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NANOMATERIALS IN PROTON EXCHANGE FUEL CELLS
G. Ya. Gerasimov UDC 621.352.6

The present paper considers the state of the art of investigations on the use of nanomaterials in the technology
of preparing proton exchange fuel cells. This technology has great prospects for use in transport facilities, as well
as in stationary and portable electronic devices. The unique properties of nanostructures permit creating new
effective catalysts, polymer membranes, and hydrogen storage systems — key elements of the above technology,
which upgrades markedly the efficiency of energy conversion in devices created on its basis and decreases
their cost.
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Introduction. Problems of environmental pollution with combustion products of organic fuels have stimulated rapid
development of alternative technologies of energy production and conversion. Among them is, in particular, the technology
of preparing fuel cells realizing direct conversion of the chemical energy of the fuel to electric energy without using the
low-efficiency combustion process [1]. In the works connected with the above topic, primary consideration is given to the
investigation of proton exchange fuel elements (PEFCs) [2]. This type of energy converters is considered to be the most
promising for use in transport facilities, as well as in stationary and portable electronic devices. For the electrolyte in PEFCs,
solid polymer membranes are used [3]. Compared to other types of fuel cells, PEFCs having the same weight produce more
energy and operate at a lower temperature (below 100°C) [4].

An important stimulus for the development of the technology of preparing fuel cells is motor transport. PEFC-
based electric motors burning mainly hydrogen are fairly rapidly promoted to the world automobile market and can
provide, in the nearest future, strong competition with traditional internal combustion engines [5]. Unlike accumulator
motors, they permit covering long distances without refuel. At present the leader in the strategy of fuel cell vehicles is the
California market [6]. Estimates made by the company "CaFCP" (California Fuel Cell Partnership) show that at the end of
2017 up to 50,000 fuel cell vehicles are expected on the roads in California, and a proper network of hydrogen filling stations
will be set up thereby. To date, practically all large producers of vehicles have announced that they are developing cars of a
new type [7]. A hydrogen transport infrastructure is also being created in Europe, where the appearance of a commercially
available fuel cell electromobile is expected at the end of 2015 [8].

The late advances in obtaining and investigating new functional materials and systems of nanometer size, whose
main characteristic is the exhibition of quantum properties, open up wide possibilities for their practical application in various
spheres of human life [9, 10]. From the point of view of the technology of fuel cells, the unique properties of nanostructures
are used to develop new effective catalysts, membranes, and hydrogen storage systems [11-15]. The development of new
types of PEFCs based on nanomaterials will make it possible to upgrade considerably the energy conversion efficiency of
these devices and decrease their cost.

The generally used catalyst for electrochemical oxidation of hydrogen in PEFCs is platinum (Pt) and its alloys with
other metals sputtered on the surface of commercial carbon. To decrease the amount of platinum and increase its catalyst
activity, Pt nanoclusters and hyperfine layers on PEFCs electrodes are used [14]. On the other hand, the application of various
nanostructures, including carbon nanotubes (CNTs) and graphene layers as a support for finely dispersed Pl particles, leads
to a higher activity of the electrochemical reaction and a higher productivity of the fuel cell compared to a catalyst sputtered
on commercial hydrogen [15]. An important role in the development of PEFCs is also played by the development of new
nanostructured membranes [16] and mobile hydrogen storage systems based on nanomaterials [17]. In particular, graphting
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functionalization of ion tracks in polymer films leads to the formation of electrolyte ion-track membranes highly permeable
for H' ions [18].

The present paper presents a comprehensive review of various applications of nanomaterials in the technology of
producing fuel cells for motor transport. Because of the rather large number of publications on this subject, the present review
gives references only to the most typical works on each of the considered fields of application of the above materials.

Fuel Cell Engines. The fuel cell generates electric current in the sequence of electrochemical reactions, omitting the
low-efficiency process of organic fuel combustion proceeding with large energy losses. The basic diagram of the hydrogen
fuel cell is shown in Fig. 1. On the anode side of the PEFC molecular hydrogen diffuses to the surface of the anode catalyst
where it dissociates into protons and electrons. Protons pass through the electrolyte membrane to the cathode, and electrons
close the circuit through the external electric circuit, since the membrane is made from the electroinsulating material. On the
cathode side of the PEFC, electrons and protons react with molecular hydrogen on the surface of the cathode catalyst to form
water molecules. A fairly detailed analysis of the electrochemical and transport processes in PEFCs was carried out in [15],
where the operating characteristics of various kinds of membranes were considered.

