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ABSTRACT

Conventional catalysts for polymer electrolyte fuel cells are based on Pt supported on
porous carbons, generally carbon blacks. However, Pt is expensive and scarce and is
poisoned by CO, which is present in the hydrogen obtained by reforming natural gas and
it is also generated as an intermediate in the oxidation of methanol. In addition, carbon
blacks have some drawbacks, such as their microporosity, impurities, and low
electrochemical and thermal stability. In this thesis, nanoparticle catalysts with-a co
shell structure have been synthesised and characterised, with the Ni or Cu core and the Pt
shell supported on advanced carbons, in order to reduce the amount of Pt used and
increase its catalytic activity against the reduction of oxygen and the oxidation of
methanol and CO, as well as its stability. Different procedures have been used to
synthesize the catalysts, with initial deposition of Ni or Cu nanopatrticles by chemical
reduction on different carbons and subsequent galvanic exchange with Pt. The catalysts
have been characterised by transmission electron microscopy, X-ray photoelectron
spectroscopy, voltammetry cyclic and linear scanning voltammetry on rotating disk
electrode. The results of the structural and electrochemical analyses, supported by
computational calculations of model atomic clusters, are consistent with the formation of
nanoparticles with a diameter of 2-5 nm, a nucleus enriched with Ni or Cu and an
essentially Pt shell. They presented greater tolerance to CO than the commercial Pt/C,
due to the electronic effect of the metallic nucleus on the Pt, which enhanced the
desorption of CO. The calculation of the CO adsorption energies on different active
centres showed that the presence of surface defects could affect the CO tolerance of the
catalysts, which could be critical for nanoparticles that are too small, as observed

experimentally.

In the case of PtNi, the two anodic peaks observed in the oxidation of CO suggest the
presence of two distinct structural domains on the catalyst surface, probably Pt in Ni-rich
hexagonal domains and in Pt-rich cubic domains, without forming a solid asoluti
between Ni and Pt. Its activity against methanol oxidation is also greater than that of Pt/C
due to the ligand effect of Ni on Pt, which also increases with the incorporation of Ru
species due to its bifunctional effect. Contrary to the case of PtNi, a solid solution of Cu
is formed in Pt, attributable to its compatibility of size and crystallization system, cubic

(hexagonal in the case of Ni). Also, in the case of PtCu, better catalytic activity is
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observed against the oxidation of methanol than for commercial Pt/C, due to the
geometric and ligand effects of Cu on Pt. This makes them interesting for the reduction
of oxygen in the cathodes of direct methanol fuel cells, since it decreases the negative

effect of methanol transport through the membrane.

The dispersion of PtCu nanoparticles on commercial carbon nanofibers and nanotubes,
as well as commercial and synthetic mesoporous carbons, also leads to catalysts that are
more tolerant to CO than commercial Pt/C, due to the electronic effects of Cu on Pt
discussed above. Better activities for oxygen reduction than on commercial Pt/C, both
mass and specific, are achieved on various supports, while its relative stability is increased
with respect to the latter. Mesoporous carbon supports synthesised from chitosan are of
special interest, since chitosan is an abundant, non-toxic, nitrogen-rich natural
polysaccharide present in crustacean shells. Also taking into account that P20 silicon
oxide was used as a template in the synthesis procedure, the mesoporous carbon obtained
was low cost and of great added value. Adjusting the microporosity-mesoporosity ratio
of the carbons through different synthetic procedures, specific activities against oxygen
reduction and methanol oxidation were obtained with mesoporous carbons derived from
chitosan, greater than those of Pt/C and that of PtCu catalysts supported on commercial

mesoporous carbons.
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1. Introduction

The current energy crisis can be explained by the sum of different factors. First, the
unceasing increase of the world population experienced in the last decades, with an annual
growth rate of 1-2 % [1], has boosted the demand of energy and material resources. At
present, such rise in energy needs is still mostly fulfilled by employing fossil fuels, which

are considered as non-renewable energy sources. In addition, their use as fuels and the
conseqguent contamination is thought to be intimately linked to global warming, owing to

the emission of greenhouse gases, and they also become a menace to human health due
to hazardous pollutant emissions. Therefore, there is an urgent need to change the current
energy supply scheme, replacing the finite non-renewable energy sources by greener and
more sustainable alternatives, eventually decreasing the emission of noxious substances

but still fulfilling the current and future energy demand [2].

The main drawbacks of the most widely used renewable energy sources (i.e., solar energy,
wind or hydraulic energy) are the long distance from production ptatite places where
energy may be needed, thus posing the problem of energy transport, and the discontinuous

production of energy, being highly dependent on weather conditions.

Taking intoaccount that a large percentage of emissions, in parti@ar is directly

linked to transport based on combustion engines, electric vehicles movedappéar

as a greener alternative. Although hydrogen-based energy economy is, at the moment,
costly and at its infancy, technological progress can play in its favour when clean and

reliable energy supply is required with massive energy storage. Furthermore, hydrogen
can be employed as a vector to store intermittent renewable energy, which means that it
IS a substance that facilitates the transportation and storage of energy, offering the
possibility of usage in a future time and/or distant space from the primary production site

[3].

Fuel cells fed with hydrogen have received an increasing interest as an alternative green
energy source in recent years, because of their near zero carbon emission, their higher
efficiency as compared to other energy sources, since they are not limited by the second
law of thermodynamics, and the unlimited source of reactants, stnaadHQ can be

readily obtained via water splitting. Among their multiple applications, they can be used

1



Document signat digitalment per: Julia Garcia Cardona

to produce electrical energy arlarge scale for heating systems in buildings, transport,

and on a smaller scale for electronic devices (e.g., computers, mobile phones).
Consequently, in the last years there has been considerable research in this field, with
focus on different aspects such as production, storage and transport of hydrogen, which

includes new sources of hydrogen, catalytic materials and procedures [4].

1.1. Fuel cells

1.1.1. Origin

The origins of fuel cells (FCs) can be set more than 200 years ago. In 1801, the research
led by Humphry Davy, a British chemist, on electrolysis using the voltaic cell to split up
common compounds brought the discovery of several new metals, such as sodium or
potassium. This laid the scientific foundations for the FCs as we know them nowadays,
which were designed by Christian Friedrich Schénbein, a German-Swiss chemist, in
1838. At the same time, William Grove really invented the technology, when he
discovered that electricity could be produced using hydrogen and oxygen, proving that
the electrolysis of water was reversible. The experiment was performed with four cells,
each one consisting of two inverted tubes, one with hydrogen and the other with oxygen,
immersed in dilute sulfuric acid and using platinum wires as the electrodes. Using the
current generated by this system, Grove was able to electrolyse the water in a fifth cell,
generating hydrogen and oxygen. Although he was not the first to publish about this
phenomenon, Grove proclaimed himself the discoverer of this technology, which he

called “gaseous voltaic battery” [5].

The term “fuel cell” was not introduced until fifty years later, in 1889, by Charles Mond

and Ludwig Langer, whose research focused on FCs using coal gas as a fuel. From 1920,
the gas diffusion electrode (GDE) began to be used for low temperature operation.
Schmid was the first to introduce a tubular electrode made of carbon catalysed with
platinum, tubular, which together with an air electrode of similar design has been
introduced into operational FCs. However, #@ technology remained obscure until
1932, when Francis Bacon modified the equipment of Mond and Langer to develop the
first fuel cell (with alkaline electrolyte), but it was only in 1959 that he was able to

demonstrate a practical 5 kW fuel cell system.
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Between the late 50s and 60s, the FCs were developed and used in space missions of
NASA (Gemini space program), and the research work started to focus on the
development of FCs for stationary power supply and transport. Meanwhile, in the Soviet

Union, the FCs were being developed for military applications.

1.1.2. Concept

Fuel cells can be defined as electrochemical devices that continuously convert chemical
energy stored in fuels such as hydrogen, methanol or ethanol into electrical energy
through their indirect combustion by an oxidant (usualy, Geing the fuel and oxidant
continuously fed to the cell. They share some characteristics with batteries since both
produce electrical energy through electrochemical reactions between fuels and oxidants.
In the fuel cell, the whole reaction is splitantwo half reactions, where the fuel is
oxidized at the anode, generating electrons that are transported through an external circuit
to the cathode, at which oxygen reduction takes place. A separator, in most cases acting
as the electrolyte, is placed between the electrodes to permit the flow of ions between the
anode and cathode. The recombination of the ions with the oxidant takes place at the

cathode, thus depleting the oxidant and yielding pure water.

In most of the fuel cells, the half reactions occurring at the anode and cathode are the
hydrogen oxidation reaction (HOR, reaction (1)) and the oxygen reduction reaction

(ORR, reaction (2)), respectively, giving rise to the overall reaction (3), as follows:

Anodic: Hy= 2H" + 2¢” (1)
Cathodic: Y0, + 2H' + 2¢ = H20 (2)
Overal: H> + %202 = H20 + electricity + heat 3)

The main difference between FCs and the other batteries is that the latter ones can produce
a limited amount of energy that is determined by the amount of chemical reagents that
are stored in the device, whereas FCs can produce energy in a continuous manner as far
as fuel and oxygen are supplied to the electrodes. On the other hand, FCs produce
electrical energy with higher efficiencies than any conventional thermo-mechanical
system, which means that a greater amount of energy is obtained using a given amount
of fuel [6].
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A very promising feature of FCs is that they are not limited by the Carnot cycle efficiency,
which is a common drawback in the direct combustion of fuel. UsingtR€sfficiency

can be greater than 80%. Moreover, the fuel cell releases a lower amount of pollutants as
compared ta@n internal combustion engine, and this release can be actually reduced to
zero when His used as the fuel. Other advantages are that they do not have moving parts,
therefore being silent, and present higher mechanical robustness, and can be modular,
meaning they can be stacked to produce a wide variety of power requirements, from

hundreds to millions of watts [7].

