realistic [1, 2]. In addition, a significant environmental hazard is an
increase in CO, concentration that results from the combustion (oxida-
tion) of hydrocarbons. Moreover, if in the middle of the 19th century its
concentration did not exceed 280 parts per million (ppm), now it is
390 ppm. By the end of the century, while maintaining the pace of con-
sumption of fossil raw materials, the content of CO, is expected to be
600-700 ppm [3]. The increase in the CO, content in the atmosphere
stimulates the emission of greenhouse gases (N,O and CH,) from the
soil, which together with CO, create a greenhouse effect that has a
negative impact on the ecology of our planet.

It is the growing demands of humanity in energy and the aggravat-
ing environmental problems that stimulate the intensive developing re-
newable energy sources (wind, Sun, hydrogen) and the tendency to
switch to their use instead of non-renewable hydrocarbon fuel. A fur-
ther, no less important, argument in favour of developing the renewable
energy sources is that their potential capabilities are enormous. For
example, the energy of sunlight reaching the surface of Earth for 1
hour exceeds the energy consumed by humankind in 1 year [4]. The
maximum effective conversion of solar energy into electricity or heat is
possible when using materials that convert the light flux into electrical
current in the entire range of light wavelengths as currently applied
photovoltaic converters use only a small fraction of the light flux.

Hydrogen itself is not a source of energy. Only its reaction with oxy-
gen leads to the generation of electric current and heat. The energy ca-
pacity of hydrogen (143 kd/g) is significantly higher than the similar
values for coal, oil, and gas. However, sadly that widespread use of hy-
drogen in transport, for industrial and domestic purposes, is hampered by
the lack of solid structures that could absorb hydrogen in large (>6 wt.%)
quantities, and release it at temperatures not higher than 100 °C.

The total carbon dioxide emission by traffic can be reduced not only
through replacing hydrocarbon fuel with hydrogen one. At present,
electric vehicles are becoming increasingly widespread with lithium-ion
batteries as the main source of electricity. These batteries can accumu-
late two or three times as many charge as traditional batteries used in
cars with internal combustion engines. The main advantage of lithium-
ion batteries is the possibility of using electrodes made of materials
with various capacitive characteristics. It is the creation of materials
that provide fast charging of batteries, and their high electrical power
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has been the subject of numerous scientific developments recently (see,
for instance, the review [5]).

Thus, the main obstacle that does not currently allow limiting the
use of hydrocarbon energy sources and switching to alternative energy
is the lack of the materials required for this. These materials have to
combine high-energy capacity, reasonable cost, and structural stability.
Traditional polycrystalline materials do not meet these conditions. The
application of nanomaterials and nanotechnologies is exactly the way
that can solve the problem of transition from traditional hydrocarbon to
alternative energy sources. This review deals with the description of the
features of the structure, properties, methods of production, and ap-
plication of nanomaterials that can be used in the renewable energy.

Structural Features and Properties of Nanomaterials

It is believed that the first to anticipate the discovery and research of
nanomaterials was R. Feynman from California Institute of Technology.
In the presentation ‘There’s plenty of room at the bottom’ (1965), he
demonstrated the ultrafine-dispersed structures revealed by electron-
beam lithography [6]. Ten years later, in 1974, N. Taniguchi from Tokyo
University of Science first used the term ‘nanotechnology’ [7]. In 1976,
D. E. Carlson and C. R. Wronski [8] proposed a solar cell concept known
as the ‘solar amorphous cells’. Wide opportunities in the study of mate-
rials at the atomic level appeared after the creation of an atomic-force
microscope and a scanning tunnel microscope by G. Binnig, H. Rohrer
et al. [9, 10]. In 1991, S. Iijima [11] obtained and investigated carbon
nanotubes, which use entailed dramatic changes in materials science,
electronics, biology, medicine, and ecology.

The creation and evolution of high-resolution research equipment
have stimulated the development of numerous techniques for obtaining
nanomaterials. In the 80 years, the focus has been on various top-down
approaches that have been developed for the commercial production of
nanomaterials, particularly, powder technology, intense plastic defor-
mation, controlled crystallization from the amorphous phase, film tech-
niques, etc. [12]. H. Gleiter and R. Birringer [13, 14] had contributed
immensely to the development of these techniques. In the 2000s, bot-
tom-up approaches became increasingly popular. These approaches in-
clude the miniaturization of materials components (up to atomic level)
with further self-assembly process leading to the formation of nanos-
tructures. During self-assembly, the physical forces operating at the
nanoscale are used to combine basic units into larger stable structures [15].

The objects with less than 100 nm size in at least one of three ortho-
gonal directions are considered nanocrystalline objects. Depending on the
method of production, the nanomaterials are divided into 4 categories.
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Fig. 1. The classification of nanomaterials based on their confinement [16]

(i) Zero-dimensional nanostructures are limited by nanosize in all
three dimensions. Electrons are also localized in all directions. These
nanostructures may be amorphous or crystalline, single- or multi-com-
ponent, exist separately or be embedded in a polycrystalline structure
(atomic/molecular clusters).

(ii) One-dimensional nanostructures are limited to nanosize in two
dimensions. Electrons are localized in the same directions. Just like the
0-dimensional ones, they may be amorphous or polycrystalline, but their
composition must be chemically homogeneous (nanotubes, nanofibers,
nanowires, nanorods, and nanofilaments).

(iii) Two-dimensional nanostructures are limited to nanosize in only
one direction. They can have different crystal structures and component
compositions; they can be embedded into multilayer structures (ultrathin
films on a surface and multilayer material, discs, and platelets).

(iv) Three-dimensional nanostructures, nanosize is limited only to
the constituent elements. Electrons are not localized. (3D-materials con-
tain dispersions of nanoparticles, bundles, nanowires, and nanotubes;
see Fig. 1).

Two main features distinguish nanomaterials from bulk structures.
The first is that most of the atoms in the nanostructures are related to
the surface region (surface effect). The equilibrium vacancy concentra-
tion in this region is much higher than the concentration of vacancies
inside the bulk materials.

Fig. 2, a shows how the proportion of the so-called surface atoms
varies with the size of nanoclusters. As a result, the diffusion coeffi-
cients in nanomaterials increase considerably (Fig. 2, b), and the nanos-
tructures become chemically much more active than the corresponding
bulk materials.

The second feature, in addition to the surface effect, a volume di-
mensional effect is observed in nanomaterials. More precisely, we are
talking about the so-called quantum size effect when the electron struc-
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Fig. 2. The percentage of surface atoms in nanoparticles of various diameters (a)
[17], and the ratio of the surface and bulk diffusion coefficients in the nanoparticle
vs. its size (b) [18]

ture usual for a bulk material is replaced by a series of discrete elec-
tronic levels. With the realization of both effects, nanomaterials dem-
onstrate different, in comparison with bulk materials, mechanical, opti-
cal, magnetic, electrical, thermal, absorption and other properties. In
this review, we consider the outlook for nanostructured materials in
lithium-ion batteries, as well as in solar and hydrogen energy.

Nanomaterials for Lithium-lon Batteries

At present, compared with the 20th century, the needs for rechargeable
power sources have increased many times. This is primarily due to the
necessity to provide energy for portable electronic devices, aircraft, ro-
botics, medical implants for long periods of time. For these purposes,
batteries combining high capacity, low weight, and short recharge times
are required. In addition, the need for large-sized rechargeable batteries
used in electric vehicles is increasing. Finally, high-capacity batteries
are urgently required for wind and solar energy.

In the last decade, the world’s battery market has changed from
lead acid to Ni—Cd, Cd—-Tl, Ni-MH (where M is a metal), and finally to
lithium-ion batteries. Currently, lithium-ion batteries hold leading posi-
tions in terms of annual sales, namely, more than $50 billion. First of
all, this is due to their high specific electrical capacity and reliability.

The electrodes of the original lithium-ion batteries were made of a
powder material with a particle size more than 1 mm, and these batter-
ies had a sufficiently high capacity. In the basic configuration of mod-
ern batteries, graphite is used as the negative electrode, and LiCoO, is
the positive one. The use of graphite was the most appropriate decision
but was not flawless. The main problem is the low charging rate, which
depends on the volume diffusion coefficient of lithium (10® cm?2sec™).
During charging, the lithium film is growing on the graphite surface,
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Fig. 3. Schematic representation of a lithium-ion battery and na-
nostructures used as electrode materials [19]

which leads to short-circuit of the battery. In addition, the graphite—
lithium anode has a low gravimetric energy density (340 mAh/kg) as
compared to pure lithium (3800 mAh/kg).

This shortfall can be overcome with usage of the nanocrystalline
structures instead of the microcrystalline ones since, as it was mention
above, just the nanostructures can provide much higher mobility of
charge carriers (Fig. 3).

Table 1 summarizes the names of materials prepared by powder
technology that are used in lithium-ion batteries. Unfortunately, their
use did not give a noticeable improvement in the kinetic properties of
the batteries.

