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Abstract

Nanotechnology is a field of research with objects up to 100 nm in size. Na-
nomaterials belong to a wide area in the field of material engineering. These
include nanolayers, nanoslabs, nanopores, nanotubes, nanofibers, nanopar-
ticles and quantum dots. Nanostructures are characterized by special proper-
ties due to their nanometric dimensions. The natural properties of nano-
structures allow their wide application in various industries. The paper
presents an overview of the application and significance of nanostructures in
fuel cell technology, with particular emphasis on nanocatalysts. The article
includes the classification of nanomaterials, new hybrid nanostructures, types
of surface modification, division by area of application, with particular em-
phasis on nanomaterials in the advanced energy system. The design and op-
eration of fuel cells and the role of nanoparticles have been described taking
into account existing solutions to reduce generator costs. The high price of
low temperature fuel cells depends on the number of nanoparticles used. The
article describes the risk associated with using products at the nano scale.
Higher concentrations of these extremely active materials can be dangerous
and can cause ecological problems and harm natural ecosystems.

Keywords

Nanocatalyst, Nanoparticles, Low-Temperature Fuel Cell, Hydrogen
Technology

1. Introduction

In the light of current problems related to environmental pollution, hydrogen is
an attractive energy carrier. This gas has a low ignition initiation energy (thus

combustion is more efficient), and its water supply is virtually inexhaustible.
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Problems occur during the storage of hydrogen, because, as a small-molecule
gas, it diffuses easily through metals. The most efficient use of hydrogen is poss-
ible in fuel cells [1] [2]. In this type of generators, electricity is produced as a re-
sult of electrochemical, flameless hydrogen oxidation at the negative electrode
and oxygen reduction at the positive electrode. The huge interest in hydrogen
fuel cell technology has led to the creation of various types of hydrogen cells
taking into account the materials used for electrodes, the type of electrolyte and
catalyst, power range, operating temperature, types of reactions occurring on the
electrodes, the method of cell utilization.

In low-temperature fuel cells, the speed of processes is supported by nanoma-
terials (platinum, ruthenium, silver and zirconium nanoparticles). Carbon na-
nomaterials are also used to build fuel cell components: carbon nanotubes, gra-
phene, fullerenes and others [3] [4]. In the first prototypes of low-temperature
fuel cells, the amount of platinum used was about 28 mg-cm™. In the 1990s, the
amount of catalyst in the electrode structures was reduced to 0.3 - 0.4 mg-cm™.
Currently, the fragmentation of the catalyst particles (4 nm and less) is deposited
on the expanded surface of the carbon powder with a grain diameter of approx.
40 nm and a specific surface area > 75 m*g".

This paper presents an overview of possibilities of using nanomaterials in
technologies of hydrogen conversion to electric current and heat. The produc-
tion of hydrogen on a large scale, where nanomaterials are also used as catalysts
and energy carriers, is extremely important from the point of view of the distri-
bution of fuel cells. Currently, also hydrogen storage materials are first of all
nanomaterials with the shape of 0D (quantum dots), 1D (wires, tubes, rods), 2D

(layers, wells, cylinders), 3D (crystals with nanometer size) [5].

2. Definition, Characteristics of Nanomaterials and
Production Methods

In a study by the University of Toronto Joint Centre for Bioethics, the first place
among the beneficiaries using the properties of nanomaterials is “Energy: pro-
duction, processing, storage”, in front of areas such as agriculture, water treat-
ment, medical diagostics, pharmacy, air protection [6]. According to experts, it
is in the field of energy that applying nanotechnology will allow to obtain the
greatest potential of helping people and supporting climate protection. Econom-
ic development brings with it energy consumption, including renewable energy;
properties of nanomaterials give a chance to avoid energy shortages and price
fluctuations, and this in turn will help to become independent of fossil fuels.
Nanostructured materials are used to build solar cells, hydrogen fuel cells and
novel hydrogen storage systems that will provide clean energy to countries still
dependent on traditional, non-renewable, polluting fuels.

The definition of nanomaterials introduced by the European Union describes
nanomaterial materials with a single particle size in the range of 1 - 100 nm [7].
A characteristic feature of nanoparticles is the fact that with the particle size at
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the nano scale, a highly developed surface is obtained, which in turn ensures a
high degree of contact between the reagents at the interface. Nanoparticles are
ground up to a size smaller than 100 nm, having a different atomic structure and
properties than the material they come from [8] [9]. Another definition of na-
nomaterials formulates them as a material composed of particles in which at
least one of the three spatial dimensions is less than 100 nm. Another definition
says that a specific product may be called a nanomaterial, when after “miniatu-
rization” to the nanometric dimensions there are changes in its physicochemical
properties compared to the product “macro” or solid material [5]. Nanomate-
rials show many applications in everyday life, in medicine, in the clothing and
chemical industry, in agriculture and in the building industry [10] [11]. The spe-
cial properties of nanomaterials are obtained due to their size at the nano scale.
These properties may vary depending on the size and raw material. The main
factors causing changes in physicochemical properties of materials are: increased
proportion of the number of surface atoms to those inside the particle and the
quantum limitation of atoms in small particles of matter. Surface atoms exhibit
increased affinity for other atoms, exhibit increased specific volume, altered dis-
tribution of electron spins, and intersolar distances [5]. Nanomaterials are cha-
racterized, among others, by a high degree of surface development, high chemi-
cal reactivity, increased resistance to corrosion, tendency to agglomerate and
aggregate. The division of nanomaterials due to the size of particles and their
characteristics are given in Table 1. Nano-scale materials can be characterized
by a random arrangement of atoms or molecules, Ze. an amorphic structure or
ordered structure that can be described in the form of linked polycrystals or
monocrystals of appropriate size and orientation [5]. Among the most impor-
tant factors affecting the quality of manufactured nanostructures is the method