1.1.3. Classification

Fuel cells can be classified according to the type of fuel, operation temperature,
electrolyte type, reagents and their application. Depending on the electrolyte used, fuel
cells can be classifiad five major types: Alkaline fuel cells (AFCs), polymer electrolyte

fuel cells (PEFCs) and phosphoric acid fuel cells (PAFCs), which are the ones operating
at low temperatures; in addition, there are molten carbonate fuel cells (MCFCs) and solid
oxide fuel cells (SOFCs), which operate at high temperatures. The electrolytes can be of
three types: aqueous, molten or solid. AFCs use an alkaline electrolyte and pure hydrogen
and oxygen as reactants. PEFCs use a hydrated acidic polymer membrane as the
electrolyte, platinum-catalysed electrodes and mainly hydrogen or methanol as fuels.
When H is used, we refer normally to proton exchange membrane fuel cells (PEMFCs)
and in the case of using methanol as the fuel, as direct methanol fuel cells (DMFCs).
PAFCs use an anode and a cathode made of a finely dispersed platinum catalyst on carbon
and a silicon carbide structure that holds the concentrated phosphoric acid electrolyte.
MCFCs use a molten carbonate salt embedding a porous ceramic matrix as the electrolyte
and a coal-derived gas, methane or natural gas as fuels. SOFC use a solid ceramic
electrolyte. More information of the different types of fuel cells is summarized in Table
11[8].

Aqueous electrolytes are generally used at low and intermediate temperatures. Molten
electrolytes are typically used at high temperatures and only occasionally at intermediate
ones. Finally, the solid electrolytes, such as oxide mixtures, are used at very high

temperatures. For the low temperature fuel cells (AFCs, PEFCs and PAFCs), which
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operate to 250 °C, noble metals are required as electrocatalysts, since in these conditions

the reaction kinetics are rather slow.

Table 1 Fuel cell types (adapted from [8]).

Type of FC
Parameter
AFC PEFC PAFC MCFC SOFC
Electrolyte KOH/NaOH Polymeric HsPOQu Li2COs Ceramic
membrane K2COs Solid oxide
ZrO2 with Y203
Fuel H2 Hz, CH:OH and Hydrocarbons Hydrocarbons Hydrocarbons
other liquid
alcohols
Oxidant 02/ air 02/ air Oz COz2/ O/ air Oz / air
Electrode Metal or Pt Pt supported on Pt supported on | Ni+ Cr Ni/ Y203/ ZrOz
supported on carbon carbon
carbon
Operating 50-200 50-110 150210 600-800 5001000
temperature
(°C)
Power (kW) 10-100 0.01-1000 1005000 1000-100000 100100000
Efficiency (%) | 60 60 55 5565 60-65
Applications *Transportation:| *Transportation *Combined heat | *CHP *CHP
-Fleet vehicles | *Power supplies and power (CHP) *Stationary power| *Large-scale
-Boats *Portable *Stationary supplies stationary power
-Space shuttles | equipment power supplies

Among the many kinds of fuel cells, PEMFCs are considered the most promising fuel cell
technology for transport applications since they present suitable properties such as their
low operating temperature, quick start-up capability, light mass, low noise, high
efficiency and nearly zero emissions. They operate under 90 °C because of tha use of
hydrated proton-exchange polymer membrane, which could be dried at higher
temperatures. They can run with different fuels apart from hydrogen, such as methanol,

5
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ethanol and formic acid. However, hydrogen is at the top of the investigations due to its

high energy density and because water is the only oxidation product.

1.2. Proton exchange membrane fuel cells

Fig. 1 shows the different elements that compose a PEMFC. An elementary unis (cell)
composed of an electrolyte membrane, two catalysed electrodes (anode and cathode),
bipolar plates and gas diffusion layers. The polymeric membrane is known as proton
exchange membrane (PEM) since it is made of a proton conducting polymer that is
impermeable to gas. The most used is N&fiavhich is an excellent proton conductor

with conductivity similar to that of sulphuric acid and keeps gas crossover and electron
short circuit to a minimum. The use of this membrane is limited to around 80 °C to avoid
dehydration [9,10].
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Figure 1. Proton exchange membrane fuel cell scheme.

The PEMFC starts its operation when hydrogen is supplied to the anode and oxygen to
the cathode, where both gases enter through the channels of the bipolar plates of their

respective electrodes and there, they are distributed along their entire surface through the
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gas diffusion layers. Once the reactants have passed through the diffusion layer, they meet
the catalyst layer, which is placed between the gas diffusion layer and the electrolyte. The
hydrogen molecule is transformed into protons and electrons on the anode catalyst, while
protons from the electrolyte react with the oxygen and electrons from the outer electric

circuit on the cathode catalyst to yield water.

The most suitable catalyst for PEMFCs is Pt, as both reactions, hydrogen oxidation and
oxygen reduction, which take place on the metal surface present faster kinetics compared
to other metal catalysts. Therefore, the electrodes of the PEMFRskaged but, aiming

to diminish the amount of Pt, the electrodes are made of Pt nanoparticles supported on
porous carbonaceous materials with high specific area. This results in a high dispersion
and narrow distribution of the nanoparticles, which is a requisite for a high catalytic
performance of the catalysts. The most widely used carbon support is Wlc@a,
whichis carbon black obtained by pyrolysis, becausésatvailability, conductivity, and

low cost [7].

The electrodes are very expensive PEMFC components due to the Bsbasked
catalysts. In recent years, attempts have been made to reduce the arRbnaedéd for

the operation. It is expected that in the near future these quantities can be decreased in
order to reduce the overall cost of PEMFCs and make them viable for large-scale

applications.

1.2.1. PEMFC components

1.2.1.1. Polymer electrolyte membrane

The membrane of a PEMFC must meet a series of characteristics. Among them, it must
show a high proton conductivity, non-permeability to reagents flow, and mechanical and
chemical stability during its operation. The polymeric material used for the membranes
is based on derivatives of perfluorosulfonic acid (PFSA), a copolymer resulting from the
combination of polytetrafluoroethylene (PTFE) and various perfluorosulfonated chains
that contain sulfonic groups, which are responsible for ionic conduction. The most known
and used is the Nafio membrane, which is the commercial name of

perfluorosulfonylfluoro-ethyl-propyl-vinyl ether manufactured by Dupont [11].
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The proton conductivity of the membrane strongly depends on its water content and
temperature. The degree of hydration of the polymer is affected by several factors such
as the generation of water in the cathode, the electroosmotic transport of protons and that

of the water molecules due to a concentration gradient.

Another aspect to consider is that the impermeability of the polymeric membrane against
the transport of reactants is not complete, because the reactants are somewhat soluble in
water, a phenomenon known as crossover [12], which produce a reduction of the output
voltage of the PEMFC.

1.2.1.2. Catalytic layer

The active region of the PEMFC is the catalytic layer, in which the electrocatalyst is
arranged, and on the surface of which the electron transfer takes place. The structure of
the electrocatalyst and its mode of incorporation in the catalytic layer is of vital
importance since the confluenge the reaction zone of the species involved and the

exposure of the maximum electrode surface must be guaranteed.

The development of electrocatalysts based on metal particles, usually Pt supported on
carbon, allows the metal load in the reaction zone to be reduced. The structure of a generic
Pt/C electrocatalyst consists of Pt nanoparticles with an average size of 2 to 4 nm, which
are distributed quite homogeneously on carbons with a high specific area and mesoporous
structure. The most used carbonaceous substrates are carbon blacks, especially Vulcan
XC-72. Carbon blacks are made up of almost spherical particles, 30-50 nm and with
specific areas of about 25F git. In PEMFCs, the carbon support present in the cathode

is subject to degradation, losing part of the carbon by an electrochemical oxidation
mechanism. Consequently, the carbon support loses part of its structure and supporting
properties. In the anode, when operating with pure hydrogen, the catalyst is relatively
stable, buit is poisoned by sulphur and CO that originate from the fuel. The lower the
operation temperature, the more severe is the poisoning effect. Different strategies have

been proposed in order to solve these problems that will be discussed later [13].

The combination of the anodic and cathodic catalytic layers with the polymeric membrane

is known as the membrane electrode assembly (MEA). It is possible to deposit the
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catalytic layer on the porous electrode or directly on the polymeric membrane, by

compression at high temperature to obtain an optimal assembly.

1.2.1.3. Gas diffusion layer

A GDE consists of the combination of the catalytic layer with the gas diffusion layer
(GDL). The GDL must have a porous structure that enables the transport of reagents
towards the catalytic layer and the removal of water produced in the cathode, as well as
both electrical and thermal conductivity, and it is responsible for providing the MEA with

sufficient mechanical stability [14].

A GDL is made up of carbonaceous materials such as carbon paper or carbon fibre fabric.
To avoid flooding of the electrode compartments, it is necessary to provide the material
with a certain hydrophobicity, so it is usual to incorporate a layer composed of PTFE and
carbon black with a microporous structure between the catalytic layer and the diffusion
layer [15].

