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Our research is mainly focused on solving problems related to the production of hydrogen 
and its storage, as well as the creation of autonomous energy systems using renewable 
energy sources. Technological solutions for green energy depend on the development of 
new materials with desired properties that are able to reversibly accumulate hydrogen un-
der appropriate environmental conditions (temperature, pressure) and on the technological 
processes allowing to obtain molecular hydrogen without significant energy consumption. 
The creation of materials with fundamentally new characteristics is inextricably linked 
with the production of nanoscale systems with properties that are controlled at the atomic 
and molecular level. The review considers the results of studies on the possibilities of using 
various nanostructures of titanium dioxide known for its catalytic properties and high sta-
bility in various applications of hydrogen energy. Much attention is paid to the promising 
direction of solid-state storage of hydrogen using hydride pastes and high-entropy alloys. 
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1. INTRODUCTION 

Fossil hydrocarbon fuels are the main source of energy to-
day. Fossil energy sources are exhaustible resources, and 
their usage is one of the reasons for environmental pollu-
tion, which limits the possibility of using such energy re-
sources in future. Non-renewable resources can be re-
placed by more affordable and environmentally friendly 
energy sources such as hydrogen (H2), solar and wind en-
ergy. Solar and wind energy are not stable in power gen-
eration as they depend on time of day and location. Re-
cently, hydrogen has gained attention as a sustainable 
alternative for generating and storing energy. It has an en-
ergy density higher than the most modern lithium-ion bat-
teries [1–3]. In addition, hydrogen is the most common el-
ement in nature and a part of most organic and many 
inorganic compounds, which allows to obtain this fuel 
from various sources. Hydrogen has the advantage of a 
very high calorific power. The product of hydrogen com-
bustion is water which does not cause any ecological dam-
age unlike the combustion of hydrocarbons. The reaction 
of gaseous hydrogen with oxygen to form water provides 
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a sufficient amount of energy in the form of heat or electric 
current. Gaseous hydrogen is of great interest as an envi-
ronmentally friendly energy carrier. Therefore, methods 
of obtaining it in sufficient quantities for the needs of hy-
drogen energy are actively studied [2–10]. The main ele-
ments of the hydrogen economy include the production, 
delivery, storage, conversion and use of hydrogen. Hydro-
gen differs from other fuels in that it is difficult to store 
and transport. At present, compressed H2 is the main 
method of H2 storage on-board vehicles; and the pressure 
in the tanks varies from 35 to 70 MPa. High pressure H2 
tanks are limited in use because they are expensive and 
heavy, take up a lot of space and are difficult to integrate 
into small vehicles [11]. 

Researchers are therefore motivated to develop new 
materials that can replace compressed hydrogen tanks 
while facilitating the transition to hydrogen as an energy 
vector and accommodating new applications such as sta-
tionary and portable devices. The new materials, including 
high entropy alloys, sorbent materials and hydrides, show 
great potential for storing hydrogen in chemical or solid 
form and demonstrate excellent reversibility and kinetics. 
However, their inherent instability has been a limiting fac-
tor in their widespread adoption. In recent years, high en-
tropy alloys, hydride paste technologies are emerged as a 
promising approach for producing high-purity hydrogen 
and offers the advantage of easy transportation and user-
friendliness. It has a specific energy of 1900 W·h/kg, 
which is 9–10 times higher than that of lithium-ion batter-
ies. Moreover, high entropy alloys/hydride paste provides 
higher energy density compared to 700-bar pressure tanks, 
making it suitable for various vehicles, including those 
used in remote locations. 

Among various metal alloys, high-entropy alloys and 
power paste materials have shown potential as hydrogen 
storage materials. High-entropy hydrides (HEHs), such 
as magnesium hydrides, exhibit exceptional hydrogen 
storage abilities with hydrogen-to-metal ratios (H/M) of 
up to 2.5. These materials are composed of at least five 
principal elements, each with atomic percentages rang-
ing from 5% to 35%. The unique composition of HEHs 
leads to the formation of single-phase solid solutions 
with crystal structures like body-centered cubic (BCC), 
face-centered cubic (FCC), hexagonal close-packed 
(HCP), and C14 Laves phase structures, which contrib-
ute to their remarkable hydrogen storage properties. De-
spite these advantages, hydride paste is characterized by 
rapid surface oxidation and H2 migration, which reduces 
its energy density and stability [12]. 

The addition of semiconductor nanoparticles such as 
CuO, TiO2, Ga2O3 is one of the promising ways to im-
prove the properties of materials used in hydrogen produc-
tion and storage devices. Nanoscale materials have many 

special properties that differ from the bulk properties of 
the same materials [13–18]. For example, titanium dioxide 
is a fairly cheap and widespread material known for its ex-
cellent photocatalytic properties [19–24]. Anodes based 
on titanium dioxide nanotubes or copper oxide nano-
whiskers are a promising working catalyst in the process 
of hydrogen production by photoelectrochemical water 
decomposition [25–27]. Addition of nanocrystalline tita-
nium dioxide supported on carbon reduces MgH2 dehy-
drogenation operating temperatures. 

This review describes methods for obtaining promis-
ing materials for the synthesis and storage of hydrogen, 
including special materials with nanostructured compo-
nents. Such structures are obtained by various methods: 
electrochemical, chemical vapor deposition, microwave, 
solvothermal (including hydrothermal), sonochemical, 
sol-gel, etc. [13,28–30]. It is known that the properties 
(optical, magnetic and electronic, catalytic properties and 
reactivity change) of synthesized materials directly de-
pend on the size, structural and morphological features, 
which are strongly influenced by the production meth-
ods [16,31–34]. While there are legions of the methods, 
this review presents a description of some widely used 
methods for obtaining titanium dioxide nanostructures. 

2. NANOSIZED TITANIUM DIOXIDE AND 
METHODS OF ITS PRODUCTION 

Titanium dioxide (TiO2) is a chemically stable, non-toxic, 
biocompatible, inexpensive material with very high electri-
cal constant and photocatalytic activity. Titanium dioxide is 
a wide-gap indirect junction n-type semiconductor. Natural 
titanium dioxide exists in the form of three minerals: rutile, 
anatase and brookite, which are polymorphic modifications 
(the band gap for anatase is 3.18 eV, for brookite is 3.27 eV, 
for rutile is 3.03 eV) [28]. Under laboratory conditions (for 
example, at high pressures and low temperatures), other 
modifications can be obtained. Overall, eleven polymorphic 
modifications of crystalline TiO2 are reported in the litera-
ture; it can also be obtained in the amorphous state [35]. 
Rutile TiO2 is the most stable form, while the anatase and 
brookite phases are metastable and can transform into the 
rutile phase when heated to a high temperature (~750 °C). 
Anatase and rutile TiO2 are most often mentioned as photo-
catalysts. An increased photocatalytic activity of the mixed 
form of rutile and anatase TiO2 has been reported [28]. The 
authors explain the improvement in the photocatalytic prop-
erties of the mixed form of TiO2 by the fact that during the 
transfer of electrons from anatase to rutile in the low-energy 
region of electron capture, the rate of charge carrier recom-
bination can decrease, and this fact also contributes to the 
efficient formation of catalytically “hot spots” in anatase 
TiO2 [28,36]. The reports of photocatalytic performance of 
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TiO2 brookite began appearing only a few years ago due to 
difficulties with pure TiO2 brookite preparation and its rel-
atively low photoreactivity. However, heterophasic TiO2 
can effectively promote electron transfer from one crystal 
phase to another, which shows excellent photocatalytic per-
formance. Various studies report excellent photocatalytic 
performance of biphasic TiO2 such as anatase/rutile, ana-
tase/brookite, rutile/brookite [37–39]. Titanium dioxide is 
chemically quite inert and its chemical activity begins to in-
crease when heated, when it interacts with acids, bases, al-
kali metal halides, the metals themselves, hydrogen, coal, 
etc. The most active polymorphic modification is anatase, 
and the most inert is rutile. 