Table 1. Materials used for the electrode production in lithium-ion batteries [20].
Here, metal M = Mn, Al, Cr (a); M = Ni, Cu, Cr (b); M = Cu, Ni, Fe (¢);
M = Fe, Co, Ni Cr, Mn, Cu, Sn (d)

Types Positive electrodes Negative electrodes

High energy LiNi,Co, M, _, 0, (layered) (a) Si, Sn, Sb
LiMn, M O, (spinel) (b) MO, (d)
MF, (c) Graphite

High power LiMn, Al O, ; (spinel) Hard carbon
LiNi,Co,_,,Mn O, Graphite
LiFePO, (olivine) Li,Ti,O,,

Long cycle life LiFePO, (olivine) Li,Ti,O,,
LiMn, Al O, Graphite
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Table 2. Design diffusion times depending on the structure of the material
and its diffusion coefficient. Unacceptable times are indicated in italics.
(Table contains results calculated according to formula (1))

L, pym
D, cm?. st
0.01 0.1 1.0 10 100
108 10+ 102 1 102 10¢
10 101 10 102 10° 107
1014 102 104 10¢ 108 10

For substantial improvement of the properties of electrodes in lith-
ium-ion batteries, it is necessary to solve the following problems: in-
crease the free path of lithium in electrode materials, ensure their high
electrical conductivity and create the maximum possible number of traps
in them. In this case, the configuration of the traps should be such that
their filling with lithium does not lead to the destruction of the electrode.

The time during which lithium fills the entire volume of the elec-
trode t depends on the diffusion coefficient D and on the diffusion
length L, that is, on the crystal size, as follows:

t = L?/(2D). (1)

The diffusion coefficient can be increased by doping the base mate-
rial with impurities. However, it is difficult to achieve a significant
effect in this way. A greater effect can be achieved by transforming the
polycrystalline material into a nanocrystalline material (Table 2). Using
nanostructured materials with a low diffusion coefficient, lithium satu-
ration with acceptable charging times can be achieved.

The Negative Electrode

There are two ways to get rid of the graphite drawbacks. The first
method consists in using nanocrystalline modifications of carbon, viz.,
fullerenes or carbon nanotubes [21, 22] instead of graphite. In the sec-
ond case, the structures based on oxides of titanium, iron, manganese,
cobalt, and nickel are developed and studied instead of carbon materials.
It has been found that the absorption capacity of nanotubes is almost
twice as high as that of graphite. However, unfortunately, the surface
of nanocarbon structures is subject to blocking by lithium atoms like a
graphite surface. The number of publications on the study of the ab-
sorption of lithium by oxides is very large [23—26]; therefore, it is im-
possible to analyse all of them in this short review. Let us dwell on the
most promising and studied material, namely, titanium oxide.
Titanium oxide TiO, has many advantages: a high insertion poten-
tial Li*/Li (1.5—-1.8 V), good specific current capacity, low self-discharge,
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volume after lithium absorption
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increases it by 10% . Disadvan-
tages of TiO, are high electrical resistance, the low diffusion coefficient
of lithium (107'-10"° cm?s'), and unsatisfactory theoretical specific
capacitance (168—335 mAh/g). Improving the structure and properties
of the TiO, electrode may be achieved by the creation of one-dimension-
al nanocrystalline materials: nanorods, nanofibers, nanotubes and core-
shell nanowires, the construction of a porous three-dimensional nanos-
tructure, the combination of nanoscale particles with carbon-containing
framework structures, and the combination of TiO, nanoparticles with
other metal oxides.

A comparative study of the specific capacitance of TiO, structures
in the form of nanowires and equiaxial nanoparticles was carried out in
[27, 28]. The diameter of nanowires was the same as the size of nano-
particles (20—40 nm), and the length of the wires was 0.1-1 mm. The
small wire diameter facilitates the lithium diffusion along directions
orthogonal to their axis. A similar situation has been found in nanopar-
ticles. However, the specific capacitance of nanowires was significantly
higher than that of nanoparticles (Fig. 4). According to the authors,
nanowires need only a few contact points to ensure the lithium diffusion
in the volume of the electrode. In the ensemble of equiaxial nanoparti-
cles, the contact between particles can be disturbed due to a change in
their size during the charge/discharge of the battery. As a result, lith-
ium diffusion can be significantly hampered and the battery capacity is
reduced. This effect is less significant for finely crystalline structures.

The decrease in the average size of the particle from which the elec-
trode is formed leads to an increase in the area of the specific active

20 40 60 80 100
Cycle number

Table 3. Structural and electrical properties of TiO, samples [29]

Specific Specific Average Average Spemflc

surface pore R : discharge
area volume grain dia- pore dia- capacit

9. 1 51 meter, nm | meter, nm Yl’
m?-g cm3-g mAh-g
Porous-free F-TiO, 309 5 238
Nanoporous CF-TiO, 151 0.511 8 7.2 213
Particles 20 20 170
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Fig. 5. HR-TEM images of CF-TiO, samples with a SAED pattern as inset (a), and
the variation of specific discharge capacity with respect to the cycle number of
CF-TiO, and particles (b) [29]

absorbing surface. In Ref. [29], nanocrystalline TiO, with a grain size of
50 nm was taken as the base material. Two types of nanostructures were
additionally obtained by complex chemical-thermal treatment: porous-
free F-TiO, with 5 nm flake grains, and nanoporous CF-TiO, (8 nm
flake size, 7.2 nm pore size). It was found that a decrease in grain size
not only increases the specific surface area of grains but also enhances
the specific capacitance of the electrodes (Table 3).

In addition, the presence of nanopores increases the rate of charge
and cyclic stability. Figure 5 shows the high-resolution transmission
electron microscopic (HR TEM) image of the CF-TiO, structure with its
selected area electron diffraction (SAED) pattern and a comparative
change in the absorption capacity of CF-TiO, and equiaxial nanoparticles.

Further increase in the capacitance and lithium conductivity of ma-
terials for negative electrodes is related to the complication both of the
component composition and of the pore structure. The strategy for de-
velopment and use of hybrid structures that combine TiO, with transi-
tion metal oxides is discussed in [30—32], and interesting results were
obtained in [33]. Comparative studies had been carried out concerning
the effects of porosity, impurities and carbon coating on the structure,
electrical properties and absorption capacity of TiO,. In the initial state,
the material consisted of porous microspheres of diameter 1 um. The
porous structure of microspheres was formed due to nanoflakes (Fig. 6, a).

Further impregnation of TiO, with a solution of FeCl, and ammonia
followed by annealing in air at 500 °C for 1 hour was carried out. As a
result, the size of the microspheres remained the same but a large
number of thin nanoprecipitations of TiO,/Fe,O, appeared inside the
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nanoflakes (Fig. 6, b). Finally, TiO,/FeTiO,@C carbon-coated films of
2-5 nm thickness were prepared by carbon deposition on TiO, and TiO,/
Fe, O, samples. Thus, a transformation of the structure took place, dur-
ing which the pore size distribution and the specific surface area of the
pores changed (Fig. 6¢). In the original TiO, sample, a non-uniform pore
size distribution was observed in the range from 1-2 nm to 200 nm with
a pronounced maximum at 10 nm. In TiO,/FeTiO,@C samples, the max-
imum shifts to 30 nm, and a many large (up to 250 nm) pores were
observed. The specific surface area of the pores was 58.4 m?/g in the
initial samples, and it decreased to 35.1 m?/g in the samples with a car-
bon film.

The dependence of the specific capacity of TiO,-based electrodes on
the charge/discharge cycle number is shown in Fig. 7. It can be seen that
TiO,/FeTiO,@C samples have the highest capacity. Already after 100
cycles, their capacity reaches 336 mAh/g. Theoretical evaluation per-
formed by the authors showed that the maximum capacity of TiO,/
FeTiO,@C must not exceed 385 mAh/g. However, a capacity of 441 mAh/g
was achieved after 300 charge/discharge cycles.

In the authors’ view, the obtained value of specific capacity is a
consequence of the synergistic effect in FeTiO,@C structures. For the
same reason, the Coulomb efficiency of the FeTiO,@C electrode reaches
a value close to 100% after merely 5 charge/discharge cycles.

ried 300 nm

-

Fig. 6. Field emission scanning elec-
tron microscopic (FE-SEM) images of
the as-prepared (a) TiO,, (b) TiO,/Fe,0,,
and (c¢) TiO,/FeTiO,@C microspheres
[33]
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Fig. 7. Cycling performances of TiO,, TiO,/Fe,0,, Ti0,@C, TiO,/FeTiO,@C and cou-
lomb efficiency of TiO,/FeTiO,@C at the current density of 100 mAhg" [33]

One conclusion compiled from [27—-32] shows that the real way to
increase the specific absorption capacity and electrical conductivity of
TiO,-based electrodes is nanostructuring the material (nanofibres and
nanowires), creating nanopores system (nanoflakes), hybridization of
the material by adding oxides based on transition metals, as well as sta-
bilizing their surface activity.

The Positive Electrode

As noted above (Table 1), oxides based on lithium alloys with Fe, Co, Ni
Cr, Mn, Cu, Sn are widely used for the production of positive electrodes
of lithium-ion batteries including those with a nanocrystalline struc-
ture. An essential disadvantage of these materials is their increased
chemical activity at the electrode—electrolyte interface, which results in
the degradation of the properties of the electrolyte.