1.2.2. PEMFCs applications

Considering the power that a PEMFC stack can generate (see Table 1), its application
will be determined by its power, being the low power PEMFCs useful for mobile phones,
personal computers and small electronic devices, while those with higher power can be
used in the automotive industry, as auxiliary and stationary energy or in military

applications [16].

The automotive sector constitutes one of the most promising field for application of
PEMFC stacks, owing to their high efficiency as well as their environmental friendliness.
Although the hydrogen necessary for the PEMFC operation is more expensive than the
fuel used in conventional vehicles, the efficiency achieved is much greater, which results
in a similar cost per km [17]. In addition, if PEMFC technology is compared with that of
battery-based electric vehicles, there are also great differences, because long recharging
times are not necessary, just tirae needed to refuel, and they have a higher energy

density than conventional batteries. As a result, they have greater autonomy.

Although stationary applications are often overshadowedthbse in the automotive

sector, the development carried out in the field of PEMFCs to generate stationary energy

is satisfactory, since cheaper components can be used, the storage and supply of fuel is
9
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simpler, and the dimension and weight are not critical parameters for these applications
[18]. The most common application in this field is as part of the electrical supply and as

an emergency generator.

The power density generated by PEMFCs positions them as a great competitor to the
conventional batteries with which today, for example, mobile phones, portable
computers, or music devices work. The main drawback to overcome in this field is how
to store hydrogen in such a small device, since weight and size are important for these
applications [19].

1.3. Direct methanol fuel cells

Considering fuel cells for their application as energy supply in portable devices, the
DMFC is a primary topic of fuel cell research, as this typ&©fhas the appropriate
characteristics for portable devices. DMFCs represent a promising source of energy that
is readily applicable to modern life and can create a better environment for mankind. The
DMFC technology is relatively new when compared to other fuel cells [20]. DMFCs
market for notebook computers, mobile phones and other portable electronic devices is
expected to grow significantly. They are expected to work in combination with thin film
batteries, in order to create hybrid power systems, where fuel cells are useful for charging
the thin film batteries.

They are similar to PEMCs, since DMFCs use a polymer electrolyte. However, the latter
use liquid methanol, diluted in water to 1.0-2.0 M, as fuel instead of hydrogen. During
operation, methanol draws hydrogen without the need of an external reformer [21]. At
the cathode, the protons supplied from the anode participate in the reductiericof O

water.

Normally a single DMFC can supply only 685 V, so it is mainly used to replace the
batteries for cameras, notebook computers and other portable electronic applications in
the range from 1 W to 1 kW [22]. One of the main advantages of DMFCs is that the anode
catalyst itself draws the hydrogen from the methanol and reduces the overall cost due to
the absence of a reformer. Their characteristics are similar to those of the PEMFC

However, its performance is limited by two important factors: crossover of methanol from

10
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the anode to the cathode, which lowers the system efficiency, and the slow kinetics of the

electrochemical oxidation of methanol at the anode.

The effect known as crossover is produced since, even though the electrolyte membrane
should be “impermeable” to reagents, some of them get through it. Also, the fuel used

has an enormous tendency to filter, so it also tends to cross the polymeric membrane
Thus, fuel molecules can pass through the N&fimembrane and reach the cathode,
where they would react without producing any electrical current [23]. The most
immediate consequence is that the open circuit battery voltage is lower than expected,

meaning that fuel is consumed without producing electricity.

1.4. Fuel cell thermodynamics

Thermodynamics is the key to understand the energy conversion podeaditionally,
electrical energy is obtained by means of thermal energy produced by combustion and
then converted to mechanical energy, which is a low efficiency process (ideally about
40% in internal combustion engines) and there is no solution to obtain a higher efficiency
value because of the limitations posed by the thermodynamic laws. In fuel cells, however,
since electrical energy is obtained from the chemical energy stored in fuels, the energy
conversion is not limited by the Carnot cycle and therefore, the efficiency can be
enhanced even over 70%. In fuel cells, when they are operated under thermodynamically
reversible conditions, the maximum possible electrical energy output and the
corresponding electrical potential difference between the cathode and the anode are

achieved, although some of the energy is inevitably dissipated as heat [24].

The knowledge of the fuel cell thermodynamics is necessary to understand its
performance by changing the different variables such as temperature, electrolyte
concentration and gas pressure. These changes can affect and determine the properties of
fuel cells when they are put into operation. The thermodynamic laws that must be used
when studying the performance of the fuel cell are based on the conversion of chemical

energy into electrical energy by means of electrochemical reactions.

In a PEMFC fed with Bland Q, the overall electrochemical reaction (4) occurring at the
fuel cell is a result of the anodic reaction that takes place in the anode, where hydrogen is

transformed into protons and electrons (reaction (1)); once formed, the protons migrate

11
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through the polymeric membrane to the cathode, while electrons are transferred to the
cathode through the external electrical circuit, where they are combined with oxygen to
produce water (reaction (2)).

Hy+ %02 - H20 + W + Q 4)

The termW in reaction (4) is the electrical work done by the system, whil§tisethe

heat transferred to the surroundings at constant temperature and pressure.

The electrical work can be described according to Eq. (5), whasethe ideal cell
voltage, and is the current generated by the electrons transferred from the anode to the

cathode.
W=—E-I-At (5)

The amount of electricity produced when the reaction takes place, whigtp {B) is
expressed dsAt, can be given by-F, wheren are the mols of electrons transferred, and
F is the Faraday constant, 96487 C. Therefore, the maximum electrical work, which is

also the Gibbs free energy change, can be calculated as:
W=AG=—TL'F-EC€” (6)

The Gibbs free energy change can also be given by Eq. (7), wHeiethe enthalpy
change, which is the total thermal energy available, £#®d the entropy change. In
PEMFCs, where hydrogen is oxidized, the entropy change is negative, thus generating

heat.
AG = AH —T-AS (7)

For the overall cell reaction (4), the standard Gibbs free energy change is given by:
AG® = G°y0 — G, — 5 G0, (8)

The Gibbs energy change of the reactid®) can be expressed IBg. (9), whereAG° is

the standard Gibbs energy change of the reactiomasdhe activity of the species i.

AG = AG® + RT In—22% (9)

aHz-aOZ

12
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Considering Eq. (9), IANG is substituted by, the Nernst Eq. (10) is obtained, which
provides a relationship between the standard pote&fiabad the equilibrium potential
(E) of the cell. Fuel cells generally operate at pressures low enough to approximate the

activity to the partial pressure of the gases involved in the reaction.

E = Eo — B}y 8120 (10)

In PEMFCs, the cell potential can be increased when operating at higher reactant

pressures, which improves the fuel cell performance for a given temperature [25].

1.5. Fuel cell kinetics

As detailed in the previous section, the equilibrium potential of the system is the
theoretical maximum potential that can be achieved in the absence of current flow. It

depends on the cell conditions (temperature, pressure and concentration of the species).

The working conditions of FCs are very far from their equilibrium potential. The actual
cell voltage is decreased from its ideal value because of several types of irreversible
losses, which are often referred to as polarization, overpotential or overvoltage (see Fig.
2) [25]. The overpotential is the difference between the actual potential of the &/stem
which is measured between the terminals of the battery when an electric current flows,
and the equilibrium potentiddeg, Which coincides with the open circuit potentiBbd)

when the~Cis reversible.
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Figure 2. Ideal and actual fuel cell voltage/current profiles [25].
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Fig. 2 represents the multiple factors that contribute to the FC polarization, which are
activation, ohmic and mass-transport-related losses. The activation-related losses are due
to the activation energy needed for the electrochemical reactions that take place at the
electrodes, which means that they are related to the reaction rate and kinetics. These losses
depend on the reactions, the electrocatalysts, both the materials used and the electrode
microstructure, temperature and reactant activities. As can be seen in Figs 2, th
overpotential, known as activation overpotentisidominantin the low current density

region, which corresponds to the activation or kinetic zone [26]. It is expressed according
to the Eq. (11), which is a form of the Tafel equation, whes¢he current density, the
exchange current densitythe charge transfer coefficieRthe gas constarts,the Tafel

slope andr the absolute temperature.

Nace = —=In (L) = bIn (<) (12)

anF Jo Jo

On the other hand, the ohmic losses are mainly caused by the ionic resistance of the
electrolyte and the electronic resistance of the electrodes, current collectors and
interconnectors, and contact resistances. These losses depend on the materials, geometry
of the fuel cell stack and the temperature, and they are proportional to the current density

In the polarization curve (Fig. 2), the ohmic region is the linear region found in the
intermediate values of current density, where there is a linear trend [27]. This
overpotential is expressed according to Eqg. (12), wRagethe internal resistance of the
system due to the electrolyte, active layer, electrodes and electrical connectors.

Nonm = JR; (12)

The losses related to mass transport are the result of transport limitations of the reagents
involved and depend strongly on the current density, reagents concentration and catalyst
activity. They are originated by diffusion processes due to concentration gradients of
reactants and products, electrode porosity and membrane permeability [26]. These
phenomena are observed at high current densities in the fuel cell polarization curve (Fig.
2), since they are strongly affected by the reactant transport to the electrode surface. The
overpotential related to these phenomena is known as concentration overpdgntial,

(13), whergy is the limiting current density. In order to reduce this overpotential, a higher

14
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concentration of reactants can be set, as well as the decrease of electrode thickness and

the use of catalysts with high surface area.