TiO2 nanocrystals have a number of advantages over 
bulk counterparts in terms of potential applications be-
cause of the high surface to volume ratio, charge transfer 
rate and lifetime, as well as the effective contribution to 
the separation of photogenerated holes and elec-
trons [13,28,40]. In this regard, it is important to control 
the particle size, shape, and composition of the synthe-
sized TiO2. Researchers have obtained various TiO2 
nanostructures, such as nanoparticles, nanotubes, nano-
rods, nanofibers and nanoflowers with unique characteris-
tics (Fig. 1). 

These structures can be fabricated using a variety of 
methods: micelle and inverse micelle methods, hydrother-
mal method, sol-gel, solvothermal method, direct oxida-

tion method, sonochemical method, etc. Below we con-
sider the methods which, in our opinion, are most often 
used to obtain titanium dioxide nanostructures for use in 
hydrogen production applications. 

2.1. Electrochemical anodization 

The method of electrochemical anodization at a constant 
voltage and different anodization time is used to obtain 
structures from titanium dioxide nanotubes. The ano-
dization process consists in immersing a titanium foil in 
an electrolyte and connecting it to the positive pole of a 
direct current source. During the passage of electric cur-
rent through the electrolyte, oxygen is released in active 
form on the anode, which interacts with titanium forming 
an anodic oxide film. The growth of the anode layer does 
not occur on the outer surface of the sample, but under 
the layer of the previously formed oxide film, that is, at 
the interface between titanium and the anode film. The 
orientation of nanotubes, the distance between the tubes, 
and the diameter depend on the used electrolyte, temper-
ature, anodization mode, and other parameters. Various 
substances are used as electrolytes such as aqueous solu-
tions of fluorine-containing acids (hydrofluoric, phos-
phoric and sulfuric with a fluorine-containing compo-
nent), organic electrolytes based on ethylene glycol, 
glycerin, their complex compositions with the addition 

Fig. 1. SEM photographs of various nanostructures TiO2: a) the anatase TiO2 nanosheets. Reproduced with permission from Ref. [41], 
© 2009 American Chemical Society; b) the N-F-codoped TiO2 spherical particles with a porous surface morphology. Reproduced with 
permission from Ref. [42], © 2005 American Chemical Society; c) the rutile TiO2 nanoflowers. Adapted from Ref. [43]; d) SEM image 
of the freestanding TiO2 nanotube arrays (side view). Reproduced with permission from Ref. [44], © 2008 American Chemical Society. 
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of hydrofluoric acid or other fluorine compounds (for ex-
ample, NH4F), etc. [45]. 

Titanium dioxide nanotubes are of great research inter-
est because of their functional properties, such as, for ex-
ample, a large surface area. Nanotubes have wide techno-
logical applications in the field of photocatalysis, 
photoelectrochemical hydrogen production, gas sensors, 
etc. Titanium dioxide nanotube arrays have significant su-
perior properties such as charge transfer and efficient sep-
aration of electron-hole pairs which are effectively used in 
photoelectrochemical cells with water splitting for hydro-
gen production [28,45–47]. 

2.2. Solvo- and hydrothermal method 

The hydro/solvothermal method is based on reactions tak-
ing place in closed systems at high pressure and tempera-
ture. During the synthesis, precursors, solvents, and sur-
factants containing functional groups are mixed. Further 
heating is carried out in a special reaction vessel called an 
autoclave. The solvothermal method is very similar to the 
hydrothermal method, the difference lies in the use of a 
non-aqueous solvent and higher process temperatures. 
This is due to the fact that some organic solvents have high 
boiling points. The choice of synthesis conditions (the in-
itial pH value of the medium, the duration and temperature 
of the synthesis, and the pressure in the system) and the 
type of surfactant make it possible to purposefully obtain 
nanomaterials of various sizes, shapes, and crystalline 
phases. A significant expansion of the possibilities of the 
hydrothermal method is facilitated by the use of additional 
external influences on the reaction medium in the course 
of synthesis. At present, a similar approach has been im-
plemented in hydrothermal-microwave, hydrothermal-ul-
trasonic, hydrothermal-electrochemical, and hydrother-
mal-mechanochemical synthesis methods. These 
processes have made the hydrothermal technique more at-
tractive to ceramists and chemists due to improved kinet-
ics. The duration of experiments is reduced by at least two 
orders of magnitude, which makes the technique more 
economical [28,48]. 

The hydrothermal method provides good control over 
the growth of TiO2 crystal structures. A necessary condi-
tion for its preparation is the presence in the solution of 
some surface-active substances (surfactants), which ac-
tively influence the morphological evolution of oxide 
compounds in hydrothermal solutions. The agglomera-
tion of nanoparticles can be controlled by careful selec-
tion of the ratio of starting materials, pH, time and tem-
perature. The influence of solvents on the crystalline 
phase and the morphology of TiO2 nanostructures has 
been extensively studied. An alkaline medium is used as 
a solvent, NaOH is considered the most popular solvent. 

The solvothermal method makes it possible to obtain 
TiO2 nanoparticles with a narrow size distribution and 
fineness. TiO2 nanoparticles and nanorods were synthe-
sized by the solvothermal method with and without the 
use of surfactants [49–51]. 

2.3. Sol-gel 

The sol-gel method can be used to obtain nanoparticles, 
porous structures, fiber and bulk structures. The process of 
obtaining titanium dioxide using this technology consists 
of two stages: hydrolysis of titanium alkoxide (I) and pol-
ycondensation (II), with further isolation of water and al-
cohol as reaction products [40]. When carrying out the 
synthesis by this method, it is necessary to control the sol-
gel process by varying its parameters. The concentration 
of the titanium-containing precursor greatly affects the 
crystallization process. In addition, the size, stability and 
morphology of the resulting sol is highly dependent on the 
molar ratio of water and titanium-containing precursor. 
Another parameter affecting the morphology of the final 
titanium dioxide powder is the pH of the prepared solu-
tion. The sol-gel method makes it easy to control the struc-
tural properties and particle sizes of titanium dioxide by 
changing the appropriate process conditions (pH, time, 
complexing agent, etc.) [14,52–59]. 

2.4. Chemical vapor deposition 

Chemical vapor deposition (CVD) is widely used for ob-
taining thin films of TiO2. TiO2 particles are formed due 
to chemical reactions (e.g., hydrolysis of titanium alco-
holates) occurring either in a gas mixture or on the sub-
strate surface. The gas phase of TiO2 can also be obtained 
by physical action, for example, by heating the titanium 
dioxide surface with an electron beam (electron beam dep-
osition method). The source of electrons is a tungsten fil-
ament heated by electric current. The product does not 
contain any undesirable impurities typical of chemical 
methods, it is possible to obtain thick crystalline films 
with a grain size of less than 30 nm and a particle size of 
less than 10 nm [13,28,60,61]. 

When choosing a synthesis method, important criteria 
are the simplicity of the device, not too long duration, 
economy and safety of the process. From this point of 
view, the methods of synthesis and some properties of ti-
tanium dioxide were considered, the knowledge and un-
derstanding of which is necessary to obtain nanoparti-
cles/nanostructures with desired properties. Different 
methods of synthesizing the same material can lead to ma-
terials that differ in chemical composition, crystallinity, 
and microstructure due to differences in the kinetics of the 
processes. The synthesis method is selected depending on 
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the final characteristics of the resulting nanostructured 
material. For example, to obtain nanotubes, nanopores, 
and nanorods, the most commonly used methods are 
solvo- and hydrothermal synthesis, sol-gel, and electro-
chemical anodization. To obtain pure and highly struc-
tured films with a particle size of less than 10 nm, the 
chemical vapor deposition method is very convenient. 
Solvothermal and sol-gel methods make it possible to ob-
tain various nanostructures with high dispersity and 
unique morphology (nanoflowers, urchinlike, nanosheets 
with dominant facets, etc.) Various combinations of these 
methods are widely used, including for improving the 
physicochemical properties of materials required for spe-
cific applications (doping of photocatalysts, sorbents, 
nanostructured composite materials for electrodes of 
photo- and electrochemical cells, etc.) 