The proton-exchange membrane is the key element of the PEFC system. Attempts to gain an insight into the
complex and interrelated transport and electrochemical processes inside the membrane stimulated numerous theoretical and
experimental investigations [20]. Figure 2 shows the supposed mechanism of proton transport through a chemically stable
proton-exchange membrane made from Nafion (material based on sulfonated polytetrafluoroethylene developed by DuPont).
At present researchers are actively searching for ways of increasing the proton conductivity of the membrane [21] and
decreasing the electron conductivity [22] and permeability of the fuel in the PEFC and attaining for it a low electroosmotic
resistance coefficient [24], good chemical and mechanical stability [25], and a low cost [26]. Numerical calculations were
used mainly to estimate the influence of various performance and geometric parameters of the PEFC on its performance
[27-29].

Direct methanol fuel cells (DMFCs), in which methanol is used as a fuel, are a variety of PEFCs. The general scheme
of the electrochemical reactions on the electrodes of DMFCs can be given in the following form:

anode:
CH;0H + H,0 — CO, + 6H" + 6¢ ™,

cathode:
6H + 6¢ + 3/20, — 3H,0 .

Methanol is supplied to the anode side of the fuel cell in the composition of a weak aqueous solution, so that at a high
concentration it tends to diffuse through the polymer membrane to the cathode side of the fuel cell and react with oxygen,
thus decreasing the efficiency of the oxidation process (the so-called crossover effect). Such devices can be regarded as the
most suitable mobile energy sources, since they operate at low temperatures and high energy densities of methanol, which
is in the liquid state under any ambient conditions [30]. A review of the state of the art of the investigation of the transport
processes in DMFCs is given in [31].

The hydrogen fuel cell engine consists of four basic units: a fuel cell stack, an air feed system, and a fuel feed
and control system regulating heat and water flows [32]. The fuel cell stack represents a battery of elementary elements
(anode, polymer membrane, cathode) bundled by bipolar plates into a flat technological configuration. The stack operates at
a pressure of 2.5 atm and a temperature of 80°C to provide a total energy conversion efficiency of 50% in terms of the lowest
hydrogen combustion heat. The control system consists of two coolant loops and a water loop. The high-temperature coolant
loop supplies the cooling liquid (aqueous solution of ethylene glycol) to the fuel cell stack, carrying the excess heat away to
the air cooling battery, as well as provides heating of reagents arriving at the cathode and anode. The low-temperature coolant
loop incorporates a shell-and-tube condenser and an electric motor cooling system. The water loop uses deionized water to
humidify the heat and oxidizer flows.

The state of the art of investigations as applied to the technology of fuel cells for motor vehicles was reviewed in
[33]. The review includes the technological aspects of the problem, an economic analysis, a comparative analysis of various
types of hydrogen motors, as well as environmental concerns. The technological aspects are connected with the consideration
of the problem of durability of the proton-exchange membrane [34], the search for new potential hydrogen production
methods [35, 36], and the development of reliable onboard fuel storage systems [37].

In recent years, the problems of degradation and durability of the proton-exchange membrane have been increasingly
attracting the attention of researches [38]. Various factors influence the performance characteristics of the fuel cell, in whose
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Fig. 1. Principle of operation of the hydrogen fuel cell [2].
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Fig. 2. Schematical representation of the mechanism of proton transport in the nafion
membrane of the fuel cell [20].

structure irreversible changes take place, leading to a degradation of its kinetic and transport properties. Among them are, in
the first place, the lamination and cracking of the catalytic layer of the fuel cell taking place in the process of its operation
(Fig. 3). Among the main reasons for the appearance of such defects are the influence of fuel contaminants [39], the effect of
the temperature and relative humidity [40], the cyclic character of the current load [41], as well as the problems of start-up
and shutdown of the engine [42] and fuel and air starvation [43]. A fairly comprehensive review of the current investigations
of the degradation of fuel cells was presented in [44].

The problem of hydrogen fuel production, storage, and distribution is one of the main problems of the development
of hydrogen fuel cell motor vehicles. Hydrogen is available directly at gas-filling stations or at large-scale production plants
from which it is piped or trunked to gas-filling stations. In the latter case, it can be supplied in the form of compressed gas
or in the liquid form [45]. Among the main methods of industrial hydrogen production are reforming of the vapor—methane
mixture (about 50% of the world demand for hydrogen), reforming of oil refining products or waste gases of chemical plants
(about 30%), coal and biomass gasification (about 18%), and electrolysis of water (3.9%); the other technologies constitute
0.1% [46]. An important factor in effective operation of hydrogen fuel cell vehicles is the development of reliable onboard
hydrogen storage systems [47]. Variants of such storage include the use of metal hydrides [48], carbon nanostructures [49],
compressed gas [50], and liquid organic carriers [51].
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Fig. 3. Structural changes in the proton-exchange membrane taking place in the process
of its operation [34].