Nace = —=ln (1 L) (13)

JL

1.6. Hydrogen oxidation reaction

The HOR is the fastest reaction that takes place in a PEMFC stack. The voltage drop in
an k|0 fuel cell is generally due to the cathodic process, resulting from the slow kinetics
of the oxygen reduction reaction. However, there are cases in which the voltage losses

come from the anode.

The global anodic reaction in amdmedium is expressed according to reaction (1), and
it takes place following adsorption and ionization steps. Adsorption on the catalyst sites
can occur through reaction (14) (Tafel step) or reaction (15) (Heyrovsky step), depending

on the catalyst activity [28]:

Ho— 2 Hag (14)

Ho - Haa+ H + € (15)
Afterward, Hgd can be ionized through reaction (16) (Volmer step):

Haa — H' + € (16)
the protons then migrating toward the membrane.

The adsorption of hydrogen on different metals such as Pt has been a very hot topic over
the years. It has been shown that the hydrogen oxidation process iniamaaidim

begins with the adsorption of the HFholecule on the electrode. By means of the cyclic
voltammetry technique, it is possible to identify the hydrogen adsorptions that take place
in the different crystallographic planes of the electrode surface [29].

However, the main problem for the anode it is not the HOR kinetics but the catalyst
poisoning. The most common sources for obtaining hydrogen on a large scale are fossil
fuels such as natural gas and crude oil, which contain impurities. Obtaining high purity
hydrogen with high yields can be done by the electrolysis of aqueous solutions, but
currently the large-scale cost of this process is very high [30]. The cheaper industrial
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production of H is mainly from fossil sources and therefore, it contains impurities. The
most common is CO, which acts as a poison for the Pt catalyst in PEMFCs, since it

adsorbs on the metal surface, thus blocking the active centres.

In the studies carried out with CO stripping, it is observed that the oxidation of CO on
polycrystalline Pt does not start until reaching a potential of approximately 0.6 V vs.
reversible hydrogen electrode (RHE), a value higher than the potential of the anode of a

PEMFC and therefore, Pt becomes poisoned.

1.6.1. Pt-based catalysts for H> oxidation

For the H oxidation in fuel cells, the process requires the presence of adsorbed H as
intermediate to promote the subsequent electrochemical reaction, as shown in reactions
(14)-(16) described above. The chemical and electronic state of adsorbed H affect both
the mechanism and kinetics of the reaction, leading to a specific exchange current density
and Tafel slope, which depend on the electrode material. Considering that in a reversible
process the mechanism for the direct reaction is the same as that for the reverse one, the
catalytic activity of different metals toward thé/H, couplecanbe studied considering

the hydrogen evolution reaction (HER). The electroadsorption of H on metallic catalysts
can occur both, in acidic and alkaline solutions, even in non-aqueous solutions where the

H-containing acids dissolve.

When the H ion (in the form of hydrated #D") meets the vicinity of the electrode,
charge-transfer takes place with the formation of electroadsorbed H according to the
reverse of reaction (16), which can be written with more detail as reaction (17), where M

represents an atom on the metal surface.
M+ H +e& — M - Hags (17)

Then, the Hysspecies can undergo the subsequent reverse reactions (18) and (19), which

come from reactionfl5) and (14), respectively:
M 'Hads+H++€—)M+H2 (18)
2 M - Hags—> M + Hz (29)

The electrochemical studies about the HER and the HOR reveal that two different types

of adsorptions take place: (i) the under-potential deposition ofbbfHand (i) the over-
16
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potential deposition of H (6bp). The Hipp is a process that occurs only at specific noble
metals, such as Pt, Rh, Pd and Ir, when the H adsorption takes place above the reversible
potential of the HER [29].

It has been proven that theydd often matches with anion adsorption, and it can only be
observed in cyclic voltammetry measurements if the two processes do not occur at the
same potential range, as it happens in diluted aquegt&;ising Pt (111) as electrode

(Fig. 3). The fact that thedp and anion adsorption can take place at similar potentials

points to analogous Gibbs energies of adsorption for the two processes.

.-"'-_-""“i"“__‘ -|- .
/ | anion
-30 | desorption
adsorption of H e
AOD e e ]
0.0 0.2 0.4 0.6 0.8 1.0

E /V,RHE

Figure 3. Cyclic voltammetry profile for Pt( 111) in 0.05 M8, aqueous solution &0 mV
st and 298 K, showing the regions of therbland anion adsorption with schematic
representation of their structures [29].
Studies carried out on the reaction of hydrogen at the interface between Pt and the
electrolyte, at different temperatures, have shown that in alkaline solutions the catalytic
activity strongly depends on temperature, unlike iniagdlutions. From the exchange

current density changes with temperature, it has been possible to determine the activation
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energies, finding that the exchange current densities are markedly lower the higher the

pH of the solution.

1.6.2. H> oxidation in presence of CO

When B is produced by steam reforming of methane (SRM), a further CO removal is
necessary, which can be both physical (adsorption at high pressures) or chemical
(preferential catalytic oxidation of CO), since concentrations of about 10-50 ppm are
obtained and its presence in tised as a fuel in fuel cells interferes in the HOR. This
interference is due to the adsorption of CO on metals, especially on Pt, since the active
centres of the metal are blocked, producing the phenomenon known as catalyst poisoning.
Therefore, it is very important to know the factors that influence this process in order to

develop catalysts that are efficient for fuel cells [31].

CO adsorbs on all transition metals, forming a M-CO bond that occurs according to the
donor-acceptor mechanism developed by Blyholder [32]. The model describes that the
CO donates a pair of electrons from its highest occupied molecular orbital (H@MO

the empty electron levels of the meaddvand, while the metal gives back electron density
from the filled electron levels of its d-band to the lowest unoccupied molecular orbital
(LUMO), which has an antibonding character. The transition elements of the periodic
table can be divided according to the type of adsorption of the CO molecule, since the
elements located to the right of Fe, Tc and W (including Pt) adsorb CO molecularly and
those located to the left of these elements are adsorbed dissociatively. These two different
ways of adsorbing CO occur because the stronger the M-C bond, the weakeDthe C-

bond, thus facilitating its dissociative adsorption.

1.7. Methanol oxidation reaction

Methanol oxidation reaction (MOR) is the reaction that occurs at the anode of a DMFC.
This type of battery is very attractive since 6 electrons can be obtained for each molecule
of methanol that is oxidized. Therefore, compared to the methanol as the fuel, it has the
advantagef a high energy density. In addition, it can be safely transported and stored.
Although it is an interesting reaction from the energetic point of view, its reaction
mechanism is complex and the identification of intermediate species that are formed as
well as the role of the catalyst in the reaction is still debated.
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Under acidic conditions, the ideal process for the MOR is the fast oxidation of methanol

to CO on the electrode with six-electron transfer (26):
CH3OH + HO — CO, + 6H" + 6 (20)

The reaction mechanism of methanol oxidation is in the focus of many studies, due to its

complexity and its differences and similarities to the HOR on Pt whé&hddntaminated

with CO. In both cases there is the presence of CO molecules, which appear in the MOR
as intermediate but the behaviour of Pt in each case is different, being an interesting area

to investigate.

The ideal and most simple MOR reaction takes place according to the follstages:
methanol adsorption (reaction (21)), dehydrogenation of carbon-containing intermediates
(reactions (22)-(24)), and the generation of carbon dioxide (reaction (25)) [33]. The

corresponding steps would be as follows:

CH3OH —CHyOHags+ H" + & (21)
CH2OHads— CHOHags+ H' + € (22)
CHOHugs— COHags+ H + € (23)
COHugs— CQuus+ H + € (24)
COads+ OHags— CO2+ H + € (25)

The occurrence of step (RBequires the adsorption of OH on Pt surface, as given by
reaction (26):

HzO — OHads + H+ +e (26)

Once the methanol is absorbed on the platinum, reactions (20), (2D2xhollpw one
another rapidly, while the oxidation kinetics of C&Hs already slower and finally that

of COags Oxidation, which is even more so, being the limiting step. Therefore, the
intermediate products of the MOR suchCifS8ads cannot be avoided in the real process,
which covers the active sites, reducing the catalyst performance and affecting the whole

reaction.
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The formation of CQwill be favoured at high temperatures as well as in electrodes with

a high surface area. Even so, it must also be taken into account that factors such as
methanol concentration, temperature and operation time influence the degree of
dehydrogenation and recombination of intermediate species, obtaining products such as

formaldehyde, fomic acid or methyl formate.

1.8. Oxygen reduction reaction

The ORR is a complex reaction composed of a series of elementary steps that produce
oxygenated reaction intermediates that interact and behave depending on the nature of the
electrode used. This reaction is influenced, therefore, by the presence of adsorbed species
on the electrode and intermediate products obtained in the oxygen reduction on the

electrode surface.

The ORR can take place via the transfer of 4 electrons (direct route), which inian acid
medium is represented by reaction (27) and in alkaline medium by reaction (28) [34-35]:

O2+4H +4e - 2 H0 E°=1.229V (27)
O+ 2H:0 + 46 — 4 OH E°=0.401V (28)

For the direct route of oxygen reduction, it is necessary to reduce the chemical potential

of the species by means of active metals such as platinum, palladium or silver.