It follows from the review of literature data that the tar-
geted synthesis of titanium dioxide nanostructures with de-
sired properties is an urgent task for creating new generation 
materials capable of solving the most complex problems of 
our time, such as the transition to green energy. 

3. OBTAINING HYDROGEN 

Hydrogen in molecular form can be obtained from many 
resources such as fossil fuels, biomass and water [62]. 
Today, the main hydrogen production technologies can 

be classified depending on the raw materials used: fossil 
fuels or renewable resources (solar, wind, water, etc.). 
Fossil fuel-driven hydrogen technologies are the main 
sources of molecular hydrogen at this stage of the hydro-
gen energy industry, as production costs are highly cor-
related with fuel prices, which are still sustained. The 
main methods for producing hydrogen are hydrocarbon 
reforming (steam reforming) and pyrolysis [4,63,64]. 
After production, H2 is placed in pressure storage tanks 
for transport. Compressed H2 is not a user-friendly accu-
mulator and must be transported to the place of use (for 
example, to a gas station) by a special trailer. Special 
care is also needed for the storage of hydrogen, as it is 
highly flammable and also easily oxidized in storage 
tanks and pipelines (Fig. 2). 

However, the production of hydrogen fuel also re-
quires energy costs. Another major disadvantage is the 
presence of carbon by-products. There is a classification 
of hydrogen production according to their environmental 
friendliness. Depending on production methods, hydrogen 
can be brown, grey, blue or green — and sometimes even 
pink, yellow or turquoise — although naming conventions 
can vary across countries and over time. Hydrogen pro-
duced by coal gasification is called brown hydrogen. The 
production of hydrogen from natural gas is called gray due 
to the fact that carbon waste is emitted. Hydrogen pro-
duced by a manufacturing process that uses carbon capture 

Fig. 2. The three hydrogen grand challenges in a nutshell: although at the beginning, the (atomistic) phenomena as characterized by 
state-of-the art analytics (challenge 1) are utilized by advance materials (challenge 2) which are part of big systems (challenge 3) to 
store and distribute the energy of the sun. The hydrogen grand challenge comprises research and development from the nano-scale to 
the macroscopic world. Reprinted under a Creative Commons Attribution License (CC BY) from Ref. [7], © 2016 Borgschulte. 
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and storage for the greenhouse gases produced when gray 
hydrogen is created is referred to as blue hydrogen. Hy-
drogen obtained by methane pyrolysis is turquoise. The 
production of hydrogen fuel using renewable energy is 
called green. For example, the electrolysis of water used 
to produce long-term energy storage of hydrogen requires 
a lot of energy. This energy can be obtained from renewa-
ble energy sources [65]. 

3.1. Steam methane reforming and coal gasification 

Hydrogen for industrial and commercial use is produced by 
steam reforming of natural gas (reforming). It is a mature 
technology widely used in the oil refining industry. There 
are significant opportunities to develop new technologies 
that can reduce the cost of producing hydrogen from natural 
gas. Another fossil fuel—coal—can also be an energy 
source for hydrogen production. Therefore, today there is a 
significant production of hydrogen due to coal gasification 
and subsequent gas processing. Moreover, coal-derived gas 
can be converted to methanol for use both as an intermedi-
ate in the chemical industry and as a hydrogen carrier for 
subsequent reforming. The development of hydrogen pro-
duction technology with a low carbon footprint remains an 
important challenge today. Carbon dioxide produced during 
hydrogen production is removed using capture and seques-
tration technology. To reduce costs, it is necessary to de-
velop new and advanced technologies in all stages of the 
hydrogen gasification/production and separation process, 
which are currently developed. For example, by using pres-
sure swing adsorption (PSA) technology in methane shift-
ing and coal gasification to produce additional hydrogen 
and convert carbon monoxide to carbon dioxide, hydrogen 
is separated from the gas stream, and the residual gas from 
this separation can be recycled or burned [6]. 

Recent research has focused on increasing hydrogen 
production by direct thermal catalytic decomposition of me-
thane to form elemental carbon and hydrogen as an attrac-
tive alternative to the traditional steam reforming pro-
cess [66]. Various metals have been investigated as a 
catalyst for the decomposition of methane (Ni, Fe, Cu, Pd, 
Co, Pt, W, and others). These catalysts are often used in 
conjunction with support structures such as silica, magne-
sium, zirconium, titanium and carbon structures to increase 
the overall surface area of the catalyst. It is important to pro-
vide a large area for functioning as catalytic active sites dur-
ing the reaction. The most attractive catalysts are catalysts 
based on nickel, ruthenium and platinum. These materials 
exhibit the highest activity and catalytic efficiency in the 
production of hydrogen in the process of thermal catalytic 
decomposition of methane [67]. However, their main disad-
vantage is rapid deactivation at high temperatures. Other 
supports such as TiO2, MgO, ZrO2 and Al2O3 give relatively 

lower carbon yields. To obtain highly concentrated hydro-
gen from the decomposition of methane, a higher conver-
sion of methane in one pass is desirable [66]. 

3.2. Water electrolysis 

One of the well-known methods for producing hydrogen 
is water electrolysis. However, the large-scale application 
of electrolyzes for renewable hydrogen production is hin-
dered by a small number of active and stable electrocata-
lysts, as well as low energy conversion efficiency associ-
ated with the slow release of anodic oxygen and cathodic 
hydrogen [9]. In addition, the electrolysis of water pro-
duces O2 and H2 at the same time, which promotes the for-
mation of reactive oxygen species, which creates an ex-
plosion hazard and, of course, destroys the membrane, 
shortening the life of the electrolyzer [2]. To increase the 
efficiency of the process, various electrocatalysts are used. 
Pt-based metals and alloys are the reference electrocata-
lysts for water electrolysis, but high cost and low durabil-
ity severely limit their practical application. Electrolysis 
technologies are classified according to the type of elec-
trolyte used and operating temperature: alkaline liquids, 
polymer membranes, solid oxide ceramics [68]. 

The principles of operation of the three main types of 
electrolysis technologies are shown in Fig. 3. The overall 
reaction is H2O → H2 + ½O2. Oxygen evolution occurs at 
the anode, hydrogen evolves at the cathode. The case of 
solid oxide electrolysis shown is that of an O2− conducting 
electrolyte, with a nickel/yttria-stabilized zirconia cathode 
and a lanthanum strontium manganite (LSM) anode. 

Solid oxide electrolyzers usually operate at a fairly 
high temperature of 500–1000 °C with water in the form 
of steam. The solid oxide electrolysis process uses O2– 
conductors, which are primarily made of nickel/yttrium 
stabilized zirconia. For the electrolysis of water in liquid 
alkaline media, an aqueous solution of KOH/NaOH is 
used as an electrolyte and operating temperatures are be-
low 100 °C. An asbestos diaphragm and relatively inex-
pensive nickel materials are used as electrodes. The pro-
duction of hydrogen by electrolysis of alkaline water is a 
simple, well-established technology. On the other hand, 
there are also disadvantages: limited current densities (be-
low 400 mA/cm2), low operating pressure and low energy 
efficiency. Polymer electrolyte membrane electrolyzers or 
proton exchange membrane electrolyzers operate in the 
low temperature range (typically below 100 °C). A proton 
exchange membrane, a perfluorosulfonic acid polymer 
(also known as NafionTM) is used as the electrolyte.  