of conducting reactions (reduction, chemical, photochemical, electrochemical

Table 1. Dimensional classification of nanomaterials [15].

Particle size Nanomaterials shape Graphic characteristics

Dimensional-nanometer size in quantum dots, clusters, _’O‘—‘ O@
all directions (x, y, z) 0D nanocrystals D < 100 nm Q

—
==
. . . . —
one-dimensional nanomaterials, metal nanowires, =
nano size in two perpendicular nanotubes and nanorods,
.
directions (x, y) 1D —

nanofibers, nanorods

two-dimensional nanomaterials, — >
(layers of nano-thickness, . w
Films and coats,

ingle- lti-phase types, 0
single- or multi-phase types, or L vells, disc Q \

metal composites containing _a

nanoparticles) 2D te100mm | v

Ly # nm
three-dimensional

Polycrystals (tetrahedron, Lt nm

nanocrystalline) nanomaterials
( v : cube, octahedron) L:#nm

3D
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processes) as well as quantitative and qualitative composition of substrates. In
addition, the final form of the nanoswap is affected by pH, temperature, and the
procedure for conducting the preparation process [12] [13] [14].

Due to their origin, nanomaterials are divided into natural, resulting from the
activities of nature: volcanic eruptions, oxidation of minerals, erosion of rocks,
sandstorms, atmospheric aerosols or man-made, e antrpogenic origin [5].
Another division of materials on a nano scale divides them into: ceramic and
glass-ceramic nanotombs, polymeric, composite nanomaterials (metal-metal,
metal-ceramics), and alloys (see Table 2).

Table 3 presents selected areas of nanomaterials in everyday life and in indus-
try. An important problem in the industry causing multimillion losses is corro-
sion and erosion, that is destruction of equipment in the work environment.
This is a problem in the areas of energy (corrosivity of fumes), the aviation in-
dustry, refineries, waste incinerators [26] [27]. The use of nanostructured coat-
ings is a solution preventing erosion and corrosion in the industry, increasing
the life of components, preventing downtime associated with failure. The most

commonly used nanocoating agents are TiAIN, AICrN, TiNCr, CrN,

Table 2. Selected areas of application of nanomaterials in technical areas.

hemical
Structure C emlic? Construction Ref.
composition
ZnS, CdS, CdTe, ZnSe, core made of nanocrystals and [15] [16]

tum dot:
Quantum dots CdSe InP, GaAS  stabilizing ligands [17]

TiO,, Fe,0;, Si0,,  surfaces modified or used in a dispersed

(18]
Ag, Pt, Au, state

Nanoparticles
surfaces modified with polymers, carbon
nanotubes: SWCNT—Single Wall

Carbon Nanotube (the wall forms one  [19] [20]
layer with a diameter of 1.2 - 2.0 nm) or [21]
MWCNT—Multiwall Carbon Nanotube

(a diameter of over 25 nm).

Graphene,
Carbon structures nanowire, fullerene,
graphene oxides

Nanomaterials developed for localized
surface plasmon resonance (LSPR) are

Nano films
increasingly integrated into PRR sensors

Films and coats deposited onto [22]

. based on a classical prism, providing
Au nanoparticles | . k
increased sensitivity and lower detection

limits.

3D nanowires are connected
horizontally on many levels, showing

Nano grid, very regular internal spacing and

Nanomesh 23
nano mesh dimensions, used to produce more [23]
efficient batteries, better catalysts, fuel

cells and hydrogen production

Dendrymery, Nanoparticles suspension in organic
polymeric solution/solvent (DMSO, DMF, DMAc, [24] [25]
nanoparticles (PNPs) NMPy)*

*DMSO—dimethylsulfoxide, DMF—dimethylformamide, DMAc—dimethylacetamid, NMPy—N-methyl-
2-pyrrolidinone.
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Table 3. Selected areas of application of nanomaterials in technical areas [26]-[39].