Instead, the ORR can occur first via the transfer of 2 electrons (indirect route), with the
formation of hydrogen peroxide in amdnedium, reaction (29), and subsequently, the

reaction can continue to the formation of water, reaction (30):
02+ 2 H +2e — H0O E°=0.695V (29)
H.Oz + 2 H + 26 — 2 HO E°=1.776 V (30)

However, HO:z is sometimes the final product. In alkaline medium, the indirect route can

be represented by the following reactions:

Oz + HO + 26 - HO; + OH  E°=-0.065V (31)
HOz + H,O + 26 — 3 OH- E°=0.867 V (32)
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The reduction of oxygen can be described as a parallel competition between the direct
and the indirect pathways. Therefore, the nature of the catalyst, its composition, and
properties, as well as the electrolyte, influence the shift towards one path or another [36].

The 4-electron transfer reaction is of technological interest in PEFCs, whereas the 2-
electron route is commonly used in the industry to produce hydrogen peroxide. According
to the Nernst equation, the equilibrium potentials for such reactions decrease with

increasing pH.

Different reaction schemes have been proposed for the ORR, which are described in the
literature, the first and best known being those formulated by Damjanovic [37],
Wroblowa [38] and Bagostki [39]. However, Wroblowa's simplification of the
electroreduction of ®on a metal surface is the most illustrating in describing such a
process. According to this scheme (Fig. 4 ,c@n be reduced directly to water and OH

in acidic and basic media, respectively, with a reaction rate conrgtaat through
intermediates (indirectly) with a first transfer of 2 electrons waittate constanko.
Subsequently, the intermediates that are adsorbgth(lDOH) can continue to react
through another 2-electron transfer until watey) @nd OH, an irreversible chemical
decompositionky) to O, and diffusion from the electrode surface towards the electrolyte

or vice versaks) [40].

K, de
T mme . pmema X
Q, _‘*C'zqads] — HEGE:ads:n — H,0
: F OO e OH-
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s
Acidic medium
Basic medium H,0;
O0OH-

Figure 4. Scheme of the ORR in both acidic and basic medium. Adapted from [40].
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The electroactivity of the different transition metals towards the ORR can be predicted
by computational studies, using the density functional theory (DFT), taking into account
the adsorption energies of all reaction intermediates as a function of the potential applied
to the cathode. A volcano-type graph where the catalytic activity is represented against
the binding energy of oxygen to the surface of each metal, as shown in Fig. 5, can be thus
obtained. In the ploBtis the metal that shows the highest activity for the ORR, followed

by Pd and the remaining transition metals. The oxygen interaction with the catalyst

surface may predict the main reaction pathway.

The types of oxygenated intermediates formed on the surface of the catalyst will depend
considerably on the electrolyte where the reaction takes place, as well as on the potential
applied [34,3h There is experimental evidence, supported by computational calculations

[41], in that the mechanism of the ORR occurs through different mechanisms on the pure

metal and on the oxidized metal surface.

0.0

Activity

3 2 A 0 | 2 3 4
AEQ (V)

Figure 5. Trends in ORR catalytic activity of transition metals plotted as a function of the

oxygen binding energy [41].
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The ORR is therefore very sensitive to the structure of the catalyst and depends on its
nature and state of the surface. The Tafel slopes obtained under the different conditions
correlate with different pathways or rate-determining steps [42]. For example, in the Tafel
curve of the ORR on Pt, regardless of the medium used, two slopes can be distinguished,
one at low overpotentials and another at high overpotentials. Both slopes describe two
different surface structures, the ORR on the pure metal and on the oxidized one,

respectively, thus corresponding to different mechanisms.

In summary, the kinetics of the ORR depend on the catalyst, the electron transfer, and the

adsorption and desorption of oxygen intermediates formed during the process.

1.9. Latest trends in PEMFCs

Nowadays, the research on PEMFCs is mainly focused on improving PEMFC
performance and a line of research to fulfil this goal is focused on increasing the intrinsic
activity of the catalysts and reducing its cost #8-In a standard PEMFC structure, the
catalyst layer is made of Pt, carbon support, and N&fiehacts as the catalywhereas

the carbon contributes to the electrical conductivity and catalyst dispersion, and®Nafion

behaves as the binder and the proton conducting medium.

Platinum is, by far, the most efficient catalytic material, which was first applied in a fuel
cell system in 1839. Still nowRt nanoparticles usually supported on porous carbon are
the only practical choice for PEMFCs. In comparison to other metals, it is one of the most
expensive metals and has restricted accessibility, which makes unviable the preparation
of millions of cars with Pt-based electrocatalysts, since considering all the components in
the PEMFC, they contribute more than hadf the total cost [47].

To decrease th@t loading without influencing the performance of the PEMFC, it is
mandatory to improve the activity and durability of tEbased electrocatalyst. There
are different strategies that researchers have been studying, concerning both the catalyst

support and the cataynanoparticles.

1.9.1. Catalyst supports
The use of a catalyst support is necessary to obtain a high dispersion and a narrow
distribution of the catalyst nanoparticles. The supporting materials, therefore, have an

influence in the cost, performance, and the durability of PEMFCs and DMFCs. The
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catalytic layers must be relatively thim minimise the decrease of the cell performance
related to the proton transport rate within the layer and the mass transfer rate of the
chemical reactants and products to and from the active sites. This can contribute to an

overpotential or electrode polarization, which can limit the cell performance.

There are some requirements for supporting materials, such as high specific surface area
(to provide a high substrate area to favour a good dispersion of the nanoparticles), low
reactivity with oxygen under both dry and humid air conditions at the PEMFCs operating
temperatures, high electrochemical stability in fuel cell conditions, high electronic
conductivity, easily recoverable metal in the used catalysts, and a strong interaction
between the support material and the catalysts (this can influence the electronic structure
of the Pt catalyst improving its catalytic properties, activity and can enhance the
electrocatalyst stability) [48].

The most used support materials are carbon-based since they present exceptional
properties such as a good resistance to both alkaline and acid environments, a high surface
area with the possibility to control the morphology and porosity, high electrical

conductivity and excellent graphitic nature.

1.9.1.1. Carbon blacks
Carbon blacks (CBs) have been the most widely used supports for PEMFCs due to their

unique characteristics of high surface area, high availability, good electrical conductivity,
porosity, and low cost. They are amorphous forms of graphitic carbon, which usually
consist of near-spherical particles, with an average size of 20-50 nm, which can form
aggregates of about 250 nm. The most known carbon black suitable for fuel cells is

VulcanXC-72, which can be obtained from Cabot Corporation [49].

They are used in their activated form in order to increase both, metal dispersion and
catalytic activity. The carbon activation can be performed by a chemical treatment, a
thermal treatment or both. The chemical activation is an oxidative treatment in which
various oxidants can be used like nitric acid, hydrogen peroxide or ozond, iand
performed to generate oxygen groups on the carbon surface. They are expected to act as

nucleation centres for the catalysts nanoparticles and favoirr diepersion, thus
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increasing the performance of the fuel cell. The thermal treatment is used to remove

impurities on the carbon surface, such as metal oxides and sulphides [50].

The main disadvantage of usi@Bs is that they present insufficient electrochemical
stability, since they tend to corrode fast, especially in on/off operation conditions. The
degradation of the carbon support by corrosion induces the detachment of the supported
nanoparticles of Pt, which then tend to agglomerate or are washed away from the
electrode surface. The corrosion of the support affects the surface properties of the
electrodes, such as increasing the electrode hydrophobicity. Because of all these factors
carbon corrosion leads to the collapse of the MEA structure [51,52]. Moreover, they have
high density of surface defects and despite of their high surface area, CBs present
micropores of less than 1 nm that make that part of surface area not useful. Micropores
of higher diameter can also trap metal nanoparticles, thus making them inaccessible to

reactants.

1.9.1.2.Carbon nanotubes

One of the carbon materials that has been investigated as a possible alternative for CBs
are carbon nanotubes (CNTSs), a carbon material with tubular structure which makes them
unique. They can be synthesised in the laboratory, showing a remarkable mechanical and
electrical properties as well as good thermal conductivity. CNTs consist of layers of
graphite rolled forming cylinders and can be single walled (one graphene sheet) or
multiwalled (several coaxially arranged graphene sheets), the latter designed by the
acronym MWCNTSs [53].

Compared with CBs, CNTs have a higher surface area, better electrical conductivity,
lower weight, a perfect hexagonal formation, and remarkable mechanical, electrical and
chemical features. Because of these properties, CNTs can improve the fuel cell
performance since they enhance the catalytic performance, catalyst steadiness and
corrosion resistance. They also provide a high surface area and allows a better dispersion
of Pt nanoparticles, resulting in a decrease of Pt use and therefore a decreafeein the
cell cost [54,55].

The higher activity of the catalysts supported on CNTs with respect to those supported

on CBs was ascribed to different factors [58]the higher conductivityii) the better
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accessibility of the reactants dtgethe graphitic interspaces and the hollow caviity
the increased activity due to thleband modification of the Pt and) the presence of

more active sites.

1.9.1.3.Carbon nanofibers

Carbon nanofibers (CNFs) are a specific variety of carbons that are formed from the
interaction of gases that contain carbon in their composition with metal catalyst particles
at high temperatures. Unlike conventional graphite materials and nanotubes where the
basal plane is exposed, in the structure of CNFs, only the edge regions are exposed. The
main difference between nanotubes and nanofibers consists of the lack of a hollow cavity

in the latter.