The LiFePO, compound has certain advantages over the above mate-
rials: high thermal and chemical stability, and low cost. But most of all,
the LiFePO, structure has the low value of the charge voltage Li*/Li,
namely, 3.4 V. Therefore, this material has less chemical activity in
relation to the electrolyte.

In general, charge/discharge processes in the lithium-ion battery
include a two-phase reaction between FePO, and LiFePO, (Fig. 8). When
charging the battery, lithium is removed and FePO, layer is forming on
its surface. During discharging, to the contrary, a surface LiFePO, lay-
er is forming. Such simultaneous existence of two phases in an electrode
is characteristic for polycrystalline structures in which the charge/dis-
charge process is determined by the diffusion of lithium in a solid.

When switching to nanocrystalline structures, the coefficient of
lithium diffusion increases substantially and the charging times of the

452 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 4



From Nanomaterials and Nanotechnologies to the Alternative Energy

Fully discharged Fully discharged
LiFePO, LiFePO,
+ Fully charged *

LiFePO, j = -3
Fig. 8. Schematic repre-
sentation of the proc-
esses during charge/dis-
charge of LiFePO, [34] FePO, LiFePO,

Charge: CC-CV,
CC at C/10
CV at 4.4V to 100/C

3.0 F | Discharge: CC at C/10

Voltage, V
)
ot

2.5 I I I I I
0 40 80 120 160

Specific Capacity, mAhg '
a b
Fig. 9. SEM image (a), and charge/discharge curves of 2D LiMnPO, (b) [36]

battery decrease. In Ref. [35], the kinetic characteristics of the LiFePO,
electrode with grain size was less than 100 nm were studied. Drawing
on the results a domino-cascade model of lithium diffusion in such
structures was proposed. X-ray diffraction and electron microscopic
studies show that deintercalation (intercalation) proceeds through a
two-phase reaction between compositions that are very close to LiFePO,
and FePO,, viz., the phases enriched or depleted in lithium (Li-rich
Li, FePO, or Li-poor Li FePO,). The authors explain the observed mech-
anism of the reaction by the existence of structural constraints occur-
ring just at the reaction interface: the minimization of the elastic en-
ergy enhances the deintercalation (intercalation) process that occurs as
a wave moving through the entire crystal. The stress fields at the bound-
ary between LiFePO, and FePO, phases are substantially reduced in the
nanocrystalline structures during charge/discharge. As a result, lithi-
um penetrates into the bulk of the lithium grain and the entire thick-
ness of the electrode.
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Fig. 10. TEM image of mesoporous LT-LiCoO, (a) and charge storage of lithium as

a function of cycle number for mesoporous LT-LiCoO, and nanoparticle LT-LiCoO,
(®) [39]

It is known that in lithium orthorhombic LiFe(Mn)PO, structures,
lithium diffusion is easiest along the ‘b’ axis [010] and the diffusion
coefficient is about 10® cm?2.s! [36]. This explains the researchers’
strategy to create nanoscale structures that would have the smallest size
in this direction: 0-dimensional spherical nanoparticles, 1-dimensional
rods with the axis oriented along ‘a’ or ‘¢’ directions, 2-dimensional flat
formations with a basal plane orthogonal to the axis ‘b’. Fig. 9, a shows
the structure of LiMnPO, two-dimensional polyol synthesis structures
[37]. This material demonstrates high values of the charge voltage over
a wide range of specific capacitance (Fig. 9, b).

Ordered nanoporous structures can also be used as a positive elec-
trode material [38, 39]. These materials are formed from micrometer-
size particles that contain 2—50 nm pores. Pores have typically the same
size and are separated by the walls of 2—8 nm thick. Particles of mi-
crometer size easily compacted into the finished products. The electrical
contact is provided due to the close fitting of the walls of the particles
to each other. Nanoporous spaces are filled with electrolyte. Thin walls
between the pores provide high mobility of lithium ions.

Fig. 10, a shows the transmission electron microscopic (TEM) image
of the structure of a low-temperature LT-LiCoO, electrode material [39].
The pores have a size of 4 nm, and the thickness of the walls between
the pores is of 7 nm. A comparative study of the cyclic stability of the
LiCoO, structure and material consisting of nanoparticles revealed that
the specific surface area of nanoporous objects is 70 m?/g and of nano-
particle samples is 40 m2/g. In addition, the nanoporous structures ex-
hibit higher cyclic stability.
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Fig. 11. Energy benefits of using nanomaterials for lithium-ion
batteries [40]

Summarizing the data of various researchers, it can be concluded
that the use of nanocrystalline, including nanoporous, structures makes
it possible to improve significantly the kinetic and absorption properties
of both negative and positive electrodes of a lithium-ion battery, and to
assess the prospects that nanomaterials science reveals in the develop-
ment of materials for rechargeable batteries. The opportunities and
prospects that nanomaterials open for the creation of rechargeable bat-
teries can be assessed using the comparative results shown in Fig. 11. A
more in-depth analysis of the problems faced by researchers in the de-
velopment and implementation of nanomaterials for lithium-ion batter-
ies is presented in the reviews [5, 19].

Nanomaterials and Solar Energy

It is known that approximately 0.1% of the energy that Earth receives
from the Sun is enough for the comfortable existence of humankind.
The solar radiation density is 1366 W /m?2. However, not all solar radiation
reaches Earth’s surface and can be used. Most of the solar energy is lost
irrevocably, and only 33% of it can be used (Fig. 12). Nevertheless, human-
kind would have had enough of this quantity to satisfy its needs in full.

More than 100 years ago, the principle of generating an electric cur-
rent by semiconductors when they absorbed sunlight (photoelectric ef-
fect) was discovered. However, up to the present time, no materials are
created that are capable of effectively converting the entire range of
wavelengths that reach the surface of Earth into electricity or heat.

In nature, converting solar energy into fossil sources has been going
for millions of years. Every moment due to solar radiation there is an
accumulation of hydrocarbons in plants, which, in the end, the person
converts into heat or electricity. The accumulation of hydrocarbons oc-
curs at the nanocellular level. It is logical to assume that with the help
of artificially created nanocrystalline structures, it is possible to achieve
a direct conversion of the solar energy into electrical energy with high
efficiency, thus excluding the intermediate process of accumulation of
hydrocarbon raw materials and its use.
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Nowadays, there are two types of photovoltaic cells based on silicon
(PV cells): crystalline and thin-film cells in the consumer market. Silicon
(and also CdTe, CdSe, ZnO, etc.) perform two functions simultaneously:
they generate a flux of electrons and ensure their movement inside the
solar cell. The band gap of crystalline silicon is 1.1 eV, that is, only
light quanta with energy equal to or greater than 1.1 eV (wavelength
below 1200 nm; Fig. 12) can be used by silicon converters. The effi-
ciency of silicon industrial batteries does not exceed 25% (Fig. 13).
Such a low efficiency of solar cells is due to physical limitations, which
are superimposed on the process of electron generation and their motion
in large-crystal structures. Unfortunately, in these structures, it is very
difficult to achieve the simultaneous increase in the optical absorption
coefficient (the number of charged particles) and the magnitude of the
electron current. In addition, there are losses associated with the design
of solar cells.

To improve the photon absorption and photo-carrier collection of
silicon solar cells, three-dimensional nanostructures (nanowires [43],
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Fig. 15. SEM image of Si nanocone arrays (a) and angular dependence of light ab-
sorption by silicon substrates of various configurations (b) [44]

nanopillars, nanocones [44], etc.) are being developed. In fact, there is
a copying and ordering at the nanolevel of the branched structure of
trees that effectively absorb light quanta for their growth. Both top-
down and bottom-up methods are used.

For example, Garnett and Yang [43], using selective ion etching
technology, fabricated well-ordered arrays of silicon nanowires of 8 um
silicon films (Fig. 14, a). Studies of the absorption characteristics of
such structures have shown that they increase the path length of inci-
dent solar radiation by up to a factor of 73. (Fig. 14, b), and the effi-
ciency of solar cells made based on nanowires is above 5%.

The absorption capacity of solar cells can be increased if a nanowire
structure is created by the Bottom-up method [43]. Authors obtained
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Fig. 16. Dependence of the particle size and colour [45]

material consisting of silicon nanowire arrays. Those arrays having less
than 5% areal fraction of wires can achieve up to 96% peak absorption
of the solar flux. It is important that the electron current was gener-
ated even by solar radiation with a wavelength greater than 1.2 pum.

Absorption properties of solar cells based on silicon can be improved
by creating a system of nanocones on their surfaces [44]. A significant
improvement in the absorbing properties of cone structure was found
even in comparison with nanowire one. The scanning electron microsco-
py (SEM) image (Fig. 15, a) revealed the Si nanocones array. The length
of each cone is 2600 nm; the diameters at the base and at the apex are
300 and 20 nm, respectively. This nanocone structure absorbs up to
90% of sunlight (Fig. 15, b) even when the substrate plane is tilted up
to an angle of 60° that is essential for its practical application.