The change in the energy consumption and emission of pollutants into the environment due to the changeover to
hydrogen fuel cell vehicles was considered in [52]. As estimates show, in this case the total amount of the main types of
pollutants, including nitrogen oxides, volatile organic compounds, solid particles, ammonia, and carbon oxide emitted into
the atmosphere, will be much lower. On the other hand, as was noted in [53], these emissions should be divided into total and
urban ones to differentiate their location, since pollutants are formed mainly by fuel production, which is concentrated, as a
rule, in rural areas. Therefore, converting motor vehicles to hydrogen fuel, for example, by coal processing will lead to an
increase in the total amount of pollutants emitted into the atmosphere [54].

Catalysts Based on Nanomaterials. One of the main problems of commercializing fuel cell motor vehicles is
the development of active, reliable, and inexpensive catalysts [55]. The catalysts most generally used for electrochemical
oxidation of hydrogen and methanol in PEFCs consist of nanoparticles of Pt or its alloys with other metals (Co, Ni, V, Fe,
Cu, Pd, W, Ag, Au) sputtered on a carbon support [11]. The mechanism of the oxidation process is rather complicated
and is still not clearly understood [56]. The scheme of methanol conversion on the surface of a bimetal Au—Pt anode
catalyst in DMFCs is shown in Fig. 4. The process includes the absorption of the CH30H molecule on the Pt particle, its
dehydrogenization, and the formation of an intermediate CO,45/Pt compound with subsequent transport of CO,4s to the active
center of the neighboring Au particle. At the final stage, desorption of the intermediate compounds occurs and the end product
is formed.

The methods of fine catalyst precipitation on the support surface can be subdivided into chemical, electrochemical,
and physical ones. The chemical methods use colloidal processes, as well as the processes of impregnation-reduction,
chemical vapor deposition (CVD), and reverse micelles. A fairly simple chemical method for forming a catalytic layer on a
carbon surface with the use of colloidal precipitation was proposed in [57], where (NH4), WOy reacts with HoPtClg to form
(NH4),PtClg and HyWO,. Precipitation of (NH4),PtClg on the support surface leads to the formation of Pt nanoparticles with
sizes varying over a rather narrow range. In the impregnation-reduction methods, the carbon support is impregnated with
water and/or an organic medium containing a metal precursor with its subsequent reduction in the presence of a reduction
agent, for example, organic alcohol [58]. A catalyst for fuel cells with upgraded electrochemical properties was obtained in
[59] by dispersing Pt nanoparticles on the surface of CNTs by the CVD method. Particles synthesized by such a method have
a size of the order of 1 nm, which is much smaller than the corresponding value for the commercial catalyst obtained by the
impregnation-reduction method. The reverse micelle method was used in [60] to improve the homogeneity of Pt/Ni bimetal
nanoparticles synthesized on an alumina support.

The method of electrochemical reduction of Pt nanoparticles on a porous and highly developed surface of a carbon
support (carbon black, CNTs) is an alternative method for making electrodes for PEFCs that permits localizing metal particles
in certain areas of the electrode surface and decreasing the thickness of the catalytic layer [61]. The procedure of electrolytic
deposition can be carried out with the use of potentiostatic or galvanostatic methods [62] including pulse or direct techniques
[63]. The galvanostatic pulse electrodeposition method is the most convenient for controlling the current distribution and,
therefore, it is easier to follow the changes in the size of particles and the alloy composition by varying such experimental
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Fig. 4. Schematical representation of the electrolytic oxidation of methanol on the AuPt/C
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Fig. 5. Hypothetical model of the main stages of the oxygen reducing reaction on gra-
phene doped with Fe and N atoms [11].

parameters as the on/off time and the peak current density [64]. At present, the possibilities of using the electrochemical
method for electrolytic deposition of metal nanoparticles on supports from carbon structures are being explored [66—67].