Application Way to use Nanomaterials
High-density data carriers
High power magnets
Electronics Quantum dots
Quantum lasers
Resistant coatings Nanomater—bactericidal properties,
addition to lubricants
Catalyst Nanoplatin—electrocatalytic
Environment Water purifiers properties,
Solar filters TiO, nanoparticles—catalyst, special
optical and magnetic properties
Nanopigments p g prop .
o Silver nanoparticles—bactericidal,
Membranes and filters . . . .
. . antiseptic properties (fungicidal and
Industry Protective coatings .
. . ) bactericidal)
Antibacterials coatings .
. e Nanozone—a catalyst used in sensors,
Cutting tools . .
biomedicine and pharmacy
Biomarkers ¢ Nanopallad—catalyst
Controlled release medicine
Biomedicine Bone implants
Dentistry
Contrasts

Cr,C,-NiCr, ALO;-TiO, [5]. Liquids with dispersed nanoparticles are excellent
media that transport heat at maximum speed with low losses. This is due to the
fact that nano materials have a higher surface to volume ratio and as an additive
suspended in the liquid, improve the thermal conductivity of the fluid. Nano-
materials are used in electronics in systems that provide higher data transfer and
storage efficiency than conventional ones. Some of the typical applications are
given: [28] [29] [30]. Thanks to the application of these novel components, sim-
ple electrical gadgets are gradually replaced by optical or optoelectronic gadgets
due to their huge transfer speed. Photonic precious stones are materials with
sporadic diversity in the refraction file with a compatible mesh, which is a large
part of the wavelength of the light used. Quantum stains are elements at the na-
noscale, which can be used, inter alia, for the development of lasers. The prefe-
rence for a quantum speck laser in relation to a conventional semiconductor la-
ser is that its wavelength depends on the width of the bit. Guided by the help in
obtaining food and agriculture in poor countries, nanomaterials are used to ac-
celerate germination and growth of plants [31] [32] [33].

Plants treated with TiO, nanoparticles had 73% more dry matter, three times
higher photosynthetic rate and a 45% increase in chlorophyll formation com-
pared to the 30-day control period. The rate of growth of spinach seeds was in-
versely proportional to the size of the material, which indicates that the smaller
the nanomaterials, the better germination. The main reason for the increased
rate of growth could be photosterization and photogeneration of “active oxygen,
such as superoxide and hydroxide anions” caused by the presence of nanopar-
ticles. Nanomaterials and biocomposites have useful properties that allow them

to be used as nanopesticide sensors. High hardness, permeability, crystallinity,
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thermal stability, solubility and biodegradability [34] are essential for building

nanopesticides. Nanoemulsions, nanocapsules, nanoconteners and nanocells are

some of the recently discussed nanopesticide delivery techniques [35] [36] in the
field of plant protection and production.

The unique properties of nanomaterials have been used in biomedical
sciences, biotechnology and nanomedicine. Nanomaterials can be useful in in
vivo biomedical analysis and in vitro programs. The inclusion of nanotechnolo-
gy has led to the development of physical rehabilitation methods and drug dis-
tribution [37]. Nanotechnology-on-chip diagnostics is yet another dimension of
lab-on-a-chip technological innovation. Attractive nanoparticles, limited to the
appropriate antibody, are used to label specific elements, components or harm-
ful bacteria. Silver nanoparticles marked with short sections of DNA can be used
to recognize inherited series in the example [38]. Scientific tests in medicine are
carried out using stains of various sizes embedded in polymeric microspheres.
Nanophorous technological innovations also serve to obtain fast information in
a digital form about health. Drug intake may be co-administered by the use of an
effective broker in the form of dendrimers and mesoporous materials that sends
a signal about the drug’s effect on health and dosage. This very special strategy
reduces the costs and struggles of people. An important aspect of using nano-
materials includes their use in anti-cancer therapies using metal nanoparticles or
silver shells [39]. Focused or tailored medicines reduce drug intake and treat-
ment costs, leading to overall social benefits by reducing costs for the public
health system. Nanotechnology also opens up new possibilities in the drug dis-
tribution techniques using implantable technology.

Nanoscience and nanotechnologies have a large potential to contribute to a
sustainable energy system especially for [40] [41] [42] [43] [44]:

e supply and use energy,

e more effective solution production of energy,

e reducing energy consumption achieved thanks to the reduction of power
consumption through the use of advanced techniques of insulation materials,
the use of more effective lighting techniques (LEDs), huge cage atoms (QCA)
or combustion and through the use of lighter and stronger materials in the
transport industry [40],

e increasing energy production efficiency by using solar panels to convert
energy from the sun into electricity using several different semiconductors
placed together, to increase the use of the sun with 40 percent of energy [41],
using spray paint enriched with nanoparticles, which after applying in a giv-
en place immediately transforms it into a solar panel [42].

e use of more environmentally friendly energy systems through the use of
power modules, Ze. fuel cells, in which hydrogen is oxidized, and oxygen
from the reduction air, producing electricity [43].

e Dbattery recycling—the use of batteries with a higher energy content or the use
of batteries or supercapacitors with a higher regeneration rate using nano-

materials may be useful in terms of battery transfer, will reduce the number
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of used batteries with collectors [44].