Thus, the transition to nanocrystalline silicon made it possible to
reduce substantially the fraction of photons reflected from the surface
of the solar cell. As a result, the amount of absorbed solar energy in-
creased. In addition, the kinetic properties of charge carriers in the
structures consisting of nanowires and nanocones have improved.
Nevertheless, the main task to absorb sunlight in the wavelength range
from infrared to ultraviolet remained unresolved. The limited possibili-
ties of nanocrystalline silicon are also related to the fact that it gener-
ates the charges and acts as their conductor simultaneously.

To improve the solar cells, it was proposed to use inorganic semicon-
ductor structures (TiO,, ZnO, Nb,O,, etc.) instead of silicon. These ma-
terials are easy to manufacture and inexpensive. The most widespread
among the listed semiconductors is titanium oxide TiO,. In addition to
being cheap, this material has good chemical and optical stability, is
non-toxic and resistant to corrosion. However, the main advantage of
TiO, is a possibility of creating the nanostructures with different archi-
tectures: nanotubes, nanorods, nanofibres, nanosheets. Such structures
have not only a large active surface area but also provide a high mobil-
ity of electrons.
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Unlike silicon, the main modifications of titanium oxide, anatase
and rutile, have a high value of the band gap 3.2 eV and 3 eV, respec-
tively. This means that TiO, can generate charge carriers only in the
wavelength range of 400 nm or less (ultraviolet region). However, this
restriction applies to large-crystal structures. In nanocrystalline semi-
conductors, the band gap depends on the crystal size d as follows

E, = h/(2md?), (2)

where 7 is Plank’s constant, and m is the mass of electron.

In accordance with this expression, materials consisting of nanopar-
ticles of different sizes will absorb light of different wavelengths
(Fig. 16).

Griétzel et al. [46] obtained and investigated two-layer TiO, films
with a grain size of 20 nm (absorbing centres) and 200—-400 nm (scatter-
ing centres). It was revealed that such structures can absorb light in the
visible range of waves. TiO, structures containing nanoparticles and
nanorods of varied size in a multilayer configuration for dye-sensitized
solar cells were studied in [47]. It was noted that such bilayer system
with additional layers of nanorods of well-controlled size inserted be-
tween the transparent and the scattering layers (Fig. 17) not only ex-
pands the range of absorbed wavelengths but also improves the electri-
cal conductivity of the material.

There is another approach to increase the absorption capacity of
TiO, structures. To absorb the light in a wide range of wavelengths,

Multi-layer Configuration

Fig. 17. Schematic demonstration of the structural design for the
TiO, multilayer film. NP, SL, NR, and LR refer to nanoparticles,
scattering layer and TiO, nanorods of =150 nm and =500 nm, re-
spectively [47]
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Fig. 19. Photocurrent action spectra ob-
tained with the N, (ligand L,) and the ‘black
dye’ (ligand L') as a sensitizer. The photo-
current response of a bare TiO, films is
shown for comparison [49]

solar cells based on titanium
oxide should contain in their
structure the particles with band
gap much less than 3 eV. Two
types of such structures (dye-
sensitized and quantum dots)
are currently being investiga-
ted. Dye-sensitized solar cells
are a mesoporous TiO, struc-
ture (electrolyte) decorated
with molecular clusters con-
sisting of 10-100 molecules
(Fig. 18). The material of these
molecular clusters is complex
chemical compounds based on
ruthenium or osmium. Such
(dye-sensitized) solar cells do
not require vacuum conditions
during manufacture; they are
plastic and inexpensive. The ef-
ficiency of conversion of sun-
light reaches 10-12%.

Unlike silicon solar cells, in
solar cells with colour centres,
titanium oxide serves as a con-
ductor of charged particles, and
molecular clusters are convert-
ers of light quanta. In 1993 and
2001, a group of scientists de-
veloped two types of the ruthe-
nium-based centres: N, and
‘black dye’ [49, 50]. In Ref.
[49], it was investigated how
the structure of the colour cen-
tres and their composition af-
fect the magnitude of the pho-
tocurrent (Fig. 19). It is seen

that both types of nanosized colour centres significantly extend the
range of wavelengths absorbed by the TiO, structure. The photocurrent
is generated by light photons even from the infrared region. At the
same time, the efficiency of conversion of the light flux into energy was

achieved by 10.5%.

Finally, there is a third option to increase the sensitivity of solar
cells based on TiO,, namely, to use instead of colour centres the larger
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Fig. 20. The quantum dots of CdSe/ZnS core/shell, where CdSe
core diameters vary in the range of 1.8—6.9 nm (above), and the
change in the band gap value vs. the nanocrystal size (below) [51]

particles 2—10 nm in size containing 103-10° atoms (quantum dots).
Such structures are being created based on inorganic semiconductor
mate-rials (Si, PbSe, InP, CdSe, etc.) coated with a monolayer of a stabi-
lizer from organic molecules (see Fig. 20, review [51] and references
therein).

The most easily realized shape of the quantum dot is the sphere.
However, there are also ellipsoidal (nanorods) quantum dots, as well as
nanocrystals with a complex architecture, e.g., tetrapods. In addition,
the doping of quantum dots, the formation of solid solutions of semi-
conductors as well as the creation of heterojunctions are widely used
when the core of a quantum dot is formed from one semiconductor and
the shell from another one.

The ability to vary the size of quantum dots, their shape and com-
ponent composition holds great promise for using such structures for
absorption the light in the wavelength range from ultraviolet to infra-
red. Theoretically, 64% efficiency of solar cells using quantum dots can
be achieved [52].
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Fig. 21 shows how the efficiency of solar radiation conversion in-
creased when using photocells of 1-3 generations and the change in
economic benefits from their use.

Nanomaterials in Hydrogen Energy

Humanity throughout its historic existence consistently absorbed more
and more energy-efficient sources of energy: wood, coal, oil, and gas.
The energy intensity of this fossil fuel is determined by the percentage
content of hydrogen in the hydrocarbon molecule (Fig. 22).

The most advantageous is to use hydrogen in a ‘pure’ form. However,
in order to realize this advantage, it is necessary that hydrogen react
with oxygen in the ionized state. Only then, the released energy would
be almost three times more than from the combustion of gasoline, meth-
ane or methanol, e.g., in internal combustion engines. At present, sev-
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eral types of solid-state electrolytes (proton exchange membrane, PEM)
have been developed that ensure the reaction between hydrogen and oxy-
gen ions in a hydrogen fuel cell (Fig. 23). Their performance today dic-
tates the temperature range (300—400 K) and pressures (0.1-3.0 MPa),
within which the hydrogen absorption/desorption should be carried out.

The main problem that hinders the development and use of electri-
cal installations working on hydrogen fuel is the lack of materials capa-
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ble of accumulating hydrogen in large quantities. In the early 21 cen-
tury, the U.S. Department of Energy (DOE) formulated the basic re-
quirements for the fuel systems of cars, which are adjusted and refined
every year [56]. In particular, the minimum amount of hydrogen that
can be accumulated in the storage tanks must be at least 6 wt.% of the
mass of the storage system itself.

Hydrogen in solids can be absorbed in the form of hydrides in dense
structures and in the molecular state in porous materials. There are
hydrogen storage devices, in which hydrogen is retained in the crystal
lattice in both the atomic and molecular states. In porous materials, the
interaction between hydrogen molecules and pore surfaces is due to the
weak Van der Waals forces (physical adsorption or physisoption). The
heat of adsorption for various materials is in the range of 3—7 kJ/mol.
As a result, most of the hydrogen absorbed by the pores is desorbed at
temperatures up to 77 K. At room temperature, not more than 2 wt.%
H, is released [57]. Hydrogen in hydrides is in the atomic state and
forms chemical compounds with atoms of the crystal lattice (chemical
adsorption or chemisorption). The heat of chemical adsorption for con-
ventional polycrystalline structures exceeds 50 kd/mol. This complica-
tes the hydrogen desorption from hydrides at temperatures <500 K [58].
To ensure the hydrogen release to occur in the temperature range 300—
400 K, the desorption heat value should be in the range of 27-50 kdJ/mol.

Accumulation of Hydrogen in Porous Structures

Nanocrystalline Carbon. In the mid-1980s, a new class of carbon nanos-
tructures termed fullerenes was first synthesized. Numerous studies of
this material stimulated the appearance in 1991 of several new modifi-
cations of fullerenes: single-walled and multi-walled nanotubes, nanofi-
bres (Fig. 24). The features of formation of a carbon nanostructure de-
termine its unusual properties (see, e.g., reviews [60—62] and references
therein). Despite the low density (1.3-1.4 g/cm?®), carbon nanostruc-
tures have high strength—up to 48000 kN-m/kg (for comparison, car-
bon steel has 154 kN-m/kg). The Young’s modulus of single-walled and
multi-walled tubes varies in the range of 800-1000 GPa (for carbon
steel, 200 GPa). Standard single-walled tube withstands the pressure up
to 24 GPa without deformation.

Carbon nanoporous structures that can absorb hydrogen by physical
adsorption also include activated carbon (AC). The specific surface area
in such a material can vary in the range of 1000-4000 m?/g.