Of the physical methods, the sputter deposition method is used most commonly. It permits obtaining an ultralow
level of the catalyst surface density (of the order of 5 pg Pt/cm? by contrast with the commercial catalyst whose density
reaches 300 ug/mz). The catalyst is localized thereby on the outer surface of the support and has a high activity at methanol
oxidation [68]. The advantages of this method over the CVD method are the simpler procedure of obtaining the catalyst
(absence of the reducer and deflocculant, absence of heat treatment in the hydrogen atmosphere) and a lower cost of the
product due to the decrease in the catalyst layer thickness, which in turn facilitates its entering the market [69] Among the
physical methods are also the plasma deposition method [70], the laser ablation method [71], and the radiation methods for
obtaining and modifying the surfaces on polymer electrolytic membranes [72—74].

The high cost of platinum catalyst and the progress in nanotechnology and material science have stimulated in recent
years numerous investigations on the synthesis of new alternative catalysts based on base metals featuring high activity and
durability [11]. Special consideration was given to the cathode catalyst, since the oxygen reducing reaction is most likely
responsible for the voltage drop in the fuel cell. For this reaction, promising catalysts from chalcogenides of base metals [75],
carbides of transition metals [76], nitrides [77], and organic-metal compounds [78] were developed. A review of the recent
investigations on these lines is given in [79].

Although CNTs and graphene are usually used as a support for metal nanoparticles, it has been found recently that
carbon nanostructures upon surface modification acquire electrochemical activity for the oxygen reducing reaction in alkaline
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and acid media [11]. Figure 5 shows a diagram of the main stages of the above catalytic reaction on the surface of graphene
doped with nitrogen and ferrum atoms. To obtain graphene doped with nitrogen atoms, in [80] the CVD method was used
for a mixture of methane and ammonia. The obtained nanostructure acts as a metal-free electrode having a much higher
electrolytic activity, a longer stability, and a greater tolerance for the crossover effect than the platinum catalyst. A review of
works on doped carbon nanomaterials used as effective cathode catalysts in fuel cells is given in [81]. Carbon nanomaterials
can also be functionalized by the physical absorption process. As was shown in [82], some polyelectrolytes are capable of
taking electrons from atoms of the carbon lattice in CNTs, thus initiating the appearance on it of a positive charge, which leads
to the demonstration of the catalytic activity of the lattice.

Nanostructured Supports for the Catalyst. The performance and service life of the fuel cell are largely determined
by the material of the support for the anode and cathode catalysts [11]. The most important thing thereby is the type of the
material, since it determines the dispersion and stability of metal nanoparticles, as well as the electronic properties, the
mass transfer, and the ohmic resistance in the catalyst layer [83]. At present catalysts for PEFCs are made from platinum
or its alloys deposited on the surface of coal black. However, recent investigations show that Pt nanoparticles deposited on
a support from other kinds of carbon, such as carbon nanofibers, CNTs, and graphene, demonstrate higher electrocatalytic
properties [15, 84]. Although the main mechanisms of enhancing the catalyst activity are not quite clear in this case, it may
be assumed that a certain contribution to the improvement of the catalytic properties of nanoparticles is also made by the
electronic properties of the carbon structures under consideration. Figure 6 shows highly dispersed Pt nanoparticles of size of
the order of 2—-3 nm deposited on supports from carbon nanofibers and CNTs. These images were obtained with the use of a
transmission electron microscope (TEM) [85].

Carbon nanotubes have a large specific area, a high corrosion resistance, a good electronic conductivity, and a
high stability [86, 87]. Catalysts are precipitated on the surface of CNTs by various methods of reducing salts of Pt (II),
including microemulsion, CVD, and electrochemical methods [88]. In the last few years, for the oxygen reducing reaction
in DMFCs, new types of supports with enhanced catalytic properties have been developed on the basis of polyphosphazene-
coated nanotubes [88] doped with phosphorus atoms [90], decorated with tungsten nitrides [91], and hybridized with the
use of indium-tin oxide (ITO) [92] and other compounds. Carbon nanotubes are also used to obtain supports consisting of
a combination of various carbon materials. Figure 7 schematically represents the isomultidimentional structure containing
direct and spiralled CNTs, as well as the carbon support Vulcan XC-72 [93]. As measurement data show, the above structure
used as a support for the cathode catalyst not only improves the catalytic activity in the proton membrane, but also intensifies
the mass transfer processes in it.