Advances in the wide use of nanomaterials for advanced energy systems strong-
ly depend on innovation, efficiency, price and equipment lifetime (see Figure 1).
It is expected that the rational design of nanomaterials will play a key role in the
development of generators for the production of energy from renewable sources,
devices for water purification, exhaust, air, lithium-ion batteries with high energy
density, and most importantly for energy storage. The immediate challenge is to
reduce the production costs of nanomaterials and their dissemination.

Nanomaterial production methods are divided into top-down methods con-
sisting in a reduction in size with a simultaneous change in the dimensionality of
nanoparticle structures, Le. crushing solid materials to their nano-scale coun-
terparts [45]. These include: crumbling, grinding in ball mills, various types of
lithography, laser processing. A material with much better properties, i.e. with
fewer defects, a narrow range of grain size and morphology, is obtained using
the bottom-up method (the process of building material from the base, ie. atom
to atom) [45] [46] [47]. The growth of monocrystals takes place through the
spontaneous joining of individual atoms into larger assemblies (clusters) and
aggregation into nanoparticles. The principle of obtaining is based on obtaining
nanomaterials by chemical or physical synthesis in the gas phase (CVD) or liq-
uid chemical, direct current glow discharge method, magnetron sputtering, epi-
taxy from the molecular beam, colloidal methods, electrolytic deposition, hy-
drolysis reactants. Bottom-up methods include precipitation of nanoproducts in
solutions, application of reagents layer by layer (Langmuir-Blodgett technique)
[48]. The scheme for obtaining nanoparticles by top-down and bottom-up me-
thods is shown in Figure 2.

The work focuses on the role of nanomaterials in the energy sector, and in

particular in hydrogen fuel cells. In fuel cells, nanomaterials are used mainly as

Energy sources:

photovoltaic cell, solar

collectors, geothermal

energy, wind, wave,

nuclear fission, \
nonrenewable energy (oil,

gas, coal)

Energy storage:
water dams, pneumatic
pupm, H, storage,

/ batteries, supercapacitors

Nanomaterials usage:
materials, catalysts, sensors,
monolayers, nanofluids, \ Energy conversion:
nanofoams, support combustion engine,
magneto generators, fuel
cells, piezoelectric
materials, turbines

Energy cleaning:
air, water, flue gas, /
sorbents

Energy use:
residential, industrial,
transportation

Figure 1. Significant impact of nanomaterials for advanced energy system [40] [41] [42].
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Figure 2. Typical synthetic methods used for nanomaterials for bottom-up and top-down
approaches [49] [50] [51].

catalysts for electrochemical processes that occur on electrodes. In hydrogen fuel
cells, also carbon-based materials and its allotropic forms are of particular im-
portance, that is: carbon nanotubes, nanocaps, graphene, fullerenes. The men-
tioned materials, due to their high degree of surface development, are catalyst

carriers and basic materials for the construction of fuel cell components.

3. Construction and Operation of Fuel Cells

A single cell of a fuel cell consists of an electrolyte/membrane and electrodes, on
the surface of which electrochemical reactions and bipolar plates separate the
individual cells. Hydrogen and oxygen in the presence of a platinum catalyst
undergo oxidation and reduction respectively on the surface of the electrodes. At
the cathode, protons (with oxidized H,) together with electrons (from O, reduc-
tion) are combined, resulting in water as a by-product. The production of inter-
connected membrane with electrodes—Membrane Electrode Assembly (MEA),
begins by spraying the diffusion layer onto carbon paper, then spraying the cat-
alytic layer with the catalyst and joining both electrodes with the membrane
(electrolyte) [47]. The commercially produced electrolyte (usually Nafion) plays
an important role in the cell because, thanks to its cation-exchange properties, it
transports H" ions, and the electrons resulting from the reaction on the elec-
trodes wander through the external system to the receiver. The cross-section of
the electrodes with membrane is shown in Figure 3(a) [51] [52].
Electrochemical processes in low-temperature fuel cells occur on porous elec-
trode surfaces. In the active sites of the electrodes (on the catalysts), gas reactants
(oxygen from the air) and protons and electrons meet (Figure 3(b), Figure
3(c)). The electrodes adhere to the electrolyte (Nafion), so the number of active
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Cathode reaction:
2 0, + 2H* + 2e-—> H,0 Carbon black
agglomeration

GDL

CATHODE
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ELECTROLYTE 2H+

ANODE

¢ f‘)“ ; ' 4
— Nafion 5+

. i Catalyst
AH—node rezal-‘l:fl‘:-mZe' Catalytic layer (Pt, Pt-Pd, Pt-Ru,...)
2, —>

(@ (b) (0)
Figure 3. Construction of a single cell for a low-temperature PEMFC fuel cell; (a)
processes occurring on the catalytic layer of a low temperature cell; (b) a schematic of the
structure of the catalytic layer, which is a catalyst deposited on carbon black; (c) a dia-

gram of the processes occurring during the oxygen reduction process at active cathode
sites.

sites of the process and the intensity of the process depends on the degree of
fragmentation of the catalyst, porosity of the membrane and the degree of join-
ing the ionomer with the catalytic layer.