To date, the commercial introduction of polymer elec-
trolytic membrane fuel cells requires overcoming two 
problems: low durability and high cost of membrane ma-
terials and platinum catalyst. The cost of NafionTM N117-
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type polymer electrolytic membranes used in automotive 
fuel cells is quite high and amounts to about 30% of the 
car's sales price [70]. Research continues in the direction 
of improving the performance properties, as well as reduc-
ing the cost of films such as Nafion. According to the lit-
erature data, when optimizing existing and creating new 
polymer electrolytes, it is necessary to ensure the re-
sistance of materials to aqueous solutions of acids, as well 
as to control the water content necessary for proton con-
ductivity. In addition, it is required to limit the swelling of 
polymeric materials in order to increase their mechanical 
stability [70–72]. 

The efficiency and stability of electrocatalytic materi-
als is increased either by doping with transition metals (Fe, 
Co, Cr, V, Mn, etc.) or by reducing the loading of expen-
sive catalysts (Ir) through the use of carriers with a large 
surface area (such as TiO2, TiC, TaC) with the introduc-
tion of a catalytic phase into them [69,73]. Alternative ma-
terials such as perovskites, nanostructured materials are 
also used [46,74–76]. For example, an efficient cobalt-
doped TiO2 nanorod arrays electrocatalyst with a large 
number of oxygen vacancies and increased surface hydro-
philicity has been proposed. This unique structure pro-
vides the electrocatalyst with highly efficient and stable 
electrocatalytic performance even at high current densities 
in alkaline electrolytes [77]. And as an alternative to com-
mercial asbestos, TiO2 composite membranes can be used 
in alkaline water electrolysis [68]. 

3.3. Photoelectrochemical splitting of water 

One method that has been widely studied is the production 
of hydrogen from water using photoelectrochemical (PEC) 
processes. The photoelectrochemical process of water 
splitting occurs under the action of light when a semicon-
ductor photoelectrode and an auxiliary counter electrode 
are immersed in an aqueous electrolyte. The first proposed 
photoanode consisted of titanium dioxide, and the counter 
electrode of platinum [78]. In the surface layer of the pho-
toanode, when illuminated by photons with an energy ex-
ceeding the band gap of the semiconductor, electron-hole 
pairs are generated. For an n-type semiconductor, hydro-
gen is released due to the reduction of water by pho-
toanode electrons that have passed through the external 
circuit to the counter electrode, while holes oxidize water 
to oxygen on the photoanode surface. Figure 4a shows a 
schematic diagram of a photoelectrochemical cell for wa-
ter splitting, and Figure 4b shows a model of a photoelec-
trochemical process for water splitting using a metal-sem-
iconductor composite (for example, Pt/TiO2) instead of 
two electrodes connected by an electrical circuit. The 
metal-semiconductor composite structure is easily scala-
ble for macro-sized PEC cells, especially in the form of 
nanopowder or nanostructures. Here, the metal component 
is usually referred to as the “cocatalyst” and the semicon-
ductor as the “photocatalyst” [79]. Semiconductors with 
high activity and stability under solar irradiation include 

Fig. 3. Operation principles of alkaline, PEM (proton-exchange membrane) and solid oxide water electrolysis. Reprinted under a 
Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY-NC-ND) from Ref. [69], © 2016 The Authors. 
Published by Elsevier Ltd. 
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TiO2, WO3, CdS, Ga2O3. The most common electrolytes 
are water solutions of sulfuric acid, phosphoric acid, so-
dium hydroxide and others [80]. 

An optimal semiconductor should have suitable en-
ergy band edge positions (semiconductor band gap) to 
absorb visible light and convert it into chemical energy. 
However, most basic semiconductors are active in ultra-
violet light, which is only a small fraction (4%) of solar 
radiation. For example, TiO2 has a band gap of 3.2 eV, 
which limits its activity in visible light. Therefore, it 
must be modified by doping with metal/non-metal ions 
(composites with metal and semiconductor nanoparti-
cles) or used together with a cocatalyst to increase its ac-
tivity in sunlight due to better charge separation. Usually 
noble metals are used as cocatalysts, but less expensive 
materials such as CdS, Cu2O, NiO and perovskites can 
also be loaded [83]. 

Electrochemical cells consist of two electrodes im-
mersed in an electrolyte. During cell operation, oxidation 
and reduction processes occur on each of the electrodes. 
The electrode at which reduction occurs is called the cath-
ode, and the anode is the electrode at which oxidation oc-
curs. In photoelectrochemical cells, processes occur when 
exposed to light. Further, the possibilities of using tita-
nium dioxide as part of the anode and cathode electrodes 
of a photoelectrochemical cell are considered. 

3.3.1. Photoanodes based on titanium dioxide 

Titanium dioxide anode nanotubes (TNT) as an elec-
trode have shown advantages because of their flexibility, 
economy and efficiency. The TiO2 photoanode was the 
first known metal oxide in a photoelectrochemical water 

splitting cell [78]. TNT TiO2 anode nanotube films are a 
one-dimensional structure fabricated on a conductive and 
flexible titanium metal substrate. 

Various strategies to improve the optical or electrical 
conductivity of the TiO2-based electrode are used to en-
hance the performance of the photocell. For example, 
Ref. [84] reports on a method for disordering the upper 
TiO2 nanolayer by hydrogenation in an H2 atmosphere at 
a pressure of 20 bar at a temperature of about 200 °C for 5 
days. The onset of optical absorption of the black hydro-
genated TiO2 nanocrystals was reduced to about 1.0 eV. 
This material got its name for its color, which is really 
black. The resulting black hydrogenated TiO2 shows a 
breakthrough in expanding the solar absorption spectrum 
from 380 to 1200 nm. In addition, Hahn et al. [85] reported 
the high photoactivity of nanotubes with a high content of 
TiOxCy. TiO2 nanotube films were treated by carbon-ther-
mal reduction with acetylene and heating to 850 °C. These 
TiOxCy nanotubes can be used, for example, as an inert 
electrode with significant overvoltage for O2 evolution, or 
as a highly efficient substrate for electrocatalytic reac-
tions, for example, in methanol-based fuel cells.  

3.3.2. The use of titanium dioxide in the production of 
cathodes 

The metal oxide catalysts used in the cathodic hydrogen 
evolution reaction are not stable enough for efficient op-
eration of the water splitting photoelectrochemical reac-
tion cell. The problem of photocathode stability is related 
to the fact that the catalyst operates in an environment with 
the formation of atomic H+ and the evolution of gaseous 
H2. Majority of the studied photocathodes in the reaction 

Fig. 4. a) A model of a photoelectrochemical water splitting process using a TiO2 anode. Adapted from Ref. [79]. b) A model of a 
photoelectrochemical water splitting process using a metal-semiconductor composite (Pt/TiO2). Adapted from Refs. [79,81,82]. 

photocatalyst
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photoelectrochemical water splitting cell are p-type semi-
conductors, such as Cu2O and CdS. Designs of cathodes 
with a passivating layer have been proposed to protect the 
semiconductor catalyst from attack by the resulting H+ 
ions [86]. The n-type semiconductor titanium dioxide is 
used as a passivating layer because of its high corrosion 
resistance in alkaline media. However, the passivation 
layer increases the overvoltage and suppresses the ex-
change of electrons between the (photo)cathode and the 
electrolyte. To eliminate this effect, cocatalysts of noble 
metals and their oxides are used. Thus, the cathode of a 
photoelectrochemical reaction cell has a complex compo-
site structure of a p-type semiconductor, one or two pas-
sivating layers of an n-type semiconductor, and a 
metal/metal oxide cocatalyst [87]. 

Recently, a highly active and stable photocathode for 
the reaction of hydrogen evolution has been pre-
sented [88]. It exhibits self-improving performance after a 
five-stage cathodic reduction process. Work [88] demon-
strates a feasible strategy for forming a multi-junction 
composite for an efficient hydrogen evolution reaction in 
a photoelectrochemical water splitting cell with a titanium 
dioxide nanotube cathode.  