The carbon nanofibers are synthesised by the two most popular synthesis methods, one
being chemical vapor deposition (CVD) and the second one electrospinning [57]. The
nanofibers synthesised by these two methods differ in many ways, including morphology,
graphitization, electrical conductivity, graphene layer arrangement, and synthesis

conditions themselves.

Among all carbon supports, graphitic carbon nanofibers (GNFs), sometimes also termed
as CNFs, have received great attention as catalyst support materials due to their structure,
since its fibrous and highly graphitic nature gives them excellent electronic properties.
Also, referring to the properties of the metal deposition, we can observe a good metal
interaction with the nanofiber surface and a specific crystallographic orientation of the
supported metal nanoparticles, and the lower susceptibility of the deposited nanoparticles
toward CO poisoning, compared to other carbon supports.

The use of CNFs as carbon supports in fuel cells can be explained due to their pore
geometry, which has a big influence on the mass transportation of the reactants and the
removal of the resulting products from the catalyst layer. Using CNFs, the mass transfer
effects are generally reduced improving the porosity and tortuosity of the catalyst layer,
because CNFs have less than 1% of micropores and a pore volume can reach up to 0.7
cm® g, which isa bigger pore volume than in VulcaxC-72. Furthermore, Viehn

carbon has a bigger percentage of interior pores where the metal nanoparticles are

trapped, making them inaccessible for reactants [58].
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1.9.1.4. Mesoporous carbons

MCs are referred to carbon solid-based materials containing pores in the range of 2 to 50
nm, according to IUPAC [59]. They can be classified in baegories according to its
structure and morphology: ordered mesoporous carbons (OMCs), which are usually
synthesised by nanocasting ordered mesoporous silica (OMS) templates or by directly
templating triblock copolymer structure-directing species, and disordered mesoporous
carbons (DOMCs) with irregular pore structures [60]. Although DOMCs show
mesoporosity, the mesopores do not lead to interesting properties as catalysssupport
becausehey are isolated or irregularly interconnected in most cases. Thus, OMCs are
preferred as catalyst supports due to their higher specific surface area, electrical

conductivity, and mass transport [59].

The synthesis procedure to obtain mesoporous carbon involves infiltration of the pores of
an ordered mesoporous silica template with appropriate carbon precursor, such as furfuryl
alcohol, sucrose, acenaphthene and mesophase pitch, etc., followed by carbonization, and

subsequent template removal [61].

The ordered mesoporous carbons have recently received great attention because of their
potential use as catalytic supports in fuel cell electrodes. They have controllable pore
sizes, high surface areas, and large pore volumes [62]. Nanoporous carbons with 3D
ordered pore structures have shown improved mass transport of reactants and products
during fuel cell operation, resulting in a heghimiting current. In addition, oxidation-
resistant graphitic MCs with strong catalyst-support interactions are expected to provide

a substantial improvement in stability and durability to a fuel cell catalyst.

The textural characteristics of the mesoporous carbons depend especially on the type of
template and carbonization temperature. A type of OMC named @M#&ssynthesised

using a 2D hexagonal SBA-15 template, another named CMK-8 was prepared using

3D cubic KIT-6. These OMCs are characterised by a high BET surface area, hydrophobic
surface, chemical stability, and tleay modification of their surface chemistryo
decrease thehydrophobicity, they must be usually activated when used as the catalyst

support [63].
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Other interesting mesoporous carbon materials can be used as catalyst supports, such as
those obtained from chitosan. Chitosan is a linear copolymer generally obtained from the
deacetylation of chitin, the second most abundant polysaccharide after cellulose and can
be extracted from crustacean shells by means of alkaline reagents [64]. Therefore, the
waste obtained from shellfish industry can be used as the main source of chitin and in
consequence of chitosan, making this last one a cheap, abundant, and renewable biomass
source, which is rich in N and therefore can be used to produce N-doped carbon materials,

including mesoporous carbons [65].

The benefits of using chitosan as a precursor for carbonaceous materials to be used in
different applications include its low-cost, sustainability, suitable hydrophilicity,
chemical stability, the presence of metal anchoring functional groups, and easy
customization of their properties through chemical and/or physical modifications [66]
For example, Perazzolo et al. studied by DFT the deposition of Pt nanoparticles on N-
doped and S-doped MCs [67,68], and Perini et al. synthesised and studied Pt and Pd
nanoparticles supported on N-doped MCs [57]. On the other hand, Daniel et al. reported
the use of chitosan as a precursor to obtain mesoporous carbon for its application in

heterogeneous catalysis [69].

1.9.2. Core-shell catalystsfor PEMFCs

By definition, a catalysis that substance that modifies and increases the rate of reaction
without being consumed in said process. Catalysts play an important role in chemical
reactions, so the selection of the catalyst for each type of reaction is essential, since it

must have high activity and selectivity.

For FCs, a high-performance catalyst is expected to possess high-density of active sites
(with matching energy levels), high stability in fuel cell operation conditions, high
electrical conductivity, and moderate surface adsorption. A strong adsorption would mean
that final products could not be easily released, whereas weak adsorption would mean
that only small amounts of reactants would be adsorbed on the surface, thus resulting in
slow reaction rates. Considering these properties, the catalyst composition, morphology,
and structure have a great impact on both, catalytic activity and stability, thus meaning
that it is important to optimize these factors for the development of catalysts to obtain

good performance FCs [70].
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Ptis at present the best catalyst for both reactions that take place in a PEMFC. However,
the scarcity in the earth and high cost of Pt make necessary to search for new synthesis
methods leading to optimal particle size and distribution with decreasing amounts of Pt.

A line of investigatiorto obtain improved catalysts for PEMFCs with lower Pt content
consists of the synthesis and testing of other metals froftthnetal group and/or Pt-
based alloys, starting from the material design and going to the optimization of the
electrode structure. However, under acidic conditions, non-platinum group metals in Pt
alloys are easily dissolved from the surface under electrochemical tests, thus leading to
the instability of the Pt alloy structure and affecting the activity of the catalyst. For this
reason, particular attention was focused on core-shell structure nanoparticles, with cheap
transition metal cores and thitt shells [70-72]. In these structures the amount of Pt is
significantly reduced while the ORR is still performed by Pt and sometimes its catalytic
activity can be enhanced. Studies of core-shell structures have shown that the catalyst
activity in front of the ORR can be greatly improved because the transition metal of the

core is able to modify the electronic properties of Pt [71,72].

Figure 6 shows the activity and stability prediction from DFT calculations of Corona et

al. [72] for different core-shell systems.
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Figure 6. Activity (left) and stability (right) of core@shell NPs for the ORR [72].

According to such DFT studies, the enhancement of the ORR activity in the core-shell

structures in which Pt is the shell, is due to the modification of the electronic structure of

Pt by the transition metal core. This leads to a change in the oxygen binding energy on Pt
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and therefore adjusting their ORR activity. However, two interesting systems have not
been studied by these calculations that have been showing interesting experimental results
in literature, which are Pt(Cu) and Pt(Ni) core-shell nanoparticles [7B-111

1.9.2.1.PtCu catalysts

The PtCu bimetallic systems, including PtCu alloys, Pt(Cu) core-shells and Cu dealloyed
PtCu supported on carbon blackybaeen the object of interest in recent years, because
of their interesting properties in front of CO, methanol and ethanol oxidation as well as
in the ORR [73-87]The role of superficial and near-surface Cu on the catalysed oxidation
of CO has been also studied by DFT calculations [§8-90

Most of the Pt(Cu) core-shell catalysts studied have been mainly supported on Vulcan
carbon XC-72 and XC-72R. The synthesis procedure in aqueous media was either by
direct electrochemical73-76] or electroless deposition of Cu using different reducing
reagents such as NaBHI75,77], formaldehyde [78] and water-ethylene glycol mixtures
with NaBH; and ascorbic acid [79-83]. The deposited Cu nanoparticles were then

partially replaced with Pt by galvanic exchange.

In more recent studies, alternative carbon supports have been used to study this bimetallic
system as PEMFC catalyst, such as CNTs [84-86] and mesoporous carbons [87], in which
a higher stability and an increased activity of the catalysts were obtained.

1.9.2.2.PtNi catalysts

The PtNi bimetallic systems have also been the object of interest in recent years because,
as in the case of PtCu, they show good results in front of CO, methanol and ethanol
oxidation as well as in the ORR [91-111].

A single crystalline BNi(111) surface was found to be more active against the ORR than
the commercial Pt/C catalyst [91], 90 times higher in terms of mass activity. Since then,
many other researchers studied different PtNi systems. They were octahedral PtNi
nanoparticles [92-96] with high ORR mass activity, and PtNi alloys with improved
methanol [97-105] and ethanol oxidation [106-109]. They normally presdmtter
results than using Pt/C and similar PtM alloys in the absence of Ni. However, these
nanoparticles typically show low durability because Ni is easily leached out during the
ORR under acidic conditions [110]. In order to decrease the Ni leaching, Wang et al.
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reported core-shell structures, where a PtNi alloy core was covered with a PtRu shell by

impregnation and reduction at high temperature [111].