Hydrogen is not a source of energy but a very effective carrier. Its widespread
use seems necessary in the face of growing environmental pollution and electric-
ity deficit. The use of hydrogen potential in generators called fuel cells can re-
place highly emission technologies. Hydrogen already plays a key role in energy
storage and balancing of the power system dominated by renewable energy
sources. The use of hydrogen in various branches of the economy is based
mainly on fuel cell technology. This technology is similar to the technology of
lithium-ion batteries, but fuel cells differ in that they do not need recharging,
and uninterrupted supply of fuel allows for continuous operation of the cell. Due
to the essence of fuel cell technology, solutions enabling mass production and
lowering costs, I will focus on the most expensive elements of the cell, .e. nano-

catalysts (NCs) of electrochemical processes.

3.1. The Role of Nanomaterials in Fuel Cells

Hydrogen produced from water, in the process of electrolysis or from renewable
energy (from biogas), may in the future become a solution to the energy crisis,
which is a real problem in the near future. However, dependence on expensive
Pt-based catalysts in such fuel cells remains a major obstacle to the widespread
use of this technology. One solution to overcome this situation is to reduce the
Pt content tenfold by replacing partial or total catalysts with base metals or al-
loys with organic compounds. As follows from the considerations below, several
breakthroughs have recently occurred that have increased the activity and dura-
bility of non-precious metal catalysts, which can now be considered as potential
competitors for Pt-based catalysts.

In low-temperature fuel cells, hydrogen and oxygen are introduced into the

cell by means of channels in the covers, from where they pass through the por-
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ous diffusion layer to the catalytic layer, where electrochemical processes take
place at the active sites of the catalyst. The irreplaceable catalyst for the hydrogen
oxidation process is platinum. The oxygen reduction process is catalyzed by pla-
tinum or platinum alloys. In the first prototypes of low-temperature fuel cells,
the amount of platinum used was about 28 mg-cm™. In the 1990s, the amount of
catalyst in the electrode structures was reduced to 0.3 - 0.4 mg-cm™ [53]. The
catalyst surface plays an important role here, not the quantity, so the basic prin-
ciple in the design of the catalytic layer is the high fragmentation of the catalyst
particles (4 nm and less). The catalysts are deposited on the most extensive sur-
face, which is most often a carbon powder with a grain diameter of approx. 40
nm and a specific surface area > 75 m*g™". The number of active sites should be
as large as possible and platinum fineness as high as possible. Platinum is depo-
sited on carbon black, in this mixture the Pt/C ratio should be about 40% by
mass. High platinum content allows to obtain higher cell voltage but this way of
proceeding increases the production costs of the cell.

The oxygen reduction process (ORR—Oxygen Reduction Reaction) in fuel
cells takes place on a positive electrode, called a cathode. The binding in the
oxygen molecule is very strong and therefore difficult to tear. To do this, use
four electrons per oxygen molecule, which gives one molecule of water, and the
more atoms and electrons that are involved in the electrochemical process, the
more difficult and slow the reaction. Each half reaction is in fact a series of in-
termediate reactions or steps that make up the reaction mechanism. Of the many
possible reaction steps or the mechanism of a given half reaction, only individual
electron transfer reactions are possible. The total process speed depends on the
slowest process and this process determines the ORR reaction rate. As is clear
from the considerations, the ORR processes are complicated and long-lasting,
requiring the use of catalysts, so that processes can occur at a suitable rate at
ambient temperature and at a given pressure. The most desirable way to reduce
oxygen is when it goes with four electrons to water. ORR can take two paths.
The first, commonly referred to as partial reduction, involves a process with the
formation of two electrons resulting in the production of adsorbed hydrogen
peroxide. The full reduction follows the more efficient pathway of the four elec-
trons, which does not involve the production of H,0, [54] [55] [56]. Due to the
improved full reduction efficiency as well as the relatively high reactivity of hy-
drogen peroxide compared to water stability, full reduction is the path sought
when choosing a catalyst for ORR.

For partial reduction, oxygen is first adsorbed on the surface of the catalyst.
Thereafter, the reaction with the protons from hydrogen oxidation takes place,
resulting in the formation of H,0,, the molecule of which is adsorbed on the
catalyst. The reaction product in the form of hydrogen peroxide may then be
further reduced to produce two molecules of water, or it may simply dissociate,
giving a free molecule of H,O, [56].