An analysis of hydrogen production technologies has 
shown that titanium dioxide is widely used in these tech-
nologies. In one case, TiO2 acts as a reaction catalyst, co-
catalyst or catalyst support (thermal catalytic decomposi-
tion of methane, water electrolysis). In another case, it is 
used in the material of electrodes (water electrolysis, pho-
toelectrochemical splitting of water). In both cases, inter-
est in titanium dioxide is due to its bulk properties, such 
as high corrosion resistance, high mechanical strength, bi-
ocompatibility and its properties in the nanostructured 
state: efficient charge transfer and separation of electron-
hole pairs, high surface activity. In the technology of hy-
drogen production by photoelectrochemical water split-
ting, titanium dioxide is the most frequently mentioned 
electrode material. This is also connected with the pio-
neering work of A. Fujishima and K. Honda [78] on the 
photocatalytic splitting of water in 1972, which caused a 
wave of research work aimed at studying the photocata-
lytic properties of titanium dioxide and other semiconduc-
tors. Thus, it is with fairly simple and affordable methods 
for obtaining titanium dioxide nanostructures (nanotubes, 
nanopores, nanoflowers, nanoparticles down to several 
nanometers), which allow to improve the photocatalytic 
process. 

4. HYDROGEN STORAGE 

Hydrogen storage is a critical challenge in transitioning 
to a hydrogen-based economy, primarily due to its low 
volumetric energy density and difficulties in handling 

and transporting hydrogen safely. Various approaches to 
hydrogen storage include high pressure compressed gas, 
liquid hydrogen cryogenic storage, solid state storage, 
and electrochemical storage [89]. Solid storage of hydro-
gen is easy to implement in materials such as metal hy-
drides, complex hydrides, carbonaceous materials, as 
well as activated carbon, graphene, and carbon nano-
tubes [90,91]. Solid-state hydrogen storage systems have 
emerged as a promising solution, offering high volumet-
ric energy density, safety, and reversible hydrogen ab-
sorption/desorption capabilities over multiple cycles. 
Extensive investigations have been carried out on inter-
metallic compounds for H2 storage, with the Interna-
tional Energy Society (IES) setting targets for gravimet-
ric doping levels of 7–8 wt.% and volumetric concentra-
tions of 70 g/l. In the pursuit of solid-state H2 storage, the 
IES has explored a range of materials, including chemi-
cal hydrides, sorbents, complex hydrides, and conven-
tional hydrides. 

Figure 5 shows the concept of generating hydrogen us-
ing the PowerPaste (a) and the high-entropy alloy for hy-
drogen storage (b). 

Solid-state hydrogen storage offers several ad-
vantages, including reduced transportation risks and the 
ability to store hydrogen in residential settings. This alter-
native approach is gaining attention, particularly in the hy-
drogen transportation sector, where traditional high-com-
pressed hydrogen tanks may be impractical for smaller 
vehicles like motorcycles or scooters. The use of portable 
hydrogen generators based on power paste or high-entropy 
alloy materials provides a more compact and efficient so-
lution for hydrogen storage and transportation, eliminating 
the need for high-compressed tanks. These advancements 
in solid-state hydrogen storage have the potential to make 
hydrogen as a fuel more accessible and practical for a wide 
range of applications, including small vehicles. 

4.1. Sorbents 

Hydrogen molecules can be reversibly stored on mate-
rials with a large surface area due to weak physisorption 
forces between gas molecules and solids. Sorbents such as 
metal-organic frameworks (MOFs), carbon-based materi-
als including carbon nanotubes (CNTs) and graphene, and 
boron nitride (BN) possess advantageous properties such 
as low density, high surface area, and excellent reversibil-
ity and kinetics [94–98]. However, to achieve economic 
feasibility in practical applications, a favorable H2/sorbent 
energy in the range of 4.6–6.9 kcal/mol is required. This 
method has many advantages: high storage density, excel-
lent reversibility, as well as high charge-discharge rate and 
cyclic stability. However, the disadvantage is that low 
temperatures (–196 °C) and high pressure are required for 
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significant adsorption [99]. On the other hand, desorption 
requires high temperatures due to the lack of hydrogen ad-
sorption-desorption reversibility due to its strong binding 
strength and slow kinetics. 

Among the most interesting options for creating high-
capacity (up to 6–7 wt.%) hydrogen sorbents are nano-
tubes and fullerenes with Ti atoms on the surface (to 
which hydrogen is attached), systems of graphene layers 
with nanotubes between them (with the addition of 
Li) [100,101]. However, transition metal atoms can clus-
ter on the surface of nanotubes or fullerenes, as this is 
energetically favorable, and this can reduce hydrogen 
sorption [102]. S. Rouzbeh et al. [103] developed porous 
three-dimensional pillared BN nanostructures (3DPBN) 
with an impressive surface area exceeding 2200 m2/g and 
explored their potential for H2 storage. The results 
demonstrated a maximum H2 uptake of 8.65 wt.% at 
300 K without any doping. Furthermore, the introduction 
of Li+ doping into 3DPBN further improved H2 uptake 
compared to the bare BN nanostructure. This research 
showcased that 3DPBN overcomes the intrinsic limita-
tions of sorbent materials, achieving a capacity-kinetics-
thermodynamics relationship on par with traditional hy-
drides, while offering superior characteristics [104]. 

4.2. Power hydrides 

Among the known hydrogen storage technologies, hydro-
gen storage in solid compounds seems to be the most appro-
priate solution, since it is a safer and more convenient 
method compared to high-pressure compression and lique-
faction technologies. The main solid-state compounds of 
hydrogen storage technology are metal hydrides, which are 
represented by simple (binary) metal hydrides, hydrides of 

intermetallic compounds (alloys) and complex hydrides. 
Conventional hydrides, exemplified by LaNi5Hx, exhibit 
low H2 uptake due to their high density. On the other hand, 
complex hydrides like NaAlH4 have higher H2 uptake capa-
bilities, but their slow H2 release kinetic hinders their prac-
tical applications. Chemical hydrides such as NaBH4 have 
demonstrated impressive performance in terms of both vol-
umetric and gravimetric uptakes. However, their irreversi-
bility poses a significant challenge [105]. Simple metal hy-
drides, in turn, can be classified according to the type of 
bond. Non-metal hydrides (Al, Be, Sn, Sb) are covalent. 
Ionic hydrides include hydrides of alkali and alkaline earth 
metals (Li, Na, K, Cs, except for Mg). Among binary cova-
lent and ionic hydrides, Al, Be, Na, Li hydrides, which re-
lease hydrogen during hydrolysis, are of interest from the 
point of view of hydrogen storage possibilities. The hydrol-
ysis reaction is irreversible, which is a disadvantage of the 
method. However, when considering the storage of hydro-
gen on board a fuel cell vehicle, one should take into ac-
count the fact that the exhaust of such a vehicle is water va-
por, which can be collected and reused to produce hydrogen 
on board [106–108]. 

Metal hydrides include hydrides of transition and rare 
earth metals (Zn, Ti, Pb, Ni, La, Gd). Hydrides of interme-
tallic compounds contain atoms of rare earth and transition 
metals (also Mg, Ca, Al, etc.). Metal hydrides have a high 
bulk density with respect to hydrogen, but the mass capac-
ity does not exceed 3%. For hydrogen storage, such inter-
metallic compounds as LaNi5, Ti2Ni, ZrV2, TiFe are of in-
terest. Complex hydrides include aluminum hydrides 
(containing AlH4), metal borohydrides (containing BH4), 
hydrides based on metal amides, and others. They actively 
interact with water, releasing hydrogen. Aluminum hy-
drides, borohydrides, hydrides based on amides have both 

Fig. 5. a) Power paster. Adapted from Ref. [92]. b) High entropy alloy for hydrogen storage. Adapted from Ref. [93]. 