To sum up, it can stated that the conventional Pt/C catalysts for PEFCs have been
extensively studied and improved by reducing the Pt content, by optimizing the
nanoparticle dispersion and size on the catalyst supports, usually CBs, as well as studying
alternative supporting materials for enhancing their catalytic activities and stability.
However, the use of Ptis still a problem because of its price, scarcity and its low tolerance

to CO, which is present in thezldbtained by hydrocarbon reforming and it is also an
intermediate in the methanol oxidation. In the last years, Pt-based nanopatrticles having a
core-shell structure, with a non-noble metal core and a Pt shell, supported on CBs, have
shown some interesting advantages. Nonetheless, CBs present some drawbacks, such as
their microporosity, impurities and low electrochemical and thermal stability.
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2. Objectives

Considering all the aforementioned previous works found in the literature, Pt-based
nanoparticle catalysts with core-shell structure, composed of Ni as@®e core and a

Pt shell, supported on advanced carbons, have been synthesised and characterised in this
thesis. The general objective was to explore some potential solutions to the main current
drawbacks of conventional Pt-based PEFCs: their cost in the large-scale production due
to the amount of Pt needed; their low CO tolerance; the slow kiredtite cathode
because of the sluggish ORR; and their reduced catalytic activity in front of the MOR
because of the methanol crossover to the cathode.

This thesis has been dividedarthree parts, related to the synthesis and characterization
of carbon-supported Pt(Cu) and Pt(Ni) catalysts, each one with the following specific

objectives:

1. Pt(Cu) and Pt(Ni) supported on carbon black.

- Develop synthetic methods allowing the obtention of active Pt(Cu) and Pt(Ni)
CO-tolerant core-shell nanoparticles, with Cu or Ni-rich cores and Pshalls,
optimal mean size about 3 nm, and a good distribution on the carbon support.

- Evaluate the structural properties of the catalysts and analysing their influence on
their CO tolerance, supported by computational calculations of the CO adsorption
energies for different nanoparticle structures.

- Testthe MOR catalytic activity of the catalysts as compared to that of commercial

ones.

2. Pt(Cu) supported on carbon nanotubes and carbon nanofibers.

- Syntheg&ze and characterizing (structukaland electrochemically) the Pt(Cu)
supported on MWCNTs and CNFs. Then, comparing the obtained results to those
for Pt(Cu) supported on carbon black XC-72 and for commercial PtCu/C and Pt/C.

- Evaluate the activity of the synthesised catalysts in front of the CO oxidation and
of the ORR, compared to Pt(Cu)/XC-72, PtCu/C and Pt/C.

- Evaluate the stability of the catalysts by means of accelerated degradation tests,
as compared to that of Pt(Cu)/XC-72, PtCu/C and Pt/C.
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Test the effect of the activation of MWCNTSs, CNFs and XC-72 as supports of the
Pt(Cu) on the catalyst performance.

Pt(Cu) supported on commercial and chitosan-derived mesoporous carbons

Synthegze and characterizing (structugaland electrochemically) the Pt(Cu)
supported on activated and non-activated commercial ordered mesoporous
carbons CMK-3 and CMK-8.

Evalude the CO tolerance and catalytic activity in front of the ORR of Pt(Cu)
supported on CMK-3 and CMK-8, as compared to the properties of commercial
Pt/C.

Evaluate the stability of Pt(Cu)/CMK3 and Pt(Cu)/CMK8 as compared to that of
Pt/C by means of accelerated degradation tests.

Synthegze and characterizing (structugaland electrochemically) the Pt(Cu)
supported on chitosan-derived mesoporous carbons showing different
mesoporosity to microporosity ratio.

Evaluate the CO tolerance and catalytic activity in front of the ORR and the MOR
of Pt(Cu) supported on the chitosan-derived mesoporous carbons, as compared to
the properties of Pt(Cu)/CMK3 and commercial Pt/C.
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3. Experimental section

3.1. Materials and Reagents

High-purity water (resistivity > 18.2 B cm at 25 °C) obtained from a Milli-Q water
purification system (Merck KGaA, Darmstadt, Germany) has been used to prepare all the

solutions.

For the synthesis of the catalysts, all the reagents were of analytical grads NHODI,
HoSQw (98 wt.%), CuS@5 H0, ethanol (96 w&), acetone (99.5 wt.%) and 2-propanol
(dry) were from Panreac. Formaldehyde ¢OH 37 wt.%, ethylenediaminetetraacetic
acid disodium salt Na-EDTA), NaBHs;, HCI (40 wt.%), n-heptane, poly(ethylene
glycol)-dodecyl ether (surfactant Brij-30) and the Nafion® solution (5 wt.%) were from
Sigma-Aldrich. Polyvinylpyrrolidone (PVP), with a Wof 56 kg-mof, was from
Avocado. The HPtClk aqueous solution (10 wt.%) used for the galvanic replacement was

from Merck.

For the electrochemical testing, a Metrohm glassy carbon (GC) of 5 mm diameter was
used as a support electrode to carry out the electrochemical tests of the obtained catalysts.
To polish the surface of the GC, deagglomerated Buehler alumiz@gjAuspensions of

0.3 and 0.05 um and a Buehler PSA Polishing felt cloth were used. The catalysts obtained
were compared to Pt/C (20 wt.%) and PtCu/C (1:1, 20 wt.%) commercial catalysts from
Premetek, which employ VulcaxC-72 as the carbonaceous suppogt.aNd CO gases

were Linde 3.0 (purity 99.9%).

3.2. Carbon support

The carbon supports used were carbon black VuX&@+v2 from Cabot (particle size
between 20 and 50 nm and BET surface area around 2§0HmMWCNTSs (diameter
between 110 and 170 nm, length 5-9 um) and CNFs (diameter around 100 nm and length
between 2 and 200 um) from Sigma-Aldrich, and mesoporous carbons CMK-3 (particle
size around 1 um, pore diameters of about 3.8-4.0 nm and a specific surface area of over
900 nt gt) and CMK-8 (particle size around 1 pm, pore diameters in the range of 3.2-

6.6 nm and a specific surface area over 58@thfrom ACS materials.
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3.2.1. Carbon activation

Activation is normally performed to introduce oxygenated groups that favour the particle
anchoring and narrow distribution of the nanoparticles on the carbonaceous surface. The
different carbon supports have been activated in order to compare if they enhance the
catalytic activity of the catalysts, and those catalysts containing activated carbon will be

differentiated by adding the symbBeA” to the carbon support.

The activation procedure consists of an aqueous thermochemical treatment of the carbon
supports and was chosen between different carbon activation procedures described before
by Calvillo et al. [112]. In this activation treatment, the carbon supports were first
suspended in a 2.0 M HNGolution with the help of a ultrasonic bath. Then, they were
heated and left at boiling temperature for 30 min. Afterwards, they were left to cool down

at room temperature and filtered using a porous plate. The precipastaged several

times with water in order to remove impurities and acid traces, and finally with ethanol.

The powder containing the activated carbon support was left to dry overnight at 80 °C.

3.2.2. Carbon from chitosan

The mesoporous carbons obtained from chitosan as a precursor were synihdbsised
University of Padova by Durante’s group [113]. Chitosan was used as the precursor and
silica P20 as the inorganic template. Four different types of acids were used for the
dissolution of chitosan, #$CQs, CH:COOH, HCI and CHCOONH;, and the carbons
obtained were respectively named from CH1 to CH4. The characterization of these
carbons were made at the University of Padova by means afi$drption, elemental

analysis, TEM, X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.

3.3. Synthesis oPtCu catalysts

The different PtCu catalysts studied were synthesised by different procedures in order to
study the synthesis influence and to improve the synthetic method. They all consisted in
a two-step synthesis where carbon-supported Cu nanoparticles (Cu/C, the catalyst
precursor) were firstly obtained by different deposition methods. The different electroless

deposition methods to obtain Cu nanoparticles were performed using basic agueous
medium with high concentration of NaOH, with formaldehyde (Synthesis A) or NaBH

(Synthesis B) as reducing agents, and also NaBHwaterin-oil microemulsion
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(Synthesis C). Later, once the Cu/C was formed, a partial galvanic replacement was

performed in order to obtain the PtCu/C specimens.

3.3.1. SynthesisA

Synthesis A $A) consists of the preparation of the Cu/C catalyst precursor utilizing
formaldehyde as the reducing agent in basic orediollowing the work of Georgieva et

al. [78]. PtCu/C was synthesised in this form, where C stands for the carbon support,
VulcanXC-72 in this case, which was used both as received and activated.

First, the carbon powder was dispersed in 100 mL of a solution containing 10 mM
CuSQ-5H0 as the Cu precursor, 30 mg CH;O as the reducing agent, 50 nif\4-

EDTA as the complexing agent, 5 mM PVP as the surfactant and 125 mg of the carbon
support, VulcanXC-72. Then, the pH was raised up to 12.5-13.0 with 1.0 M NaOH
solution. Once the suspension was set for the reaction, it was kept a&t°€sin a water

bath under stirring for 30 min. The suspended solid was centrifuged at 9500 rpm for 15
min and then re-suspended in ultrapure ethanol and centrifuged again several times to
remove the surfactant. The powder of Cu/C nanoparticles were left to dry under vacuum
overnight.

3.3.2. SynthesisB

Synthesis B$B) consists of the preparation of the Cu/C catalyst precursor usingANaBH
as the reducing agent in basic medium, following the work of Mintsouli et al. [76]. PtCu/C
was synthesised by this procedure, where the carbon supports tested wer&XZul&an
CNTs, CNFs, CMK-3 and CMK-8, which were used both as received and activated.