Electrodes produced using platinum catalyst nanoparticles seem to be dis-

placed in recent times. The main reason lies in the high cost of cell production.
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Among other things, Pt-Cr, Pt-Pd, Pt-Fe, Pt-Co, Pt-Ru, Pt-Sn, Pt-Ni, Pt-WO3
[57] [58] [59] and platinum with heteropoly compounds [60] [61] were investi-
gated. These substances are very good proton relays, and have the ability of sponta-
neous adsorption on the surface of a solid (eg glassy carbon or platinum). The
most promising compounds of this group are polyoxometalates: H,SiW,,0,,
H,SiMo,,0,, H,PW ,0,,, H;PMo,,0,,. The heteropoly compound group shows
a relationship between size and physicochemical properties, these compounds
have optical properties (right and left torsion structures), aqueous solutions of
HTPA are strong completely dissociated acids. The undoubted advantage of po-
lyoxometalates is the simplicity of making a multilayer and, at the same time,
thin film, a layer-by-layer method, and consists in applying successive layers to
the carbon paper substrate [58] [59]. The catalytic properties of the metal are af-
fected by the crystallographic structure of the catalyst. Recent studies have
shown that, depending on the type of crystallographic platinum: Pt (111), Pt
(100) or Pt (110) ORR kinetics follow different mechanisms [64] [65]. The au-
thors of the work showed that Pt (111) has the most weakest catalytic properties.
Platinum, palladium and platinum-metal alloys have excellent catalytic proper-
ties on the negative electrode (anode). According to the literature data, depend-
ing on the electrode’s shape, these metals are used in an amount of 1 - 20
mg-cm > [66], and more recently even 0.2 mg-cm™ [67], with particles having to
be ground at how much is possible.

The classification of nanocatalysts (NC), which accelerate the ORR process in
fuel cells, is presented in Table 4. It is divided into three groups: precious metals,
base metal electrodes and organometallic compounds. Platinum is the most
commonly used nanocatalyst for oxygen reduction in an acidic environment.
With the reduction in the size of platinum particles, the development of the sur-
face increases considerably, which improves the use of the catalyst. A change in
the diameter of the nanoparticle from 12 nm to 2 nm increases the development

of the platinum surface from 25 m>g™" to 150 m*g™' [68] [69].

3.2. “Poisoning” of the Catalyst on the Surface of the Anode

The phenomenon of poisoning of electrodes concerns first of all those fuel cells
to which the fuel fed requires initial preparation (e,g. DMFC and others). Re-
forming is a steam process of transforming methane (and other light hydrocar-
bons) into hydrogen and carbon monoxide. At temperatures between 700°C -
1100°C, water vapor reacts with methane to form three hydrogen molecules and
carbon monoxide. The whole process takes place in the presence of a metal catalyst.

Reforming is usually done in the so-called reformers, or devices installed in front

Table 4. Materials commonly used as catalysts of ORR in fuel cells.

Nanoparticles Solid materials Organo-metallic composites

TiO, deposited onto Au transition metal complexes with
Pd deposited onto A Pt, Ru, Co-Ru, Au, Pd-Co orphyrin ligands
P " Cu, Ni, TiO2, T, V0, POTPyrin g

Pd deposited onto CNT's » metal complexes
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of cell cells. The hydrogen is already fed to the cell, containing some admixtures
of CO and CO,. It has been proven that the efficiency of cell energy conversion
is already falling at several ppm of carbon monoxide present in the cell. This is
due to high CO chemisorption to platinum. CO is deposited on the Pt nanopar-
ticle, thereby reducing the area of the active metal surface [70]. There are two
methods to reduce the scale of catalyst poisoning on the electrode [71] [72]. The
first is the interference in the reforming process, the second is the use of
Pt-based alloys. The task of alloys is to bind CO before it is bound by pure pla-
tinum. The first method can include: selective oxidation, catalytic reforming. Se-
lective oxidation is the most commonly used method. It consists in subjecting
additional reforming products to the oxidation (whether using oxygen or air).
As a result of the process, the amount of CO, increases at the expense of CO de-
cline. In addition, to improve the selective oxidation process, an additional cata-
lyst is used, which is placed just before the cell anode. The use of the selective
oxidation method may contribute to reducing the amount of CO in the fuel even
up to <10 ppm [69]. The CO content in the reforming products can be signifi-
cantly reduced by using a platinum (or aluminum) catalyst to “capture” the CO
particles in front of the cells cell. This method allows to reduce the concentration
of carbon monoxide in fuel to 100 ppm. Alloys that bind adsorbed CO, poison-
ing catalyst (reducing the surface of the active catalyst) are listed in Table 5. A
list of selected binary and ternary alloys based on platinum with additions of the
following metals is provided here: ruthenium (Ru), tin (Sn), molybdenum (Mo),
tungsten oxide (WO), iridium (Ir), rhodium (Rh), osmium (Os), rhenium (Re).
Currently, catalysts based on Pt nanoparticles are still the most active mate-
rials, low temperature hydrogen fuel cells, reformate or methanol [82]. Pt alloy-
ing with transition metals increases the electrocatalisation of O, reduction. In
low-temperature fuel cells it was observed that Pt-Fe, Pt-Cr and Pt-Cr-Co elec-

trocatalysts have high specific activity for oxygen reduction compared to

Table 5. Types of alloys counteracting poisoning of catalysts.