 



66 N.V. Chirkunova, N. Islavath, M.V. Dorogov 

high bulk and high mass density (for example, 10.6 wt.% 
for LiAlH4, 18.5 wt.% for LiBH4). The hydrogen uptake 
and desorption rates for this system are low, so Ti-based 
catalysts are used. Alanates are actively researched; how-
ever, there are still problems of cost and unsafe use of 
them (these substances are classified as “A” for fire and 
explosion hazards). In addition, the introduction of boro-
hydrides is hampered by the following disadvantages: 
thermodynamic stability and the possibility of the for-
mation of toxic volatile borohydrides [101,102]. 

Magnesium hydride (MgH2) is a promising material 
for on-board hydrogen storage due to its high capacity, 
low cost, and abundant magnesium resources. However, 
its practical application is limited by poor dehydrogena-
tion ability and cycling stability. This study focuses on in-
vestigating influences and mechanisms of thin pristine 
magnesium oxide (MgO) and transition metal (TM)-
dissolved Mg(TM)O layers (TM = Ti, V, Nb, Fe, Co, Ni) 
on the hydrogen desorption and reversible cycling proper-
ties of MgH2 using first-principles calculations. The re-
sults reveal that both thin pristine MgO and Mg(TM)O 
layers weaken the Mg–H bond strength in MgH2, leading 
to decreased structural stability and hydrogen desorption 
energy. Among the TM-dissolved MgO layers, the 
Mg(Nb)O layer exhibits the most pronounced destabiliza-
tion effect on MgH2. Additionally, the Mg(Nb)O layer 
demonstrates a long-acting confinement effect on MgH2 
due to stronger interfacial bonding strength between 
Mg(Nb)O and MgH2 and the lower brittleness of 
Mg(Nb)O itself. It provides valuable insights into the de-
sign of modified MgH2 systems for improved hydrogen 
storage, opening up possibilities for the development of 
more efficient and stable MgH2-based hydrogen storage 
materials [111]. Figure 6a shows promising materials for 
hydrogen storage. Figures 6b and 6c show pressure-com-
position isotherms of hydrogen in absorption processes, 
MgH2 composite samples at 300 °C at 0.1 bar H2. 

The resulting MgH2 + 10 wt.% Mn3O4/ZrO2 compo-
site exhibited significant improvements in hydrogen de-
sorption and absorption properties. The composite started 
releasing hydrogen at a much lower temperature of 
219 °C, which was 111 °C lower compared to the as-syn-
thesized MgH2. At 250 °C, the composite released 
6.4 wt.% hydrogen within 10 minutes, while the as-syn-
thesized MgH2 only released 1.4 wt.% hydrogen even at 
335 °C. Furthermore, the dehydrogenated 
MgH2 + 10 wt.% Mn3O4/ZrO2 composite demonstrated 
hydrogen uptake at room temperature, absorbing 
6.0 wt.% hydrogen when heated to 250 °C under 3 MPa 
H2 pressure and 4.1 wt.% hydrogen within 30 minutes at 
100 °C under the same pressure. The MgH2 + 10 wt.% 
Mn3O4/ZrO2 composite also exhibited lower activation 

energy values for both dehydrogenation and rehydrogena-
tion processes compared to the as-synthesized MgH2. The 
activation energy for dehydrogenation was reduced to 
64.52 ± 13.14 kJ/mol, while the activation energy for re-
hydrogenation was decreased to 16.79 ± 4.57 kJ/mol. 
These lowered activation energy values significantly con-
tributed to the enhanced hydrogen desorption and absorp-
tion properties of MgH2. The incorporation of 
Mn3O4/ZrO2 nanoparticles into MgH2 through a simple 
synthesis method resulted in a composite material with 
improved hydrogen sorption performance [114]. 

The addition of graphene oxide-based porous carbon 
(GC) and titanium chloride (TiCl3) to the MgH2 system 
leads to remarkable improvements in dehydrogenation 
temperature and kinetics. By utilizing a chemical im-
pregnation, hydrogenation, and ball milling process, the 
MgH2/GC-TiCl3 composite sample exhibits enhanced 
hydrogen storage performance. For instance, it can re-
versibly release approximately 7.6 wt.% of hydrogen at 
300 °C within 9 minutes. The average dehydrogenation 
rate of MgH2/GC-TiCl3 is significantly faster compared 
to systems containing only nanoconfined or catalytic 
MgH2. The combined analyses of phase, microstructure, 
and chemical state reveal that GC and TiCl3 play a cru-
cial role in promoting the hydrogen storage properties. 
GC acts as a foreign scaffold material that tailors the 
nanophase structure of the MgH2 composite, while TiCl3 
functions as an effective catalyst. This synergistic effect 
of nanoconfinement and catalysis leads to the improved 
hydrogen storage performance of the MgH2/GC-TiCl3 
composite [113]. 

In addition, carbon-supported nanocrystalline TiO2 
(TiO2@C) has demonstrated excellent catalytic activity in 
the hydrogen storage reaction of MgH2. The addition of a 
small amount of TiO2@C significantly lowers the dehy-
drogenation operating temperatures of MgH2. For exam-
ple, the MgH2-10 wt.% TiO2@C sample begins releasing 
hydrogen at 205 °C, which is 95 °C lower than the tem-
perature required for pristine MgH2. At 300 °C, the sample 
containing 10 wt.% TiO2@C rapidly releases 6.5 wt.% 
hydrogen within a short time of 7 minutes. Overall, the 
addition of TiO2@C as a catalyst in MgH2 significantly 
enhances the hydrogen storage properties of MgH2. The 
catalytic effect of TiO2@C results in reduced dehydro-
genation temperatures, rapid hydrogen release, improved 
hydrogen uptake at room temperature and under pressure, 
and reduced activation energies for both dehydrogenation 
and hydrogenation processes [111].  

The chemical interaction between magnesium hydride 
(MgH2) and the additive titania (TiO2) and its impact on 
the dehydrogenation process of MgH2. Through quantita-
tive X-ray diffraction analysis of ball-milled samples of 
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MgH2 + xTiO2 (where x = 0.25, 0.33, 0.5, and 1), it is de-
termined that Ti-substituted MgO is the primary reaction 
product in all the resulting powders. It is found that the 
effectiveness of Ti-substituted MgO as a catalyst for 
MgH2 depends on the concentration of Ti in the rock salt 
structure of MgxTiyOx+y. The findings shed light on the role 
of TiO2 in chemically modified MgO and its impact on the 
dehydrogenation process of MgH2 [115].  

In general, this industry is booming, but so far, no metal 
hydride has met all the requirements in terms of hydrogen 
storage capacity, reaction enthalpy and reaction kinetics for 
efficient hydrogen storage in the required operating temper-
ature ranges [116,117]. In particular, this is due to the fact 
that during reversible storage of hydrogen in hydrides of 

metals and intermetallic compounds, an increase in the 
pressure of gaseous hydrogen and a decrease in temperature 
shift the equilibrium towards the formation of a hydride (the 
reaction proceeds with the release of heat), with a decrease 
in pressure and an increase in temperature, dissociation oc-
curs (reaction goes with the absorption of heat).  