Graphene occupies a special place among the carbon nanomaterials owing to the much higher ratio of the surface
area of this material to its mass. A review of works devoted to the investigation of the application of graphene as a support
for the catalyst in fuel cells is given in [94]. Systematic and comparative analyses of the effect of the structure, composition,
and adsorption properties of various carbon nanomaterials (graphene, CNTs, Vulcan XC-92) on the electrocatalytic activity
and stability of the Pt-Ni nanocatalyst for methanol oxidation were performed in [95]. The obtained results show that the
support from graphene improves the reaction properties of the catalyst and increase its durability. Methods of obtaining a
catalytic layer on the graphene surface also influence the quality and performance of the fuel cell [96]. The hyperfine layer
of Pt particles deposited on the surface of a porous graphene structure by a combination of CVD and magnetron deposition
methods [12] demonstrated an exceptionally high catalytic activity for the methanol oxidation reaction at an ultralow metal
consumption. Doped graphene supports are also capable of enhancing the reaction properties of the catalyst and provide its
stable performance [97].

Of the other types of nanomaterials used as a support for depositing a catalytic layer, filamentary crystal structures
are noteworthy [98, 99]. They are obtained by annealing organic red pigment deposited in a vacuum by the sputtering method.
The support of this type consists of one layer of crystal organic whiskers of length about 1 um, diameter of the order of 50 nm,
and numerical surface density 510° em 2 [100]. The thermal, chemical, and electrochemical stability of the given material
permits using it in DMFCs [101].

Membranes Based on Nanomaterials. Nanostructured materials are also used in developing less expensive
and effective membranes for fuel cells. The majority of commercial membranes are made from nafion (material based on
sulfonated polytetrafluoroethylene, commercial name "DuPont Nafion") [102]. This material features high ionic conductivity
and low permeability for a gas with good chemical, mechanical, and thermal strength. Nevertheless these fluorine-containing
membranes are expensive and ineffective at temperatures below 0°C or above 80°C because of the water evaporation from
the membrane structure. Under real conditions the operating temperature of membranes may exceed 100°C in both hydrogen
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Fig. 6. TEM images of platinum nanoparticles deposited on nanofibers (a) and nano-
tubes (b) [85].
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Fig. 7. Structure of the combined carbon support for the cathode Pt catalyst of the fuel
cell [93].

and methane fuel cells, which calls for the development of new classes of membranes [2]. An overview of investigations on
the development of nanostructured membranes for fuel cells is given in [103].

The first approximation to the improvement of the properties of membranes is the use of nanocomposite hybrids.
The addition of nanocrystalline ceramic materials to nafion [104] improves the membrane characteristics of the fuel cell,
increasing the operating temperature of hydrogen fuel cells to 130°C and of fuel cells with direct oxidation of methanol to
145°C. A new reinforcing porous ceramic support for use in fuel cells was developed in [105]. It consists of hygroscopic silica
(Si0,) nanoparticles bound to one another by silicate and polymer binders interspersed in the sulfonated polysulfone layer.
This unusual ceramic material possesses high mechanical strength, has a well-developed nanoporous structure, is highly
hydrophilic, and shows a good ability to hold water.

Promising materials for preparing membranes are carbon nanostructures and their derivatives. The effect of using
graphene oxide nanosheets functionalized by sulfonic acid as an inorganic filler for the nafion membrane was investigated in
[106]. This novel nanocomposite material demonstrates a marked (fourfould) increase in the proton conductivity as compared
to the nonmodified membrane and can be considered as a potential substitute for the nafion membrane for working conditions
with a low humidity (30%) and a high temperature (120°C). The nanocomposite based on sulfonated ketone polyester
interspersed with multilayer CNTs functionalized by sulfonic acid was obtained in [107] as a new material for preparing
PEFCs membranes.

Possible candidates for replacing usual nafion membranes in fuel cells are also ion-track membranes whose advantage,
apart from the absence of the necessity of humidification, is their high proton conductivity and stability under extreme
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conditions [108]. The ion-track technology is based on the irradiation of thin films of various materials by accelerated heavy
ions [109]. Heavy ions, passing through the substance, create in it latent tracks of diameter of the order of 5-10 nm with a high
damage density [110]. Etching [111] and grafting functionalization [18] of ion tracks in polymer films lead to the formation
of electrolyte membranes highly permeable for H' ions used in fuel cells. The process is schematically represented in Fig. 8.
Ion-track membranes have a lower crossover of methanol, a good proton conductivity, a smaller ability for ion exchange, as
well as exceptional mechanical properties as compared to nafion membranes [112].

Nanomaterials in Hydrogen Storage Systems. Although hydrogen is recognized as a promising energy carrier for
motor vehicles, the wide introduction of hydrogen technologies strongly depends on the possibilities of compact storage of
hydrogen. At present accumulating materials or technologies of hydrogen storage that would satisfy all requirements of the
advancing market of fuel cell vehicles are lacking [113].