At present, it is generally accepted that only two processes are re-
sponsible for the adsorption of hydrogen by carbon nanoporous struc-
tures, viz., adsorption either on the surface of pores or inside the pore
volume. In both cases, the specific surface area and pore volume are
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Fig. 24. The examples of nanostructured carbon: (a) a single-walled nanotube
(SWNT); (b) an one-atom-thick sheet of carbon—graphene; (¢) a multi-walled nano-
tube (MWNT); and (d) a multi-sheeted framework structure, which consists of car-
bon nanotubes and graphene sheets combined in order to form a three-dimensional
network nanostructure (see, e.g., [59-62] and references therein)

important adsorption characteristics. In addition, taking into account
the size of the hydrogen molecule (0.29 nm), an important characteristic
of the adsorption capacity is diameter and shape of the pores.

Considerable interest in nanoporous carbon-based structures was
largely determined by the results the research carried out by A. Dillon
et al. [63] in 1997. It was revealed that such materials could absorb hy-
drogen in quantities sufficient for their practical use. However, numer-
ous experimental studies carried out undertaken later showed that the
situation was less promising due to the wide scatter in the results ob-
tained by different researchers for the same materials.

Nevertheless, nowadays, it is possible to summarize some of the
regularities in hydrogen absorption by various nanoporous carbon struc-
tures. A common feature for all structures is the low temperature of the
maximum hydrogen adsorption regardless of the surface area of the
pores that is stipulated by the physical mechanism of adsorption. It was
shown [64] that activated graphite AX-21 with a specific surface area
of 2800 m?/g absorbed the greatest amount of hydrogen exactly at
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Fig. 25. Isotherms of hydrogen adsorption by activated gra-
phite AX-21 [64]

such temperatures while absorption at room temperature was insignifi-
cant (Fig. 25).

Analysing the numerous results on the absorption of hydrogen by
nanotubes, nanofibres and nanoporous activated carbons [65], it is dif-
ficult to reveal any regularity connecting the value of the specific sur-
face of pores (SBET) with the absorbed hydrogen mass (wt.%). It was
shown that the maximum hydrogen amount that can be absorbed at
room temperature was 1 wt.%, and this value could reach 2 wt.% at 77 K.
These low values of the gravimetric capacitance of nanocarbon struc-
tures are explained by the fact that not all pores are able to absorb hy-
drogen effectively. This explanation is based on the results [66], where
it was shown that the optimal size of slit pores that provided good hy-
drogen adsorption should be 0.6 nm. A good ability to absorb hydrogen
is also inherent in the tubular single-walled pores with an internal di-
ameter of 1.3 nm and a distance between the tubes of 0.6 nm [67]. In
addition, the absorption capacity of carbon structures may be enhanced
through the fragmentation of the porous structure and creation of the
additional adsorption centres.

The authors [68] attempted to modify the structure of carbon mate-
rials by creating additional sites for the adsorption of molecular hydro-
gen in the form of packing defects and vacancies. Ball-milling of graph-
ite took place for 80 hours in an atmosphere of hydrogen at 1.0 MPa.
Studies have revealed a significant (up to 7.4 wt.%) increase in hydro-
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gen adsorption with a simulta-
neous catastrophic growth in
the desorption temperature of it
up to 600 K.

Palladium can be used as
the catalyst that increases the
adsorption capacity of carbon
structures. Mixing nanotubes
with palladium increases the
adsorption capacity three-fold
[69]. The observed effect was
explained by the distribution of
hydrogen between the addition-
al defects formed at the sites of
the palladium atom deposition
on the walls of the tubes.
However, since the initial char-
acteristics of the material were
poor (0.1 wt.% H,), the relative
adsorption growth turned out
to be so noticeable. An increase
in desorption heat of hydrogen
(up to 11 kd/mol) of activated
carbon was also observed when
a catalyst was added as carbide-
forming metal: Ti [70], Li (up
to 21 kJ/mol), and K (up to 11
kJ/mmol) [71].

Remarkable data indicating
a change in the adsorption
mechanism in doped nanoporous
carbon were obtained in [72].
The material examined in the
study has the specific surface
area of pores of 2450 m?/g, and
70% of the pores were smaller

25 °C

H, adsorbed, wt %

0.5 1 1.5 2
Pressure, MPa

Fig. 26. Isotherms of hydrogen adsorption
of doped porous carbon, where shaded (un-
shaded) symbols relate to adsorption (des-
orption) [72]

Fig. 27. The structure of MOF-5: Zn,0(0,C—
C,H,~-CO,),, where triangles denote zinc,
small spheres—oxygen, hexagons—organic
bunch. The large sphere is the central pore
within the cell [73]

than 2 nm. Before saturation with hydrogen, the material was treated
in an aqueous solution of phosphoric acid, and then in KOH. This mate-
rial adsorbed up to 0.8 wt.% H, at room temperatures and at pressures
below 2 MPa. The distinctive feature was that adsorption—desorption
curves exhibited pronounced hysteresis. For all temperatures, a delay in
hydrogen release was observed (Fig. 26). The results support the hy-
pothesis that the change of the interaction efficiency of hydrogen mol-
ecules with carbon is due to the polarization effect.
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Thus, the analysis shows that carbon nanostructures without addi-
tional processing cannot hold hydrogen in sufficient quantities at room
temperature. In order to improve the adsorption characteristics of na-
noporous carbon structures, it is proposed to introduce catalysts in the
form of metal atoms in combination with intensive grinding in a hydro-
gen environment. This treatment stimulates the appearance of addi-
tional sites for the adsorption of molecular hydrogen as well as the
formation of C—H covalent bonds.

Metal-Organic Framework Structures. Metal-organic framework
structures (MOFs) are a special class of porous materials that have long
been used for adsorption and separation of gases as well as in heteroge-
neous catalysis. These materials are created using special chemical
methods, which include the slow crystal growth from the heated molten
metal oxide and organic substances. Structurally, they represent an or-
ganic framework with the ions or clusters of metals in the nodes con-
nected by organic chains (ligands) (Fig. 27).

Since the metal-organic framework is as open as possible, the spe-
cific surface area of MOF-structures generally exceeds 1000 m2/g, and
the pore size is typically less than 2 nm. The distances between organic
and inorganic components are small, so the strength of MOF-structures
is very high. These characteristics determine the prospects of wider ap-
plication of these materials in the hydrogen storage devices.

In 2003, MOF-5 and MIL-53 framework structures with inorganic
constituents Zn?", Al3* and Cr?" ions were studied [74, 75]. Fig. 28 shows
the typical MOF-5 hydrogen absorption isotherms for different tem-
peratures [76].

The isotherm for 77 K is typical for an adsorbent that absorbs hy-
drogen in a molecular form (physisorption) when a significant increase
in the adsorbed gas occurs at low pressures. The maximum saturation at
2 MPa corresponds to =4.5 wt.% . Due to the small values of physical
adsorption heat in the framework structures, the slope of the curves
and the maximum of absorbed hydrogen decrease with the temperature
growth. Only 0.1 wt.% is absorbed at room temperature and 2MPa.

Considering that a large number of MOF structures have been inves-
tigated to date, the results of the studies can be systematized [77] (see
Table 1). The analysis shows that at 77 K, as the volume and specific surface
area of the pores increase, the total amount of absorbed hydrogen grows up,
regardless of the composition and structure of the material (Fig. 29).

For instance, some structures with pore volume more than 1.5 cm?.g!
absorb hydrogen in a large amount: 6.1 wt.% (MIL-101) [78], and
6.7 wt.% (IRMOF-20) [79]. This means that more than 80% of the vol-
ume of these structures is free. To enhance the hydrogen capacity of
such structures, a further increase in the pore volume and surface area
is required but this way is unrealistic.
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Fig. 28. Isotherms of hydrogen adsorption by the MOF-5 structure [76]

Fig. 29. Correlation between the surface area of MOF structures and saturation hyd-
rogen uptake at 77 K [77]

Thus, despite the optimistic parameters of porosity in MOFs, the
kinetics of hydrogen desorption from them is in doubt. The achieved
values of the surface area of the pores allowed to accumulate the hydro-
gen amount needed today. However, these values are limiting for this
class of materials. In addition, due to the large difference in the size of
the hydrogen molecule and the diameter of the main pores in the MOFs,
it is difficult to expect that it will be possible to keep the desired hydro-
gen amount in them at room temperature.

Therefore, the focus of researchers is to develop the structures
with pores <0.6 nm in size, and to create conditions under which the
partial dissociation of hydrogen molecules and the formation of chemi-
cal compounds would become possible. Ideally, all hydrogen molecules
should interact with adsorption centres (pore walls). To hold a sufficient
amount of hydrogen at room temperature, the porous structure must
consist of pores of minimum size with the maximum total surface area.

An impregnation of the central pore with a stable inorganic struc-
ture, for example, fullerene C,, can
be one response to this problem [80].
The pore diameter in the MOF-177
structure is 1.18 nm, which is enough
to accommodate the C,, molecule in it
(Fig. 30).