The main methods for eliminating these shortcomings 
are nanostructuring, adding destabilizing agents, using a 
catalyst, and doping. The size effect of doping plays a cru-
cial role in the production of catalyzed nanocomposites. 
Nanoparticles of various metals and their compounds, 
such as Ni, Zn, Ti, Na, TiF3, NbF5, are used as catalysts. 
Moreover, binary hydride systems such as LiAlH4-MgH2 
and LiAlH4-LiBH4 show improved de/hydrogenation 

Fig. 6. a) Promising hydrogen storage materials. Adapted from Ref. [103]. b) Hydrogen pressure-composition isotherms in absorption 
processes (Pd-S – small nanoparticles, Pd-L – large nanoparticles, Pd black – commercial samples). Adapted with permission from  
Ref. [112], © 2008 American Chemical Society. c) Cyclic dehydriding curves of the MgH2-TiCl3, MgH2/GC-TiCl3 and MgH2-GC-
TiCl3 composite samples (GC – graphene oxide-based porous carbon). Adapted from Ref. [113]. 
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characteristics compared to their individual hydrides. 
Strengthening of the hydrogen sorption properties is also 
associated with the formation of intermediate compounds 
during dehydrogenation, including Li-Mg, Mg-Al, Al-B 
and Mg-Al-B alloys, which change the thermodynamics 
of reactions due to a change in the dehydrogenation 
path [118,119]. 

Unfortunately, nanoscale materials are prone to ag-
glomeration and even sintering at elevated temperatures. 
For some hydrides, the synthesis of nanoparticles is, in 
principle, very difficult to implement. To overcome these 
obstacles, a limiting nanoframework is used, formed by 
microporous activated carbon, graphene, polymer and car-
bon nanotubes, hollow carbon nanospheres, organometal-
lic frame materials, etc. [94,120–123]. Such compounds 
are called intercalation. Intercalation of layered materials 
is a highly efficient method for controlling their reactive, 
adsorption, catalytic, and other properties.  

Intercalation processes are reversible chemical reac-
tions in which “guest” molecules (atoms, ions) are intro-
duced into the matrix of a solid. A characteristic feature of 
the process of intercalation into layered structures is the 
introduction of guest molecules into the interlayer space. 
This leads to the fact that molecules differing in size and 
geometry can intercalate into the same layered matrix. For 
example, the relative ease of introducing various ions into 
the interlayer space of hydrated titanium dioxide is of sci-
entific interest in creating structures with a controlled 
composition and size of the interlayer space, which are of 
interest as inorganic sorbents with selective ion-exchange 
properties [124]. 

In the field of metal hydrides, M.Y. Song [125] made 
significant advancements by developing a metal hydride 
based on magnesium (MgH2) with unique properties. This 
MgH2 material exhibited a high hydrogen storage capacity 
of more than 110 H2 g/l and a gravimetric capacity of 
7.6 wt.%. Various approaches were explored, including 
reducing the particle size of MgH2, alloying magnesium 
with other transition metals or their oxides, and utilizing 
catalysts to enhance the hydrogen storage kinetics. M. 
Vogt and his research group [92] made further progress in 
this area by developing a power paste formulation using 
magnesium salt powder/ester. The power paste approach 
offers a potential alternative for hydrogen storage, provid-
ing improved energy density and addressing the chal-
lenges associated with traditional storage methods. The re-
action of magnesium hydride (MgH2) with water holds 
great promise for hydrogen generation in fuel cell applica-
tions. MgH2 is an attractive choice as it is affordable, non-
toxic, has a long shelf life, and exhibits an extremely high 
hydrogen storage capacity of up to 15.3 wt.% in hydroly-
sis reactions. However, pure MgH2 reacts very slowly and 
incompletely with water. Previous attempts to improve the 

hydrogen release kinetics and yield often involved the ad-
dition of large amounts of Brønsted acids, high-energy 
ball milling, or expensive noble metal catalysts. This 
power paste exhibited a higher energy density compared 
to advanced electrical batteries [126]. 

4.3. High-entropy alloys 

The research on high-entropy alloys (HEAs) for hydrogen 
storage has shown promising results. In a study by Kao et 
al. [127], the FeMnCoTixVyZrz HEA was investigated, 
where Fe, Mn, Co, Ti, V, and Zr were the constituent ele-
ments. The HEA exhibited a single C14 Laves structure, 
with Zr and Ti occupying the A sites and Fe, Mn, Co, and 
V located at the B sites. Different variations of the HEA 
were studied, such as FeMnCoTi0.5–2.5VZr, FeMnCo-
TiV0.4–3.0Zr, and FeMnCoTiVZr0.4–3.0, all of which showed 
single C14 Laves phases. By adjusting the proportions of 
V, Zr, and Ti, the hydrogen absorption and desorption 
properties of these HEAs were enhanced without altering 
the original crystal structure. For example, 
FeMnCoTi2VZr exhibited a maximum hydrogen storage 
capacity (H/M)max of 1.8 wt.% at room temperature. The 
kinetics of hydrogen absorption and the time required to 
reach 90% of the absorption capacity (t0.9) were also in-
vestigated. The size of the interstitial sites was found to be 
a crucial factor in determining the plateau pressure. Intro-
ducing Ti or Zr into the alloys enlarged the interstitial sites 
and led to the expansion of the crystal lattice, resulting in 
lower compressive atomic stresses. Consequently, the t0.9 
value and plateau pressure of FeMnCoTixVZr and 
FeMnCoTiVZrz decreased as the values of x and z in-
creased. Similar studies were conducted on FeMnCrTiVZr 
HEAs by Chen et al. [128], who found that substituting Cr 
for Co enhanced the hydrogen absorption properties. 

Edalati et al.  [129] investigated a C14 Laves 
structure of FeMnCrNiTiZr, which demonstrated an 
(H/M)max of 1.7 wt.% with fast kinetics at room 
temperature without requiring any activation treatment. 
They highlighted three design criteria for FeMnCrNiTiZr 
to enable reversible hydrogen storage at room 
temperature: (i) a total valence-electron concentration 
(VEC) of 6.4 in HEAs; (ii) selecting the AB2 system to 
reduce the hydrogen binding energy by increasing the 
number of inert elements around the octahedral sites (A 
and B referring to the elements that react and do not react 
with hydrogen, respectively); and (iii) achieving single-
phase thermodynamic stability. Kunce et al. [130] 
synthesized a C14 Laves structure-dominated 
FeCrNiTiVZr using the laser engineered net shaping 
(LENS) process. The (H/M)max reached 1.81 wt.% after 
synthesis and 1.56 wt.% after additional heat treatment. 
Zadorozhnyy et al. [131] produced the same HEA via an 
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arc melting-based rapid solidification process. The 
highest hydrogen storage capacity achieved was 
1.6 wt.% during the first hydrogenation, followed by a 
reduction to 1.3–1.4 wt.% in subsequent cycles at 
ambient temperature. Figure 7a shows a periodic table 
with a relative subdivision of A- and B-type elements, 
taking into account the grouping according to the 
enthalpies of formation of binary metal hydrides. X-ray 
diffraction patterns of hydrogenated, dehydrogenated, 
and raw Zr powder are shown in Figure 7b. The 
experimental pressure-composition-temperature (PCT) 
diagram of the (TiVNb)85Cr15 alloy compared to the 

calculated PCT using the thermodynamic model is 
shown in Figure 7c. 