Hydrogen can be stored in the form of a compressed gas, a cryogenic liquid, or a solid material [114]. The simplest
solution of the problem from the point of view infrastructure requirements is the technology of gaseous hydrogen storage
at a high pressure which holds the leading position among the other technologies [115]. An overview of the state of the art
of investigations on the cryogenic storage of liquid hydrogen is given in [116]. Solid-state devices are potentially the most
convenient and safe, since this storage technology presupposes the presence of temperatures and pressures close to the
corresponding parameters of the environment [117]. An attempt to classify the known materials used for hydrogen storage
was made in [118].

The materials for solid hydrogen storage can be divided into several categories in terms of the strength of the
hydrogen bond (chemical and physical adsorption, as well as the intermediate quasi-molecular bond) [17]. In the case of
chemisorption, the H, molecule dissociates into separate atoms, migrates into the material, and combines with it chemically
with an energy from 2 to 4 eV. Because the binding energy in chemisorption is high, hydrogen desorption occurs at higher
temperatures. This category of materials includes elementary metals and intermetallic hydrides having a large volume of
hydrogen. The review given in [119] considers the main properties of metal hydrides, including the specific storage density
of hydrogen, the process kinetics, the cyclic behavior, the toxicity, and the response to pressure and temperature variations. At
present the focus of much attention of researchers is the group of nanostructured Mg-based hydrides, in which the hydrogen
volume reaches 7.6 weight percent [120]. Structures of various compositions and configurations are considered. In particular,
in [121] the sorption properties of MgH, in a multilayer structure consisting of nanoparticles of size of the order of 50 nm
were investigated. In [122], a MgH,—TiH, nanocomposite, in which the desorption temperature of hydrogen is more than
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Fig. 9. Atomic structure of Ti-hydroxyl complexes attached to CNTs [129]: a) cross-
sectional view; b) general view.

100°C lower than in the commercial MgH, composite, was synthesized. Among the other solid-state materials with chemical
adsorption of hydrogen LiBH,4, whose hydrogen storage capacity is equal to 18.5 weight percent, stands out [123].

The physical adsorption of hydrogen in porous materials is also an effective hydrogen storage mechanism. This
mechanism has the advantages of fast process kinetics, low adsorption heat, and complete reversibility. The investigation of
the adsorption capacity of various nanostructured carbon materials is one of the current strategic lines in developing hydrogen
storage systems [124]. The problems, the distinguishing features, and the apparent contradictions between the carbon-based
hydrogen storage technologies were considered in [125]. Of the other porous materials, the best candidates for H, adsorption
are metal-organic compounds, since they consist of light atoms and have a well-developed porous structure [126]. The latest
advances in the development of new microporous silicon structures, alumosilicates, and their related materials were analyzed
in [127].

The transition of H, molecules from the state of physical adsorption on nanostructured carbon materials to the
state of chemisorption was investigated in [128] with the example of C,( fullerenes and C9B fullerenes doped with
boron atoms by the methods of the density functional theory. The most convenient hydrogen adsorbents among the carbon
nanomaterials are carbon nanotubes. A review of investigations of the possibilities of various types of CNTs for hydrogen
accumulation is given in [49]. Figure 9 shows the structure of CNTs decorated with Ti-hydroxyl complexes. As numerical
estimates show, the gravimetric density of hydrogen in such a nanostructure is equal to 5.5 weight percent [129]. The ability
of carbon nanostructures to adsorb molecular hydrogen is also inherent in graphene and its derivatives. Investigations of
the properties of graphene with Ca atoms adsorbed on its surface show a value of 7.7 weight percent for the gravimetric
density [130].

Conclusions. Due to their unique electronic, mechanical, and chemical properties nanomaterials have a large
potential for use in the technology of preparing fuel cells with a proton-exchange membrane. One of the most important
problems for commercionalization of this technology is the production of active, reliable, and inexpensive catalysts based on
nanomaterials, as well as nanostructured supports for the catalyst. Nanostructured materials are also used to prepare cheap
and effective proton-exchange membranes, including ion-track membranes. Wide use of the above technology of preparing
fuel cells strongly depends on the possibilities of hydrogen accumulation. From the technological point of view the most
convenient and safe hydrogen storage technology is the use for these purposes of solid-state devices. This group of hydrogen
accumulators includes Mg-based hydrides, new microporous silicon-based structures, as well as various nanostructured
carbon materials.
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