As expected, an increase in the
weight of the MOF-177 frame by add-

Fig. 30. The configuration of MOF-177
frame structure with an embedded Cg, mol-
ecule [80]
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ing a carbon structure will be compensated by the growth in the hydro-
gen adsorption capacity. In order to reduce the pore size, it is also pro-
posed to create frame structures in which the nodes of one cell penetrate
at the central pore of the neighbouring cell, thereby reducing its diam-
eter. In this process of catenation, the mutual penetration of identical
frameworks into each other is possible as well as embedding a smaller
frame within a frame with a larger diameter [81].

Data on the transformation of IRMOFs structures by placing addi-
tional frameworks inside the initial cells has already been published.
This process leads both to an increase in the adsorption capacity at 77 K
and to absorption of more than 1 wt.% at room temperature and 48 bar
pressure [82].

Accumulation of Hydrogen in Hydrides

Magnesium Hydride. Hydrogen can form hydrides with more than 90
elements of periodic (Mendeleev) table. Moreover, hydride-forming al-
loys and complex hydrides are available in great amounts. Unfortu-
nately, none of these original hydrides meets requirements set to solid-
state hydrogen accumulators [83]. The vanadium (VH,) and palladium
(PdH, ;) hydrides are the most preferable. However, the desorption tem-
perature of vanadium nitride is somewhat lower and palladium is a
rather expensive material and it accumulates hydrogen in insufficient
amounts; but still, generally, the hydride adsorbing capacity is suffi-
ciently high.

Another area of focus is magnesium hydride (MgH,). It has the
highest energy density of 9 mdJ/kg, a good rated hydrogen capacity of
7.7 wt.%, low cost and a good reproducibility of results [84, 85]. Its
main drawbacks are high desorption temperature, low hydrogen release
kinetics and low air and oxygen reactivity [86, 87]. A decrease in des-
orption temperature can be reached through a reduction of the size of
MgH, particles, which, in turn, increases the hydrogen diffusion coef-
ficient. The hydrogen release kinetics can be improved through the cre-
ation of catalytic centres on the surface of magnesium hydride particles.
These centres accelerate the dissociation of hydrogen molecules. The
poisoning effect of granular boundaries created by magnesium hydride
can be reduced through the implantation into the boundaries of the ele-
ments, which are more active with regard to oxygen.

The main method, which is used today for the creation of hydride
storages of hydrogen, provides milling of powder material in ball mills in
the atmosphere of inert gas or hydrogen. An increase in the milling time
results in the reduction of the size of particles and in the increase of the
area of their surface. The surface area, as well as its configuration and
purity, are the critical parameters that influence the kinetics of hydrogen
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Fig.31.Thermogravimet-
ric weight loss profiles
vs. desorption tempera-
ture and degree of MgH,
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Fig. 32. Hydrogen desorption curves for mechanically milled MgH,—5 at.% V (a) [92]
and MgH,—5 at.% M (M = Ti, V, Mn, Fe, Ni) at 523 K and 0.015 MPa (b) [89]

adsorption. It was shown that the temperature of hydrogen desorption
considerably decreases after long-time milling (10 and more hours) and
the rate of adsorption/desorption increases (Fig. 31) [88]. However, the
milling time has no implications for the adsorbed hydrogen quantity.
Even small amounts of catalysts being added to magnesium hydride
during milling results in the developing a large number of defects on
the MgH, grains surface, which initiate the hydrogen dissociation. Such
metals as V and Ti hamper oxidation processes during multiple adsorp-
tion/desorption reiteration [89]. In order to decrease the temperature of
hydrogen desorption from magnesium are proposed to mix it with the
metals having hydrides with low desorption heat. The addition of Pd, Ni
and Ge is entailed in improvement of kinetic characteristics of MgH,.
For instance, the presence of Ge decreases the hydride decomposition
temperature in a range from 50 to 150 °C, depending on the Ge amount
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50 [90]. However, this effect dis-
appears after several ad-
sorption—desorption cycles. Nu-
merous studies relate to the
MgH,—-V system [91-94]. It has
been shown that vanadium pro-
duces a positive impact on the
dissociation of hydrogen mole-
cules. The addition of 5 at.% of
vanadium significantly contrib-

Fig. 33. Desorption rates for various MgH,/ utes th? hydrqgen capamty' of
M. O, (M is a metal) systems at 300 °C [96] magnesium without changing
the thermodynamic properties

(Fig. 32, a) [92]. Moreover, as it
was revealed by Dehouche et al.
800 nm [88], MgH,—5 at.% V composite
i 400 nm has high cycle stability.
i A comparative analysis of
transition metals influence on
200 nm adsorption characteristics of
i MgH, composite showed that
50 nm vanadium and titanium may be
regarded as the most efficient
catalysts (Fig. 32, b) [89].

Kinetics problems with MgH,
Fig. 34. TDS spectra of several hydrogen- ¢gn be improved through the
ated Pd/Mg(x nm)/Pd films [97] addition of oxides [91, 95, 96].

A presence of oxide particles du-

ring milling contributes to the formation of defects on the surfaces of
MgH, particles making the hydrogen dissociation easier. Presence of
Cr,0, accelerates hydrogen adsorption; V,0,, Mn,0,, and Fe,O, acceler-
ate desorption (Fig. 33) [96]; Al,O, and Cr,0, considerably increase the
amount of adsorbed hydrogen up to 4.09 and 4.02 wt.%, respectively [95].

In order to analyse comprehensively the opportunities for using
magnesium as a hydrogen adsorbent, the attention should be paid to the
research of the adsorption properties of thin-film magnesium-based
structures. These types of structure of are alternatives to nanocrystal-
line powder materials. Their thermodynamic stability can be worse and
desorption temperature lower in comparison with those of magnesium
hydride. Their thickness and grain size can be varied in a wide range.
This provides a good opportunity to study the relationship between the
film structure and its thermodynamic and kinetic properties.

The basic idea of experiments is to sputter the multilayer films
where magnesium layers are in contact with the layers of other metals
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M [97, 98] or with single-layer multicomponent Mg M films [99, 100],
which, in both cases, should facilitate the hydrogen dissociation and
improve the adsorption kinetics.

In Refs. [97, 98], palladium was selected as the second material for
the multilayer films. Palladium has lower adsorption capacity and des-
orption temperature in comparison with magnesium. It has been re-
vealed that the presence of palladium in a double-layer Pd/Mg film al-
lows magnesium to absorb more than 5 wt.% of hydrogen at 373 K and
0.1 MPa, which means that palladium acts as a catalyst. Magnesium
film with the same experimental characteristics adsorbed no hydrogen.
It has been also shown that the hydrogen adsorption kinetics relied
heavily on the parameters of film deposition. The metal sputtering that
contributed to the formation of nanocrystalline columnar structure pro-
vided the opportunity to reduce the desorption temperature.

Fig. 34 depicts the thermal desorption spectroscopy (TDS) data on H
adsorbed by the three-layered Pd (50 nm)/Mg (x nm)/Pd (50 nm) film, where
the magnesium film thickness x varied in the range of 50—800 nm [97].

In light of information on thermal desorption data, film thickness,
and its specific mass, Mg film thickness has no effect on the hydrogen
content, which was approximately the same (=5 wt.%) in all magnesium
films. An increase in the film thickness positively influenced the thermo-
dynamics of hydrogen desorption. The hydrogen desorption temperature
was about 360 K at the maximum thickness of studied magnesium films.

Nitrogen-Containing Complex Hydrides. The fact that nitrogen-con-
taining metal hydrides can absorb large hydrogen amounts was discov-
ered by accident after thermal treatment of lithium-containing nano-
tubes in nitrogen atmosphere [101]. Diffraction analysis of hydrogen-
saturated nanotubes revealed the presence of LiNH, and LiH compounds.
Further studies have shown that initially nitrogen forms Li,N, and then
the hydrogen addition leads to the reaction

Li,N + 2H, = Li,NH + LiN + H, = LiNH, + 2LiH. (3)

Because of this reaction, the hydrogen uptake can reach up to 10.5 wt.%.
According to thermodynamic analysis, the adsorption heats of LiNH, +
+ 2LiH and Li,NH + LiN are 80 and 66 kJ/mol, respectively [102].

Numerous studies of the absorptive capacity of materials containing
not more than one metal have shown that hydrogen retention occurs
only due to the chemical adsorption, which heat is in the range of 40—
90 kdJ/mol. The temperature range of the hydrogen desorption is 250—
500 °C. The amount of absorbed hydrogen can reach 7 wt.% but it re-
leases mainly as ammonia rather than as an atomic hydrogen [103].

To reduce the desorption temperature, either the complex hydrides
with two or more metal components are produced [103—-106] or boron-
containing hydrides are added [101]. In this cases, the amount of ab-
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Fig. 35. Hydrogen (top) and ammonia (bottom) kinetic desorption
data as a function of temperature (56—550 °C) for the ternary com-
position along with its unary and binary constituents (see [107]
and references therein)

sorbed hydrogen remains quite large, and desorption temperature can be
slightly reduced down to 150-200 °C (Fig. 35) [107].