BCC high-entropy alloys (HEAs) have been extensively 
investigated as hydrogen storage materials, particularly 
those composed of refractory elements. These alloys have 
shown the ability to absorb significant amounts of hydro-
gen, forming hydride phases with a maximum hydrogen-to-
metal (H/M) ratio of 2. Sahlberg et al. [133] reported on a 
bcc-type TiNbVZrHf HEA that could be hydrogenated to 
an H/M ratio of 2.5 in a body-centered tetragonal (BCT) 
structure. The high hydrogen storage capacity observed in 
this HEA was attributed to the lattice distortion in the alloy. 
Karlsson et al. [134] also studied the same composition 

Fig. 7. a) Periodic table with relative subdivision of the A- and B-type elements, taking into account the grouping according to the 
enthalpies of formation of the binary metal hydrides. Reprinted under Creative Commons Attribution 3.0 Unported License from 
Ref. [132], © 2021 The Royal Society of Chemistry; b) XRD patterns for hydrogenated, dehydrogenated, and as-cast (raw) powder 
Zr. Adapted from Ref. [127]; c) Experimental PCTs of the (TiVNb)85Cr15 alloy measured at 25 °C (298 K) (only absorption), 
100 °C (373 K) (H2 a/d), 150 °C (423 K) and 200 °C (473 K) compared with the calculated PCT using the thermodynamic model. 
Adapted from Ref. [133]. 

https://creativecommons.org/licenses/by/3.0/
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HEA and observed a phase transition from BCC to BCT 
structure, again achieving a maximum H/M ratio of 2.5. In 
a recent study by Nygard et al. [135], a series of quaternary 
and quinary refractory TiNbV-based alloys were investi-
gated, including TiNbVX (X = Zr, Cr, Hf, Mo, Ta), 
TiNbVZrHf, TiNbVCrMo, and TiNbVCrTa. The study 
highlighted the importance of valence electron concentra-
tion (VEC) in destabilizing hydrides. The volume expan-
sion of each metal atom in the alloy hydrides was found to 
increase linearly with the VEC of the alloy. Additionally, 
the onset temperature for hydrogen desorption exhibited a 
linear decrease with VEC. Other BCC HEAs, such as Fe-
CoNiMgTiZr, FeMnNiCrAlW, and TiZrHfScMo, have 
also been investigated as hydrogen storage materials. In ad-
dition to the BCC and C14 Laves structures, HEAs with 
mixed phases have been reported as well. Multiphase al-
loys, such as (FeV)60(CoTiCr)40−xZrx (0 ≤ x ≤ 2), have 
shown the ability to quickly absorb hydrogen without re-
quiring an activation process, even at room tempera-
ture [132,136]. The HEAs have demonstrated their utility in 
various applications, including catalysis and energy storage. 
Notable HEAs, such as TiVZrNbHf, TiZrHfMoNb, TiZrN-
bFeNi, HfNbTiVZr, and TiZrNbTa, have been synthesized 
and shown appreciable capacity for hydrogen stor-
age [132,136]. In a study by Bondesgaard et al. [137], a sol-
vothermal method was developed as a simple and general 
production method for metal nanoalloys with different com-
binations and compositions. This method was found to pro-
duce phase-pure high-entropy nanoalloys, such as 
Pt0.33Pd0.33Rh0.33, Pt0.33Rh0.33Ru0.33, Pt0.25Pd0.25Rh0.25Ru0.25, 
and Pt0.20Pd0.20Ir0.20Rh0.20Ru0.20, covering the entire compo-
sition range. This wet-chemical synthesis approach, com-
bined with the selection of appropriate metal precursors and 
solvents, allows for the tuning of nanoalloy properties for 
hydrogen storage applications [137]. A recent patent [138] 
has discussed new high-entropy alloys (HEAs) capable of 
absorbing and desorbing dihydrogen under ambient temper-
ature and pressure conditions, with a large number of charg-
ing and discharging cycles. This development has brought 
significant progress to the field, as previous reports strug-
gled to demonstrate efficient hydrogen absorption and de-
sorption under ambient conditions.  

Titanium and its compounds, including oxides, are ac-
tively used in hydrogen storage devices. For example, hy-
drogen sorbents are being developed, consisting of 
nanostructures (fullerenes) with Ti atoms on the surface, to 
which hydrogen easily attaches. In the technology of solid-
state storage of hydrogen based on hydride pastes, 
nanostructured titanium dioxide is proposed to be used as a 
catalyst for hydrogen absorption and desorption reactions. 
Titanium is found quite often in the composition of inter-
metallic compounds, demonstrating good capacitive char-
acteristics and resistance to cyclic loads (charge/discharge). 

5. CONCLUSION 

Despite the fact that the presented technologies have 
been intensively developed for a long time in the direc-
tion of hydrogen production and storage, they still do not 
find widespread use in the energy sector and are at dif-
ferent stages of implementation in the industrial sector. 
This is due to a number of problems, both economic and 
technological. Science-intensive technologies for the 
production and storage of hydrogen are still quite expen-
sive for their widespread use. Currently, only technolo-
gies for producing brown and gray hydrogen (methane 
reforming and coal gasification) are used in the energy 
sector, and technologies for producing turquoise and 
blue hydrogen (methane pyrolysis and technology with a 
process that uses carbon capture) are also gradually gain-
ing momentum. 

 High-performance hydrogen carriers related to green 
energy are well positioned to enter the market in place of 
fossil analogues. Photoelectrochemical water splitting is 
very attractive for producing green hydrogen. However, 
this method is still under development, as the efficiency of 
water splitting is limited by complex solid-liquid interface 
reactions, including slow gas desorption and significant 
recombination of photogenerated charges. Research work 
in the field of increasing the efficiency of the photoelec-
trochemical process is aimed at modifying the surfaces of 
electrodes, including the modification of the surface of co-
catalysts for the reaction of hydrogen evolution; surface 
passivation and application of a protective layer for the 
water reduction reaction; as well as the selection of the 
composition of the electrolyte. 

High-entropy alloys (HEAs) and power paste materi-
als, such as magnesium hydrides, have emerged as prom-
ising candidates for hydrogen storage. These materials can 
form hydrides with hydrogen-to-metal ratios of up to 2.5 
and exhibit exceptional hydrogen storage capabilities. 
HEAs consist of at least five principal elements with var-
ying atomic percentages, forming single-phase solid solu-
tions with different crystal structures. The unique compo-
sition and crystal structures of HEAs contribute to their 
remarkable hydrogen storage properties. Solid-state hy-
drogen storage offers advantages like reduced transporta-
tion risks and the ability to store hydrogen in residential 
settings. This alternative approach is gaining traction in 
the hydrogen transportation sector, addressing challenges 
associated with high-compressed hydrogen tanks in 
smaller vehicles. Portable hydrogen generators based on 
power paste or HEAs provide a more compact and effi-
cient solution for hydrogen storage and transportation, 
making hydrogen fuel more accessible for various appli-
cations, including small vehicles. These advancements 
hold the potential to accelerate the adoption of hydrogen 
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as a practical and sustainable energy source. The develop-
ment of solid-state hydrogen storage materials, including 
HEAs, power paste materials, and additive-modified hy-
drides, shows promise in improving the efficiency, safety, 
and practicality of hydrogen storage. 

Titanium dioxide has favorable corrosion resistance, 
high mechanical strength and excellent biocompatibility. 
To date, extensive research has been carried out to fabri-
cate reliable and controllable TiO2 nanostructures using 
various nanoengineering strategies. For example, nanoen-
gineering of the Ti surface can thicken the TiO2 layer and 
provide ordering of various titanium dioxide nanostruc-
tures, such as nanotubes and nanopores. Due to favorable 
characteristics, ordered TiO2 nanostructures are widely 
studied in the field of catalysis and energetics. 
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Аннотация. Наши исследования сосредоточены в основном на решении задач, связанных с производством водорода и его 
хранением, а также созданием автономных энергетических систем с использованием возобновляемых источников энергии. 
Технологические решения для зеленой энергетики зависят от разработки новых материалов с заданными свойствами, способ-
ных обратимо аккумулировать водород при соответствующих условиях окружающей среды (температура, давление) и от тех-
нологических процессов, позволяющих получать молекулярный водород без значительных энергозатрат. Создание материа-
лов с принципиально новыми характеристиками неразрывно связано с получением наноразмерных систем со свойствами, 
управляемыми на атомно-молекулярном уровне. В обзоре рассмотрены результаты исследований возможностей использова-
ния различных наноструктур диоксида титана, известных своими каталитическими свойствами и высокой стабильностью, в 
различных приложениях водородной энергетики. Большое внимание уделено перспективному направлению твердотельного 
хранения водорода с использованием гидридных паст и высокоэнтропийных сплавов. 

Ключевые слова: хранение водорода; разделение воды; энергетические пасты; высокоэнтропийные сплавы 