First, 65 mg of the carbon support and 120 mg of GUEBKEO were sonicated in 50 mL

of a 1.0 M NaOH solution for 30 min, until the carbon suppe@e completely dispersed.

Then, a determined amount of NaBpowder was slowly added to the suspension in
order to obtain the Cu nanoparticles. Different syntheses were previously performed to
obtain the optimal CuS{&pH.O:NaBH; weight ratio, which was 1:2. Once all the NaBH
powder was poured to the suspension, this one was left for 30 min in the ultrasonic bath
until the Cu reduction was completed and then the suspension was filtered and cleaned
several times with ethanol. The powder obtained (Cu/C precursor) was then subjected to

a galvanic exchange.
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3.3.3. SynthesisC

Synthesis C{C) consists of the preparation of the Cu/C catalyst precursor using a water-
in-oil microemulsion and NaBHas the reducing agent, based on the work of Solla-
Gullon et al. [114]. The synthesised PtCu/C catalysts were supported on the commercial
carbons VulcarXC-72 and CMK-3 and also on carbons obtained from chitosan, CH1,
CH2, CH3 and CHA4.

First, 50 mL of microemulsion consisting of n-heptane, Brij-30 and an aqueous solution
of CuSQ, with a waterto-surfactant molar ratio of 7:1, were prepared. Once the
microemulsion was homogeneous, NaBkh powder was slowly added to the
magnetically stirred microemulsion to form the Cu nanoparticles, with a redaectant-
metal molar ratio of 9:1 and a total stirring time of 2 h. After this time, the reducing agent
was completely removed both for its usage in the chemical reaction and its decomposition
in aqueous media. Then, 0.5 mL of the 8 wt.9%Pt€k solution was slowly dropped to
perform the galvanic exchange, keeping the magnetic stirring for 1 h. Finally, 21 mg of
the carbon support were dispersed to the microemulsion, also stirring for 1 h and then,
acetone was added for the phase separation. Once the organic phase was clean, it was
separated from the aqueous phase and the powder was filtered. To assure that the
nanoparticles obtained by this procedure became fully covered by Pt, the recently
prepared PtCu/C precursor was subjected to a further galvanic exchange.

3.3.4. Galvanic replacement

The powder containing the Cu/C or the PtCu/C precursor was slowly added to 20 mL of
a 5 mM HPtCk in 0.1 M HCIG solution and sonicated. Then, it was left under
continuous stirring for 45 min, where a spontaneous galvanic partial replacement of the
suface Cu by Pt occurs, which can be described as in reaction B%) 0.404 V vs.

RHE):

2 Cu + PtG# — 2 Cu?* + Pt + 6CI (33)

Once the reaction was completed, the suspension was filtered using a Nalgene filtration
system and cellulose acetate filter, under vacuum conditions. Then, the powder was rinsed
with abundant water and cleaned with ethanol. Finally, the catalyst was left to dry under
vacuum overnight at 80 °C. The obtained PtCedl@lysts were named according to the
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different carbon supports, such as PtCu/CNT for carbon nanotubes and PtCAI/CNT-

when such carbon supports were previously activated.

3.4. Synthesis of PtNi catalysts

The PtNi catalysts were synthesised in the University of Panama by Caballero-
Manrique’s group. In this synthesis, the Ni/C nanoparticles were prepared by chemical
reduction of Ni with NaBH in basic medium, adapting the procedure from Hosseini et
al. [115] and Zignani et al. [104].

The procedure consisted of a dispersion containing 10 mg of carbon support ¥X@ican
72R), 1.5 mL of isopropanol and 0.5 mL of water. The mixture was then sonicated for 1
h and then 1 mL of the Ni solution (containing 10 mg of Ni@las added and dispersed

for 1 h more. Afterwards, 16.5 mg of trisodium citrate, as stabilizing agent, were added
and then, 5 mL of a solution containing 33.7 mg of NaBkk reducing agent, and 5 mg

of NaOH were added followed by vigorous stirring at 75 °C. Once the reaction was
completed, the hydrosol obtained was left 24 h at 70 °C in an open oven to remove de
residual NaBH and Ni/C dry powder was obtained. Then the galvanic replacement was
performed in ethylene glycol slowly adding 10 wt.9%4PkCk. It was left stirring for 4 h

at 90 °C and then the Pt(Ni)/C was collected, cleaned and left drying overnight at 80 °C.

3.5.Structural characterization

3.5.1. X-ray diffraction

The X-ray diffraction (XRD) technique allows obtaining very important structural
parameters of the catalysts, such as the degree of crystallinity, the grain size, the

identification of crystalline phases (alloys) and the lattice parameter.

The crystallite sized) of the catalyst can be determined by means of Scheker (34),
wherek is the crystallite shape factor (generally taken as 8.8)the Bragg angleB is

the full width at half maximun (FWHM), antlis the wavelength of the X-rays used
According to the equation, a large crystallite will show thin peaks on the diffractogram.

d= 2 (34)

B cos6
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The structural analysis was performed by XRD with a PANalytical X’Pert PRO MPD 6/0

powder diffractometer, from Malvern Panalytical Ltd., Malvern, UK, (Cu anode, 45 kV,
40 mA), using a Cu K-Afiltered radiation X = 1.5418 A), 20 step size of 0.026° and a
measuring time of 200 s per step. This instrument is found in the Scientific and
Technological Centers of the Universitat de Barcelona (CCiTUB). The powder samples
were prepared using a small amount of the catalyst powder, which was sandwiched
between Mylar polyester films of 3.6 um of thickness in a specific sample holder, as in
Fig. 7.

Figure 7. Sample set up for XRD analysis.

Since the materials obtained in this work consist of bimetallic nanoparticles, the
composition of the crystallitesin be obtained using Vegard’s law, which states that the

lattice parameter of substitutional solid solution varies linearly between the lattice
parameter values of the components. For the metallic system studied in this work,
Vegard’s law would be as in Eq. (35), whera@picyis thed-spacing obtained in the XRD
diffractogram Xpt is the fraction of Pt andetis thed-spacing of pure Pt and finalXcy

is the atomic fraction of Cu arud, is thed-spacing of pure Cu.
dpecu = Xpedpe + Xcudew = Xpedpe + (1 — Xpe)dpe (35)

3.5.2. Transmission electron microscopy

The transmission electron microscopy (TEM) is made with an instrument that takes
advantage of the physic-chemical phenomena that occur when a beam of electrons
collides with a thin sample, thus allowing to obtain a magnified image of the region
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observed. The electron beam is produced by the emission of electrons from a W or LaB
filament, which generates a uniform current density whose energy is in the range of 100
to 200 keV. The transmission electron microscopedtggical resolution ranging from

0.2 nm to 200 mm.

There are several modes of image formatio&M. If the image is formed from the
transmitted beam, which has not been scattered, then the image of the object is dark on a
bright background. If, on the other hand, scattered electrons are used, the image appears
bright on a dark background. Therefore, these two techniques are called bright field and
dark field imaging, respectively. In addition, it is possible to analyse the signals produced
by the incident electrons, the scattered electrons, and the diffracted electrons, thus

allowing obtaining structural information and its elemental analysis.

The images obtained by TEM offer information about the structure of the samples, such
as the distribution of the nanoparticles in the support as well as whether the material is
amorphous or crystalline. In the case of observing a crystalline material, using high
resolution TEM (HRTEM) the electrons diffract according to Bragg’s law. In this

diffractogram, different points can be obtained, which are ordered with respect to a central

point, giving information about the orientation and structure of the crystals present.

A working modalityin TEM is scanning transmission electron microscopy (STEM),
which in essence is performed with a TEM microscope to which a system of deflector
coils has been attached, which allows sweeping the electron beam on the surface of the
sample. Due to having a highly focused electron probe during the scan, it is possible to
couple an energy dispersive spectroscdfiyS) detector and obtain information about

the composition of the sample at high magnifications.

Sample preparation for these analyses consisted of dispésipgwder in ethanol.
Subsequently, a few drops of the above dispersion were placed on a nickel grid (coated

with a carbon film) and dried in argon atmosphere.

The microscope used was a Jeol JEM 2100 (Fig. 8) with a resolution of 0.24 nm coupled
with an Oxford XMAX 80 cm energy dispersive X-ray microanalyzer. All image
processing was performed with the Gatan Microscopy Suite 2.0 software package. This
instrument is also part of the electron microscopy facilities of the CCiTUB.
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Figure 8. Jeol JEM 2100 transmission microscope from CCiTUB.

3.5.3. X-ray photoel ectron spectroscopy

XPS consists of the irradiation of the sample with X-rays generated from a source of Mg
(1253.6 eV) or Al (1486.6 eV). The photons interact with the electrons located in the
orbitals of the most external atoms in the sample (up to a penetration of 5 nm), which
produce the emission of photoelectrons from the atoms. The photons with which the
sample is irradiated must be more energetic than the binding energy of the electrons in
the atoms, which depend on the nature of the atom and its oxidation/reduction state.

During the process, electrons of different energy levels can be removed, so that a
spectrum is obtained that shows all the accessible energy levels and the distribution of the
kinetic energy of the photoelectrons. The photoemitted electrons from the inner layers of
atoms travel a mean path of 0.5 to 4 nm and constitute the characteristic peaks of the
spectrum, while those that undergo inelastic shocks and scatter 