Analysis of a large number of studies shows that the decrease in the
heat of hydrogen desorption comes mainly from the creation of multi-
component systems based on light metals: Li, Mg, Ca, Na containing
nitrogen and boron hydrides, and grinding the hydride grains. These
techniques inevitably lead to an increase in the degree of defectiveness
of the material and a decrease in the size of intergranular pores. It
can be expected that part of the molecular hydrogen will be accumula-
ted in the created pores and vacancy-type defects. As a result, a de-
crease in the heat of adsorption will lead to a decrease in the desorption
temperature.
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Hydrogen Accumulation
by Complex Hydrides VN .-H_and TiN -H

Analysing the above results, the two main lines of research can lead to
a significant increase in the adsorption properties of hydrogen storage
devices. The first line relates to attempts to transform the porous struc-
ture of the metal-organic framework and carbon nanomaterials by add-
ing alloying components. This approach, on the one hand, should pro-
vide a reduction in the average pore size, and, on the other hand, pro-
mote the dissociation of some hydrogen molecules and the retention of
the atoms through the formation of chemical bonds with carbon, oxy-
gen, or metal.

The second line is related to the change of the composition and
structure of hydride-forming materials by increasing the number of
metal components, mixing nitrogen and boron-based phases, or intensi-
fying the degree of grinding in ball mills. All these processes lead to the
greater defectiveness of structure, to less grain size, and to the forma-
tion of a system of intergranular nanopores that will capture the mo-
lecular hydrogen. That means that such structures are able to absorb
hydrogen not only by the formation of chemical compounds but also
because of its physical adsorption.

Therefore, attempts to create materials capable of absorbing hydro-
gen due to both physical and chemical adsorptions are very reasonable.
All these requirements can be met by the nanocrystalline materials with
intergranular joints containing nanopores, and the grain boundaries
provide rapid hydrogen absorption by the crystal lattice and pores as
well as its release.

In our previous studies [108], it was shown that nanocrystalline
porous structures can be obtained using the ion-beam assisted deposi-
tion (IBAD) method. Film deposition at the bombardment with high-
energy nitrogen and helium ions promotes the formation of a nanocrys-
talline porous structure (grain size is of 20—50 nm). Fig. 36 displays the
SEM images of the VN —H  film in the initial state and saturated with
hydrogen at 0.3 MPa [109]. Initially, the films consist of disordered
non-equiaxial particles. The particles of the cylindrical shape are of
50—70 nm in length with a diameter of 10 to 15 nm. Hydrogen-saturated
films acquire a round shape and their diameter varies in the range of
30—-100 nm. The analysis of the selected area electron diffraction (SAED)
patterns of the initial and hydrogen-saturated films revealed an f.c.c.
structure of vanadium nitride.

Hydrogen absorption isotherms are similar for all samples (Fig. 37).
The knee of the curves more evident with the temperature growth is
observed for TiN —H, films at 0.1-0.125 MPa. This can be caused both
by the successive filling the traps of various activity by hydrogen and
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Fig. 38. Amount of released hydrogen vs. the annealing temperature for VN —-N,
film (a), and hydrogen desorption spectra of VN -N, film (b) [113]

the penetration of hydrogen into the film structure accompanied by the
chemical compound formation. It is important to note that vanadium
and titanium nitrides exhibit approximately the same activity with re-
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spect to hydrogen. This indicates that the significant portion of hydro-
gen is absorbed by the porous structure that is inherent in both nitrides.
It is noteworthy that the amount of absorbed hydrogen and the pressure
of hydrogen saturation meet the requirements of DOE.

Fig. 38, a shows the dependence of the released hydrogen amount on
the annealing temperature for the VN —H, film [113]. The films were
annealed in a closed vacuum chamber. As can be seen from the curves,
the hydrogen desorption begins just at 30—50 °C. At 200 °C, the amount
of molecules of desorbed hydrogen reaches 1.5-10%° (or 3.5 wt.%). A
further temperature growth causes a rising rate of hydrogen release. At
275 °C, the total mass of the liberated hydrogen exceeds 7 wt.% . Upon
cooling below 100 °C, up to 2 wt.% of hydrogen is absorbed by the open
porous structure of the films.

Fig. 38, b gives the spectra of thermal desorption of hydrogen from
VN,-H, films showing that hydrogen starts to release at 50 °C, and the
maximum desorption rate is observed at 270 °C.

The results demonstrate that the use of IBAD allows not only con-
trolled formation of nanoporosity with given parameters but also to
embed this nanoporosity into the nanocrystalline structure of the ma-
trix. Material produced by given technique is capable of accumulating
hydrogen at low pressures and room temperature. The availability of
broad channels between grains provides the high diffusion mobility than
allows accumulating hydrogen and its releasing from the material with-
in a short time period.

Instead of an Afterword

Historians engaged in science studied have noted an interesting time-
line. As a rule, the time period between the discovery of a physical phe-
nomenon and its widespread practical application is about 30 years, e.g.,
the internal combustion engine, textiles, semiconductor, etc. As noted
above, N. Taniguchi firstly used the term nanotechnology in 1974.
Currently, we have a revolution in this area. A. Fujishima described the
photocatalytic reaction of water separation using TiO, electrode in 1975
[114]. Since then, many studies of this material have been done, most of
which concern the nanocrystalline state. Today, TiO, is almost the main
candidate for use in rechargeable batteries, solar cells and hydrogen
production technology [115]. In 1991, it was announced the production
of carbon nanotubes. This work has largely prompted the scientists
around the world to develop and use the bottom-up method for creating
nanostructures. As a result, a large number of promising for use in en-
ergy sector objects, namely, carbon-free nanotubes, nanofibres, nano-
rods, and others have been obtained and investigated.

All energy-generating technologies that were considered in this re-
view are based on three main processes: the generation, transfer, and
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accumulation of charged or neutral particles in the lattice of a solid.
The generation of charges should be carried out from a large area of the
electrode, the transfer must occur in the smallest time interval, and the
accumulation of charged particles (atoms) should take place in the most
limited volume. The maximum specific energy density can be achieved
only if all the listed conditions are met, which, in turn, is possible only
in nanocrystalline and/or nanoporous structures.

Therefore, it is clear that, in the last decade, an avalanche-like in-
crease in the number of publications devoted to the creation and use of

478 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 4



From Nanomaterials and Nanotechnologies to the Alternative Energy
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In spite of the fact that by the present moment scientists have not
yet created nanostructured materials that could be used in industry or
in everyday life, there is already a conversion of electric consumers to
substituting technologies. This is due to the fact that production tech-
nologies, e.g., of solar cells and lithium-ion batteries are constantly im-
proving and becoming cheaper (Fig. 39). As a result, the payback period
of products significantly shortens. In addition, a number of govern-
ments are encouraging investors by introducing a ‘green tariff’.

Formation of a concept for the solar energy use occurs in parallel with
a greater share of this energy in the overall energy balance. In particu-
lar, the solar panels can become the main source of electricity and heat
in everyday life (Fig. 40) [119]. The energy they generate can be spent
to produce hydrogen at daylight and to recharge electric cars at night.
Wind energy, biomass processing, and geothermal energy can be used
additionally to ensure the reliability of energy supply to consumers.

Nowadays, renewable energy has reached the first place in the world
in terms of growth in consumer capacity; in 2015, 500000 solar panels
were being installed every day in the world; two wind-power units
are installed every hour in China. China generally holds a leading posi-
tion in terms of investments in alternative energy. China invested the
largest amount of money in renewable energy last year, at $126.6 bil-
lion. This represents a 31% increase compared to 2016. Moreover, this
is understandable because, at present, 65% of the needs for electri-
city and heat in China are met by coal. It is planned that in 2020,
30 million houses will be provided with energy from solar panels, and
the share of replacement energy in the overall energy balance will
reach 20%.

World energy is on the verge of a transition from an industrial
form to a post-industrial one. This transition can occur in three sce-
narios: inertial, stagnant and innovative [120].
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The inertial scenario, which is based on hydrocarbons, is energy-
wasteful. Priorities in the use of energy sources are oil, gas, coal, re-
newable energy sources (RES), nuclear power (NP). Because of its imple-
mentation, a rapid growth in demand for fossil raw materials of all
types is inevitable, and, as a result, a significant deterioration in the
environmental situation in the world.

The stagnation scenario (oil, gas, coal, RES, NP) implies controlled
development near the limits of growth of the industrial phase.

Finally, the innovative scenario (RES, gas, oil, NP, coal) implies a
transition from the market of raw materials to the market of services
and technologies. Thus, by 2030, a new type of energy can be formed.

Fig. 41 shows comparative data on energy supplies to the EU,
Germany, and Ukraine. It can be seen that the priorities of Germany
most closely correspond to the innovative way of development. A similar
situation exists in England. The energy bias towards nuclear and hydro-
carbon energy that was formed in the formerly USSR and inherited
Ukraine is doomed to it, rather an inertial scenario.

According to the International renewable energy agency (IRENA),
by mid-2015, 164 countries of the world have declared certain national
goals for the development of renewable energy. Ukraine is among them.
Renewable sources finally ceased to be a niche but became a direction.
At the end of 2016 in the world, the total renewable power capacity
including and not including hydro was equal to 2017 GW and 921 GW,
respectively. Growth in comparison with 2015 was 8.7% (including hy-
dro) and 17.3 % (not including hydro) [120].