N talyst t
anoca:; c):')s ypes Way to use Nanomaterials shape Properties Ref.
Pt Pt/C nanoparticles High prices and high stability [62] [63] [64] [65]
Nanoparticles
Pt-Co/C, Pt-Cr/C, Pt-Fe/C,
. (d = 4.5 - 8.5 nm), nanofoams,
Bi-component alloys  Pt-Ir/C, Pt-Mn/C, Pt-Mo/C, . . . [73] [74] [75] [76]
. nanodendryts nanotetrahedrs, —Low price, relatively low stability
based onto Pt Pt-Ni/C, Pt-Pd/C, Pt-Rh/C, [77]
nanocrystals, nanofilms,
Pt-Ru/C, Pt-W/C .
frusto-octahedron nanoparticles
Pt-Ru/Al,, Pt-Ru-Cr/C,
Pt-Ru-Mn/C, Pt-Ru-Co,
Three-component Pt-Ru-Nb/C, Pt-Ru-Ni/C, Nanoparticles, nanofilms, Low price, high durability under (78] [79] [80]
alloys based onto Pt Pt-Ru-Pd/C, Pt-Ru-Rh/C, nanowires special conditions
Pt-Ru-W/C, Pt-Ru-Zr/C,
Pt-Re-(MgH,)
. Low price, un-exhausted resources,
Alloys non Pt-catalyst Au-Pd/C Nanoparticles [81]

relatively low activity
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Pt-electrocatalysts [83] [84]. This increase in electrocatalytic activity has been
attributed to several factors, such as interatomic spacing, preferred orientation
or electronic interactions. The state-of-the-art Pt-Co-Cr electrocatalysts have a
particle size of 6 nm [85]. Pt alloys with Mn, Co, Fe and Ni exhibit higher cata-
lytic activity than their spherical counterparts in the field of oxygen reduction,
oxidation of formic acid and methanol oxidation. Zhang et al [86] developed a
method for the synthesis of a solution in a single vessel in order to produce a
platinum-iridium catalyst with nanodendrometric morphology and a homoge-
neous dispersion of particles with a diameter of 15 nm. The nanodendritic na-
ture of the particles caused an increase in the electrochemical surface. The pla-
tinum synthesis from Au allowed to obtain a monodisperse Pt/Au nanodendron
(~15 nm). The produced IrRe nanoparticles (NP) were then coated with a Pt
monolayer or Pt monolayer on a single Pd layer by means of galvanic deposition,
which resulted in Pt/IrRe and Pt/Pd/IrRe catalysts with diameters of ~4 nm [87],
respectively. Shao in al. [88] experimented with depositing the platinum mono-
layer on gold nanoparticles. The resulting catalysts were monodispersed (~3 nm)
particles. The particle size of Pt/C catalysts was ~2.8 nm, almost identical to the
Pt/Au NP. The catalyst consisting of the IrNi core was first covered with an iri-
dium monolayer and then with a platinum monolayer. The catalysts obtained
had a diameter of ~5 nm (Pt/Ir/IrNi) [89]. Table 6 presents selected composi-

tions based on nanomaterials of various crystallographic structures, whose chemical

Table 6. Review of Pt-based catalysts doped with precious metals [87] [88] [89] [90] [91].

Catalyst Electrolyte/Methods Properties

The reasons for the increase in ORR activity compared

. 5 to Black Pt/Ir were considered: the nanodendric nature
Nano dendrites 0.5 mol-dm™ H,SO,

. of the particles, which led to an increase in the
Pt/Ir sat. with O,

electrochemical surface; and interactions of iridium
core with platinum coating.

Better ORR activit b d, which probabl
Nano dendrites 0.1 mol-dm™ HCIO, erier activity was observed, which probably

. results from a large electrochemical surface created in
Pt/Au sat. with O,

nano dendric buildings.

With the change in the composition of IrRe, the
binding energy of the -OH catalyst changes, the ORR
activity also changes.

0.1 mol-dm™ HCIO,
sat. with O,

Nano dendrites
Pt/IrRe

Pt monolayers (ML)
on the Au
nanoparticles (NP)

0.1 mol-dm™ HCIO, No drastic changes in particle size in PtC and ML
sat. with O, Pt/NP Au catalysts

Pt coatings with pure Ir core caused too strong binding
of -OH molecules. Ni particles added to the core

Nanospheres
Pt/Ir-Ni

Nanowire Pt/Pd

0.1 mol-dm™ HCIO,
sat. with O,

0.1 mol-dm™ HCIO,
sat. with O,

weaken the catalyst binding -OH to Pt/Ir, and
strengthen binding to Pt. Higher activity of Pt/IrNi
catalysts compared to Pt/C gives higher ORR activity.

High activity of the Pt/Pd catalyst results from the
relationship between metals, this does not refer to the
degree of development of the active surface
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activity for the ORR process has been studied in acidic saturated oxygen envi-
ronments. Platinum based alloys did not lose their catalytic properties.