Today, there is no doubt that the capital costs and the cost of elec-
tricity produced by RES will be reduced. The widespread introduction of
nanostructural materials into solar energy, batteries and hydrogen pow-
er will significantly accelerate this process. Electricity produced from
hydrocarbon fuel will go up.

Unfortunately, on the path to transition to RES, Ukraine takes a
passive position. Declared objectives to be achieved through the efforts
of Ukrainian science have no financial support since only 0.16% of
gross domestic product (GDP) was allocated for financing science, which
is not enough to develop even innovation directions. Choosing the path
of development of the country and its economy, the government needs
to clearly prioritize science, take into account the experience and world
trends in energy, and focus on the economies of the advanced countries
of the world.
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O.I'. Tyeas'!, BA. I'ycea?, O.A. JTio64enko?
! HarioHaJIbHUM HAYKOBUH IIeHTD «XapKiBCLKMI (PisuKo-TexHiuHMil iIHCTUTYT»
HAH Vkpainu, Byja. Axkagemiuna, 1; 61108 Xapxkis, YKpaina
2 [IiBuiuno-Cxiganii naykosuii neatp HAH i MOH Vxkpainn,
ByJa. Baramia, 8; 61000 XapxkiB, Ykpaina
3 HamionanpHui TexHiYHMI yHiBEpcuTeT
«XapKiBCbKUN MONiTEeXHIUHUN iHCTUTYT»,
ByJa. Kupnuuosa, 2; 61002 Xapxkis, YKpaina

BII HAHOMATEPISIJIIB I HAHOTEXHOJIOT'TH
00 ATBTEPHATUBHOI EHEPTETUKUI

ITuranHa BUKOPUCTAHHA aJbTePHATUBHUX JIKepes eHeprii B pisHmMX o6JsacTAX IPO-
MUCJIOBOCTH Ta B m00OyTi HaOyBae Bce 0inbIol akTyaabHOCTH. 1le 3yMOBJI€HO TUM, IO
BUCHAXKYIOTBHCSA JPKepeJjia ByIJeBOJHEBOI CHDOBUHM U, OJHOYACHO 3 UM, BUKOPUCTAaH-
HA BYTJIEBOAHIB IPU3BOJUTH JO IOTiPIIEHHA eKOJIOTiYHOI 00CTAaHOBKY Ta 3a0pyIHEHHS
HaBKOJUIITHLOTO cepenoBuia. Cepes pisHUX MOKJIUBUX IKEpPes BiJHOBIIOBAHOI eHep-
rii coudYHa Ta BoAHEBa eHeprili BBAXKAIOThCA HAMOINBIIT mepcreKTUBHUMU. ['0JI0BHOIO
IEepeIIKo00 Ha MHMIIAXY IX IIMPOKOI0 BUKODHCTAHHSA Ta IIONIUPEHHS BBAYKAETHCA
BiZcyTHiCcTH MaTepisaniB, AKi MOXKYTH eeKTUBHO IepeTBopioBaTu eHeprito CoHIIA Ta
BOIHIO B €JIEKTPUKY ¥ Temyso. OCHOBHMME BUMOTaMH{ [0 TaKUX MAaTepPifAliB € BUCO-
Ka eHepreTWYHAa MiCTKiCTh, CTPYKTYpHA cTabinbHicTh i HM3BKa mina. IIi BmacTuBocTi
npuTaMaHHI HAHOKPHCTAJNIUYHUM MaTepisfjgaM; ToMy camMe IM HPHCBAYEHO UYKCJIEHHI
IOCTiMKEeHHS OCTAaHHIX HeCATUIITh. ¥ JaHOMY OTJIAAI 0ocobGJiMBa yBara MpUIiIAETHCA
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TPHOM BHUAAM HAHOKPUCTAJIIUYHUX O0’€KTiB, IO MPEACTABIAIOTh HANOiAbIINIT iHTEpEC
IJIs1 eHepreTuKu, a came, COHAYHUM ejleMeHTaM, JiTifi-foHHuM OaTapedAM i TBepmo-
TiIBHUM HAKOMWUYyBauaM BOAHIO. PO3rJIAHYTO iXHiI CTPYKTYpHiI 0COOJIMBOCTi, Tex-
HOJIOTi1 BUTOTOBJIEHHSA, & TAKOYK B3a€MOB3B’SI30K MiK CTPYKTYpPOIO I eHEePreTUYHOI0
micTkicTio. IIpoaHasisoBaHO cTaH i mepCrIeKTUBU BUKOPUCTAHHA HAHOKPUCTAJIUHUX

CTPYKTYD V BiIHOBJIIOBaHi# eHepreTuii.

KarouoBi cioBa: ajbTepHAaTUBHA €HEPTeTHKA, HAHOMATePiAaAnu, COHAYHI eJIeMeHTH, JIi-
Tiii-fioHHI OaTapei, HAKOIWUYEHHS BOJHIO.

A.Tl. I'yeasn', B.A. T'yces?, E.A. JIio64enko?
! HanuoHaJbHBIN HAYYHBIN LEHTD
«XapbKOBCKUI HUBUKO-TEXHUYECKUINT UHCTUTYT» ,
yia. Akagemuueckas, 1; 61108 XapbskoB, YKpauHa
2 CeBepo-Bocrounsrii nayunslit meaTp HAH u MOH Vkpausnsi,
ya. Baraines, 8; 61000 XapskoB, YKpanHa
3 HanmoHAJIbHBIA TeXHUUYECKUNM YHUBEPCUTET
«XapbKOBCKUI MOTUTEXHUYECKUIT UHCTUTYT»,
yia. Kupnuuésa, 2; 61002 XapbsKoB, YKpanuHa

OT HAHOMATEPHMAJIOB U HAHOTEXHOJIOTUN
K AJTLTEPHATUBHOU SHEPTETUKE

Bompoc ucmosnb30oBaHus aJbTePHATUBHBIX NCTOYHMKOB 9HEPIUU B PA3IMUYHBLIX 00Jac-
TAX IIPOMBINIJIEHHOCT! ¥ B OBITY IpuoOpeTaeT BCE OOJIBIIYIO aKTYaJIbHOCTH. ITO 00Y-
CJIOBJIEHO T€M, YTO HKCTOIIAIOTCS WHCTOUYHUKM YIrJEeBOJZOPOJHOTO CHIPHS M, OJHOBpeE-
MEHHO C 9THUM, HCIOJb30BAHUE YIJIE€BOAOPOIOB BEAET K YXYAIIEHUIO SKOJOTUUYECKOM
00CTaHOBKM U 3arpA3HEHUIO0 OKpysKalomieil cpenbl. Cpeam pasIuyHBIX BO3MOXKHBIX
WCTOYHUKOB BO30OHOBJISIEMOI SHEPTrUU COJHEUYHAS M BOJOPOAHAA SHEPrUU CUUTAIOT-
csA HamboJiee MEPCIEeKTUBHLIMU. [VIABHBIM MPENATCTBHEM HA IYTHU UX IITUPOKOrO HC-
MMOJIb30BAHUSA U PACIPOCTPAHEHUS CUNTAETCS OTCYTCTBME MAaTE€PUAJIOB, KOTOPbIE MOTYT
adexTUBHO mpeBpalnaTh sHepru0 COJHIA M BOAOPOLA B 3JIEKTPUUECTBO U TEILIO.
OCHOBHBIMH TPEOOBAHUAMU K TAKUM MaTepuajgaM SBJSAIOTCA BBICOKAs JHepreTuue-
CKasg €MKOCTb, CTAOMJIBbHOCTh M HU3KAA I[eHa. ITHUMH KadecTBAMH 00JIaZailoT HAHO-
KpUCTANINUYECKNE MAaTepUasibl; MO9TOMY MMEHHO MM IIOCBSIIEHLI MHOTOUMCJIEHHbIEe
WCCJIeIOBaHUA IOCIETHUX AecATHIeTHi. B manHoMm o630pe ocoboe BHUMAHUE YAEJA-
eTcsA TPEM BHUAAM HAHOKPUCTAJLINUYECKUX OOBEKTOB, IIPENCTABJAIONINX HAMOOJIBITUH
WHTEepeC IJI 9HEePreTUKH, a UMEHHO, COJHEUHBIM 3JIeMEeHTaM, JIUTHUH-NOHHBIM GaTa-
peAM U TBEPAOTEIbHBIM HAKOIUTEIAM BOAOPOaa. PacCMOTPEHBI UX CTPYKTYPHBIE OCO-
0EeHHOCTH, TeXHOJOTUHN WM3TOTOBJIEHUS, a TaKyKe B3aMMOCBA3b MEXKIY CTPYKTYPOH u
9HEPTreTUYeCKOo €MKOCThbI0. IIpoaHaIM3MPOBAHO COCTOSHUE U HEPCIEKTUBBI MCIOJb-
30BaHUSA HAHOKPUCTALINYECKUX CTPYKTYP B BO3OGHOBJISEMOM SHEpPTreTHUKe.

Karouessie cioBa: aJlbTepHaTUBHad 9HepreTuxKa, CoOJIHEeYHbIe 3JIEMEHTHI, JUTUHN-UOH-
HbIE 6aTapen, HaKOILJIeHne Bogopoga.
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