Platinum catalysts doped with precious metals or transition metals are the
most effective alloys in terms of ORR activity. High hopes are related to the fu-
ture use of platinum-free catalysts, which are cheaper and exhibit catalytic prop-
erties of reduction processes. Research on the use of ORR catalysts has allowed
to classify them into generations:

e 1st generation—increasing the activity of pure Pt catalysts,

e 2nd generation—involved in the preparation of Pt alloys which simulta-
neously increased ORR activity while decreasing platinum content,

¢ 3rd generation—developed precious metal catalysts,

e 4th generation—search for ORR catalysts does not apply to metals.

4. Threats and Prospects of Nanomaterials in Fuel Cells
Development

Nanotechnology and nanomaterials seem to be a field of science with unlimited
use. Although it is a relatively new field of science, it is now observing and pre-
dicting dangers and consequences [91]. Some properties of nanomaterials rec-
ognized universally as unique, such as small size, large specific surface area or
surface activity, may cause their toxicity to the environment and living organ-
isms. Important factors determining the toxicity of these substances is also the
size distribution of nanoparticles, shape, chemical composition, electron proper-
ties, reactivity of surface groups and the ability to aggregate. It should be re-
membered that nanomaterials are often characterized by different properties
compared to their counterparts in the “macroscopic” scale. Often, normally inert
materials for living organisms show a significant increase in toxicity when the
size of the particles forming them decreases to the nanometric scale. This toxici-
ty may be caused by an easier, increased release of heavy metal ions from the
surface of nanoparticles, caused by porosity of nanoparticles, tendency to ag-
glomerate, significant chemical affinity for many biological structures or in-
creased chemical reactivity of their surface.

With such a pace of development of nanotechnology, special attention should
be paid to the methods of utilizing nano-scale materials [92] [93]. These mate-
rials undergo many transformations in the natural environment, such as aggre-
gation, dissolution and oxidation. Higher concentrations of these extremely ac-
tive materials can be dangerous and can cause ecological problems and harm
natural ecosystems. Understanding all phenomena related to the presence of
nanoparticles that have somehow gone into the soil or into the ecosystem and
the relationship and transformation of nanoparticles will help formulate remedi-
al actions in the face of increasing their nanomaterials from the utilization of
industrial components. The most important barrier in nanomaterial risk man-
agement is the technology developed to detect these materials, including porta-
ble devices for faster diagnosis and measurement. On the safety of nanomaterials

on the environment. Still as lack of information about the tests that are currently
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available, they are available on the amount of nanoparticles. Meanwhile, the tox-
icity of these materials. It is necessary to provide the society with society, while
ensuring security.

In the future, it is planned to use fuel cells for biomedical applications, inter
alia as biocells and as micro devices intended for the production of electricity. In
the near future, the most promising market for nanomaterials in the energy sec-
tor will probably be the development of hydrogen technologies, including fuel

cells.

5. Conclusions

Despite many world successes in the field of fuel cell technology, work on im-
proving cells continues. At the moment, work is being done intensively on solv-
ing the issue of hydrogen generation and storage, reduction of generator pro-
duction costs and their miniaturization. An obstacle in the commercialization of
these solutions is the high cost of materials, high weight of instrumentation and
hydrogen storage (no hydrogen infrastructure). Since the early 1950’s, signifi-
cant advances have been made towards lowering the price of the cell and in-
creasing power. However, fuel cells are still too expensive and their service life
(about 10,000 hours) is too short. The operation of fuel cells depends to a large
extent on the purity of the fuel and the condition of the catalyst. Contaminants
cause catalyst “poisoning”. At high costs of the catalyst, which is platinum, tak-
ing care of its stability and durability during the work of the cell is extremely
important. Also the water management in the cell must be optimized: too high a
level of moisture can cause the membrane to “flood”; too low a level will cause
the diaphragm to dry out and its irreversible destruction. The extremely impor-
tant role of catalysts, in the form of nanomaterials, requires continuous research
on the materials from which cell elements are built. There are two ways to obtain
perfect materials: modification of already known materials or reaching for new
materials and use of nanotechnology. As can be seen from the above considera-
tions, the transition from bulk materials to nanoscale can significantly change
the electrode and durability of fuel cells. Nanoparticles have catalytic capabilities
of the processes taking place in the cell, but also nanostructures with other
morphologies (nanotubes, nanowires, nanofoams, nanospheres, nanodendrites,
nanorods, nanooctahedra) are also effective. On the other hand, nanomaterials
also have disadvantages, such as low thermodynamic stability, high surface reac-
tion, and possible toxicity problems. The solution of challenges related to the de-
sign of optimized hybrid nanostructures and surface modification, the imple-
mentation of systematic testing of nanomaterials properties and control of their
operation on the environment, determination of procedures related to the detec-
tion of nanostructures, will be a major breakthrough in the development of na-
noscience in hydrogen technology.
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